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Sequestration of CO, as hydrates in seafloor sediments is an effective method for reducing CO, emissions.
However, the efficiency of CO, hydrate sequestration can be influenced by the geological structure of
seafloor reservoirs. To address this, the authors numerically investigate the effects of four reservoir
structures (horizontal, inclined, anticline, and syncline) and dip angle on CO, hydrate formation mass and
sequestration security. The results show that different geological structures alter the temperature
distribution within the reservoir, thereby modifying the stability zone of CO, hydrates. At a dip angle of
30°, the hydrate formation mass (Fjyq) in the inclined, anticline, and syncline structures changes by
—19.12%, +6.60%, and —7.19%, respectively, relative to the horizontal structure (baseline: 342x10° kg).
The distance from the top of the CO, hydrate cap to the seafloor mudline (Dy), a key security indicator,
varies significantly: Compared to 25 m in the horizontal structure, Dy changes by +160%, —20%, and
+20% for the inclined, anticline, and syncline structures, respectively. As the dip angle increases, Fiyq in
Sequestration safety the anticline structure increases while Dy; decreases. In contrast, Fy,,q decreases and Dy increases in both
Carbon neutrality the inclined and syncline structures. The temperature variation across structures is a key factor influencing
ccs Fhyg, while permeability is a major factor affecting the safety of CO, sequestration. Therefore, if Fy,yq is the
sequestration objective, the anticline structure is the optimal reservoir. If Dy is the objective, the inclined
structure is the best reservoir. These findings provide critical insights for site selection in marine CO,
hydrate sequestration projects.
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1. Introduction

With the continuous increase in global carbon emissions
and the intensification of the greenhouse effect, global
temperatures are exhibiting an upward trend (Samset BH et
al., 2024; Scafetta N, 2024). This has given rise to a series of
environmental challenges, including the frequent occurrence
of extreme weather events, rising sea levels, and a decline in
biodiversity (Saxena P et al., 2024; Sani M et al., 2025; Zhao
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Y and He Q, 2025). In this context, CO, sequestration
technology has garnered widespread attention as an effective
method for emission reduction. Large-scale CO, sequestration
methods primarily include geological sequestration and
marine sequestration (Aminu MD et al., 2017; Zhao YF and
[takura KI, 2023). Current research predominantly focuses on
geological sequestration, which includes three main types:
Sequestration in depleted oil and gas reservoirs (Li ZW et al.,
2006; Akai T et al., 2021; Wei B et al., 2023), in saline
aquifers (Yang F et al., 2010; Luo A et al., 2022; Izadpanahi
A et al., 2024), and in coal seams lacking mining value (Shi
JQ and Durucan S, 2005; Liu SQ et al., 2023; Wu M et al.,
2023). However, large-scale CO, injection into onshore
reservoirs may induce geomechanical problems (Stork AL et
al., 2018; Kuang NJ et al., 2023), potentially increasing the
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risk of CO, leakage. Marine sequestration typically involves
CO, sequestration either in the form of liquid lakes or as CO,
hydrates in seafloor reservoirs (Ling ZY et al., 2024). The
sequestration of CO, in the form of liquid lakes may lead to
ocean acidification, potentially affecting marine ecosystems
(McMinn A et al., 2014; Dehghani MR et al., 2024).
However, CO, hydrate sequestration in seafloor sediments is
considered one of the most promising methods for carbon
reduction (Jia SJ et al., 2024). The formation of CO, hydrates
can mitigate ocean acidification (Zheng JJ et al., 2020), and
the vast storage capacity of seafloor reservoirs enables
substantial CO, sequestration (Adams EE and Caldeira K,
2008). Additionally, CO, hydrates exhibit high stability, while
their formation reduces reservoir permeability, thereby
enhancing sequestration security (Cao XW et al., 2022; Zhao
GJ et al., 2023). Thus, seafloor CO, hydrate sequestration
offers multiple advantages that improve safety, making it a
highly promising method for future development.

Previous studies employing both experimental and
numerical simulation methods have demonstrated the
feasibility of CO, sequestration using hydrates (Tohidi B et
al., 2010; Qanbari F et al., 2012; Almenningen S et al., 2019).
The formation of CO, hydrates reduces pore volume, while
pore water in narrow pore spaces exhibits significant capillary
forces that effectively prevent CO, leakage (Zhao GJ et al.,
2022). The sequestration of CO, hydrates exhibits a self-
capturing effect (Kim HS and Cho GC, 2019), where the
formed hydrate cap can inhibit upward CO, migration,
providing a safeguard for CO, storage within seafloor
sediments (Yamaguchi AJ et al., 2023). Furthermore, when
the seafloor reaches a critical depth, a negative buoyancy zone
for CO, develops in sedimentary reservoirs as CO, density
exceeds that of seawater. This phenomenon provides an
additional safety mechanism for hydrate-based CO,
sequestration (House KZ et al., 2006; Qanbari F et al., 2011;
Kumar Y and Sangwai JS, 2023). Experimental studies on the
kinetics of CO, hydrate formation from both gaseous and
liquid CO, have revealed that liquid CO, hydrates form at
faster rates (Li N et al., 2022; Zhang XM et al., 2022),
exhibiting higher sequestration capacity (Chen HN et al.,
2024).

The sequestration of CO, hydrates in porous media is
influenced by multiple factors. To enhance both the storage
capacity and security of CO, hydrate sequestration in seafloor
sediments, researchers have investigated key geological
factors affecting CO, hydrate formation. The formation of a
low-permeability hydrate cap depends primarily on the
absolute permeability of the target sedimentary formation
(Sawano Y et al., 2022). Permeability heterogeneity enhances
CO, capture through combined gravitational and capillary
forces (Dai ZX et al., 2017). Moreover, greater permeability
anisotropy promotes CO, hydrate storage efficiency (Xia YQ
et al., 2024). Through experimental investigations, Zhou XB
et al. (2025) demonstrated that reduced initial water saturation
in sedimentary reservoirs negatively impacts CO, hydrate
phase equilibrium. Gu YH et al. (2025) utilized self-

developed  thermo-hydro-chemical  (T-H-C)  coupled
numerical model to analyze the influence of geological
parameters on CO, hydrate stability and sequestration
efficiency. Their results demonstrate that reservoir thermal
conductivity exerts a more pronounced effect than
permeability. Regarding geological factors, previous studies
have primarily focused on the effects of sediment
permeability (Lou BK et al., 2025), water saturation (Ning
YX et al., 2025), and thermal properties (Wei RP et al., 2021)
on the efficiency and safety of CO, hydrate sequestration.
However, most of these studies were based on an idealized
horizontal reservoir and did not adequately considered
variations in fluid migration pathways and hydrate formation
characteristics under different geological structures. The
coupling between structure-controlled fluid migration and
hydrate formation remains insufficiently investigated.

In addition to geological factors, operational factors
affecting CO, hydrate sequestration have also been
investigated. Using magnetic resonance imaging (MRI)
technology, Sun HR et al. (2024) examined how injection rate
and reservoir pressure influence hydrate formation dynamics.
The results indicate that higher injection rates and initial
reservoir pressures promote hydrate formation; however,
under conditions of high reservoir pressure and low injection
rate, hydrate formation may result in wellbore blockage. Teng
YH and Zhang DX (2018) conducted numerical simulations
using TOUGH+HYDRATE software to evaluate CO, hydrate
sequestration  under  various  geological  conditions,
demonstrating its safety and long-term stability in marine
sediments. Zhang K et al. (2022) established that controlled
reservoir pressure effectively mitigates wellbore blockage
during CO, injection in hydrate stability zones, thereby
improving sequestration capacity. Through CMG-STARS
simulations, Liu Z et al. (2023) confirmed that hydraulic
fracturing significantly reduces wellbore blockage induced by
CO, hydrates in depleted CH, reservoirs. Guo Y et al. (2024)
revealed a non-monotonic relationship between sequestration
capacity and fracture length, characterized by an initial
increase followed by decrease. Cui JL et al. (2021)
determined that lower injection temperatures and rates
facilitate formation of more stable CO, hydrate caps.
Employing COMSOL simulations, Xia YQ et al. (2025)
demonstrated that: (1) Higher single-well injection rates
accelerate hydrate cap formation while reducing the dissolved
CO, sequestration efficiency; and (2) reduced well spacing in
dual horizontal well configurations promote larger hydrate
cap formation. Regarding injection parameters, although
many studies have examined the influence of injection rate,
pressure, temperature, and well location on CO, hydrate
formation, the effect of geological structure on these
parameters has generally been neglected. Structural
differences can alter reservoir temperature and pressure
conditions, thereby further changing the influence of injection
parameters on hydrate formation.

Most prior studies assume horizontal reservoirs, yet real
seafloor structures are inclined or folded. How structure and
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dip angle couple to control hydrate formation remains unclear.
Seismic profiles of submarine reservoirs from four different
regions: (1) Shenhu area, China (Su M et al., 2016); (2)
Krishna-Godavari Basin (Collett TS et al., 2019); (3)
Northern Gulf of Mexico (Boswell R et al., 2009); (4)
Ulleung Basin, Korea (Ryu BJ et al., 2013). These data
demonstrate the necessity of considering reservoir structure
when evaluating CO, hydrate formation dynamics in subsea
sediments.

To address this knowledge gap, this study establishes four
representative  structural models (horizontal, inclined,
anticline, and syncline) through numerical simulations,
systematically investigating how geological structure governs
CO, hydrate formation and spatial evolution.

2. Mathematical model

This study employs the reservoir simulation software
CMG-STARS to simulate the processes of CO, hydrate
formation and dissociation. According to the CO, phase
equilibrium curve, CO, is in a liquid state under the
temperature and pressure conditions simulated in this study.
To better distinguish between CO, and water components,
CO, is treated as the oil phase in the simulation. The
mathematical model includes three phases, namely oil, water,
and CO, hydrate, and three components, namely water, CO,,
and hydrate. It is assumed that the flow of the oil and water
phases in the porous medium of the reservoir follows Darcy’s
law. CO, hydrate is considered an immobile solid phase, and
its formation leads to changes in the reservoir porosity and
permeability.

2.1. Mass balance equations

Based on the above assumptions and the principle of mass
conservation, considering the effects of fluid flow, chemical
reactions, and source-sink terms, the mass conservation
equations for each component are as follows (Eqs. 1-3):

a(‘PPcSL) /at: V'(pcvc)"’-qc"'mc (D
0(ppwS ) [0t =V - (pyvy) +m,, ()
(opnSh) /0t = m, (3)

where the subscripts ¢, w and h represent CO,, water, and
CO, hydrate, respectively. ¢ is the porosity of the reservoir (a
decimal); p is the density (kg/m®); v is the flow rate (m/s); S
is the saturation (a decimal); ¢ is the source-sink term
[kg/(m>-s)]; and m is the mass of CO, hydrate formed or
dissociated per unit volume per unit time [kg/(m>s)].

2.2. Energy conservation equations

Considering the effects of heat conduction, heat
convection, hydrate formation and dissociation reactions, and
source-sink terms in the reservoir, the energy conservation
equation per unit volume is as follows (Eqs. 4-6):

8(CuiT) [0t =V -(15VT)+ V- [ (Z pwvan> T

+
chcT + nhAHh (4)
Cet‘f = (1 - (p)pRCR + Z <PS(YPQC{1 (5)
a=c,w,h
Aa=0-Qk+ Y ¢S.A, ©
a=c,w,h

where the subscripts R represent the sediment; 7 represents
the temperature (K); C represents the specific heat capacity
[J/(kg-K)]; A represents the thermal conductivity [W/(m-K)];
n, refers to the amount of substance for hydrate formation or
dissociation per unit volume per unit time [mol/(m*:s)]; and
AH, 1is the heat released or absorbed per mole of hydrate
formed or dissociated (J/mol).

2.3. Kinetic model for hydrate formation and dissociation

The chemical equation for the formation and dissociation
of CO, hydrate is as follows (Eq. 7):

C02 +nH,0 & COZ -nH,0 % heat 7

where n is the hydrate number of the hydrate molecule, with a
value of 5.75 (Wang PF et al., 2024).

The rate of CO, hydrate formation and dissociation is
described by the Kim-Bishnoi model as follows (Kim HC et
al., 1987) (Egs. 8-9):

dcy/dt = (knAus/ Pwon) (@S wow) (S von)
pe(1=1/K(p,T))exp(-AE/RT) ®)

k
e = { K ©)

where k; is the intrinsic formation rate of the hydrate
[mol/(m*-kPa-d)]; k, is the intrinsic dissociation rate of the
hydrate [mol/(m?-kPa-d)]; ¢, is the hydrate concentration
(mol/m?); Ay is the specific surface area of the hydrate solid
(m*m*); AE is the activation energy (J/mol); R is the gas
constant [8.314 J/(mol-K)]; p. is the equilibrium pressure
(kPa); and K is the equilibrium constant.

2.4. Porosity and permeability dynamic model

In the simulation, hydrates form and exist as a solids
phase, occupying the pore space. This study employs the
Carmen-Kozeny equation (Carman PC, 1997) to determine
how porosity varies with hydrate saturation, from which
permeability is subsequently calculated (Eqs. 10—11).

=@y (1-5y) (10)

k = ko(p/0) (1 = o) /(1 = 9))* (1
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where ¢, and ¢ represent the initial porosity and effective
porosity of the reservoir (a decimal), k, and k represent the
initial permeability and effective permeability of the reservoir
(mD), and ck is an empirical coefficient representing the
permeability reduction exponent, with a value of 5.

2.5. Initial conditions

The model assumes atmospheric pressure at sea level and
a constant temperature 7, at the seafloor mudline. Initial
reservoir pressure and temperature distributions are calculated
using hydrostatic and geothermal gradients, given by Eqs. 12—
13.

P=P,+APX(H+H,) (12)

where P is the pressure at the calculation point (kPa); P, is
the atmospheric pressure (kPa); 4P is the hydrostatic pressure
gradient (9.8 kPa/m); H is the depth from sea level to the
seafloor (m); and H, is the depth from the seafloor to the
calculation point (m).

T=T,+A4T X H, (13)

where T is the temperature at the calculation point (°C); Ty, is
the temperature at the seafloor (°C); AT is the geothermal
gradient (°C/m).

3. Simulation model
3.1. Benchmark model of horizontal structure

Geological data from the SH7 site in the Shenhu area were
utilized for numerical simulations of CO, hydrate
sequestration. The SH7 site is favorable for CO, hydrate
formation, with a water depth of 1108 m, a seafloor
temperature of 4.5°C and a pressure of 11.7 MPa. Fig. 1
illustrates the thickness map of the CO, hydrate stability zone
at the SH7 site. The black curve represents the phase
equilibrium curve of CO, hydrate, the blue dashed line
indicates the gas-liquid phase equilibrium curve of CO,, the
orange solid line marks the seafloor mudline, and the red solid
line indicates the geothermal gradient of the reservoir. The

0

Ocean water

400

800
Seafloor
1200  CO, hydrate stabilify

Depth/m

— CO, hydrate stability curve

1600 — Reservoir temperature-pressure
eurve Sediments
- - - CO, gas-liquid equilibrium curve
2000 - :
0 5 10 15

Temperature/°C

Fig. 1. Thickness map of the CO, hydrate stability zone at the SH7
site.

green region denotes the CO, hydrate stability zone. The
thickness of the CO, hydrate stability zone (HSZ) is defined
as the vertical distance between the seafloor and the
intersection point of the CO, hydrate phase equilibrium curve
with the geothermal gradient curve (Imaoka T et al., 2024). At
the SH7 site, the HSZ extends from 1108 m to 1251 m below
seafloor, yielding a calculated thickness of 143 m. The CO,
gas-liquid equilibrium curve indicates that injected CO,
remains liquid under reservoir conditions.

Using geological data from the SH7 site (Li SX et al.,
2021), this study established a horizontal benchmark model
for CO, hydrate sequestration simulation, as shown in Fig. 2.
The model domain measures 1010 m x 1010 m x 300 m,
discretized into 101x101x60 grid blocks. A 300 m thick
sedimentary reservoir was defined below the seafloor, with
horizontal and vertical permeabilities of 75 mD and 15 mD,
respectively (Dai S et al., 2019). Constant-pressure conditions
were applied at the upper and lower boundaries. Key model
parameters are summarized in Table 1, and CO, hydrate
properties are provided in Table 2.

To ensure effective CO, injection and long-term
sequestration while avoiding premature hydrate formation
near the wellbore, the injection point was positioned below
the CO, hydrate stability zone. A vertical well with a 10 m
perforation interval was placed 170 m below the seafloor. The
injected liquid CO, temperature was maintained at 11.7°C to
match reservoir conditions, enabling high injection rates. To

/ Injection well

ll70 m

10m T%
—
300 m <&
S
¢ 3
y
x=1010 m X

Fig. 2. Benchmark model for CO, hydrate sequestration in
horizontal reservoirs.

Table 1. Main parameters for numerical simulations.

Parameter Value
Reservoir porosity (¢) 0.4
Reservoir horizontal permeability/mD 75
Reservoir vertical permeability/mD 15
Pressure at the seafloor mudline/MPa 11.7
Temperature at the seafloor mudline/°C 4.5
Geothermal gradient/(°C/km) 43
Water saturation (S, ) 1.0
Rock thermal conductivity/[W/(m-K)] 1.35
Water thermal conductivity/[W/(m-K)] 0.6
CO, thermal conductivity/[W/(m'K)] (Guo Y et al., 2024) 0.105
Rock heat capacity/[J/(kg-K)] 742
Water heat capacity/[J/(kg-K)] 4200
CO, heat capacity/[J/(kg-K)] (Guo Y et al., 2024) 1436
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prevent reservoir fracturing from excessive pressure, the
injection pressure was set to 17.48 MPa (1.3 times the
reservoir pressure) (Jing J et al.,, 2023). The liquid CO,
injection rate was maintained at 300 t/d for 10 continuous
years, achieving a cumulative injection of approximately
1x10° t. The simulation period spanned 500 years of CO,
sequestration.

3.2. Establishment of the geological structure model

Fig. 3 illustrates the different structural types of seafloor
reservoirs. The angle between the inclined direction and the
horizontal direction defines the dip angle of the inclined
structure. The interlimb angle represents the angles of
different anticline and syncline structures (Li YB et al., 2024).
The dip angles of the wings of the anticline and syncline are
correlated with the dip angle of the inclined structure, forming
a unified dip angle.

3.2.1. Establishment of the inclined structure model

Fig. 4 illustrates the distribution of the top reservoir layer
in inclined structures with varying dip angles. According to
previous studies, the dip angles of hydrate-bearing reservoirs
typically range from 0° to 40° (Li YB et al., 2024). In this
study, four cases were designed with reservoir dip angles of

Table 2. Main Parameters of CO, hydrate.

Parameter Value
CO, density at injection location p/(kg/m®) 934.5
Molar mass of hydrate M,, /(g/mol) (Uddin M et al., 2008)  147.5
CO, hydrate density p/( kg/m?) (Uddin M et al., 2008) 1100
Hydrate dissociation rate constant kq/[mol/(m*-kPa-d)] 10.71x10"
(Uddin M et al., 2008)

Hydrate formation rate constant k¢/[mol/(m?-kPa-d)] 30.24x10°
(Uddin M et al., 2008)

Specific surface area of hydrate particles /(m*/m>) 375%10°
(Uddin M et al., 2008)

Activation energy AE/(J/mol) (Uddin M et al., 2008) 81084.8
Reaction enthalp AHy/(J/mol) (Jung JW et al., 2010) 58000
CO, hydrate thermal conductivity/[W/(m-K)] 0.49
(Jung JW et al., 2010)

CO, hydrate heat capacity/[J/(kg-K)] 1896.8

(Gharasoo M et al., 2019)
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0°, 10°, 20°, and 30°. To ensure consistent temperature and
pressure conditions at the vertical well injection point across
different structural models, the inclined structure model is
constructed based on the center position of the horizontal
model. This approach minimizes the influence of extraneous
factors on hydrate formation.

Fig. 5 shows the distributions of initial pressure,
temperature and CO, hydrate stability zone in inclined
structures with varying dip angles. The pressure contours of
the different inclined structures are horizontal and unaffected
by the dip angle. The pressure distribution increases with
depth. In contrast, the temperature contours are notably
affected by the reservoir dip angle. As the dip angle increases,
the temperature contours shift accordingly. At the same depth,
reservoirs with larger dip angles exhibit greater temperature
differences between the upper and lower sections. Since the
CO, hydrate stability zone is controlled by both temperature
and pressure distributions, it forms an angle with the
horizontal direction. This angle increases with the reservoir
dip.

3.2.2. Establishment of the anticline structure model

Fig. 6 presents the distribution of the top reservoir layer in
anticline structures with varying interlimb angles. According
to the literature (Li YB et al., 2024), the interlimb angles of
hydrate reservoirs range from 30° to 180°. This study designs
four cases with interlimb angles of 180°, 120°, 90°, and 60° to
investigate their influence on CO, hydrate sequestration.

Fig. 7 illustrates the distribution of initial pressure,
temperature and CO, hydrate stability zone in anticline
structures with varying interlimb angles. In anticline
structures, pressure contours exhibit horizontal distribution
patterns, governed exclusively by reservoir depth variations.
Meanwhile, the temperature contours exhibit a convex arc-
shaped distribution, consistent with the geometry of the
anticline structure. At the same depth, the central region of the
reservoir exhibits a higher temperature, while the wings show
lower temperatures. In anticline structures, the lower
boundary of the CO, hydrate stability zone in the wings shifts
downward as the interlimb angle decreases, reflecting the
influence of the temperature field on the CO, hydrate stability
zone.
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Fig. 3. Different structural types of seafloor reservoirs.
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3.2.3. Establishment of the syncline structure model

Fig. 8 represents the distribution of the top reservoir layer
in syncline structures with varying interlimb angles. This
study designs four cases with interlimb angles of 180°, 120°,
90°, and 60° to examine their impact on CO, hydrate
sequestration.

Fig. 9 shows the distribution of initial pressure,
temperature and CO, hydrate stability zone in syncline
structures with varying interlimb angles. In syncline
structures, the pressure contours are distributed horizontally,
while the temperature contours display a concave arc-shaped
distribution, following the geometry of the structure. At the
same reservoir depth, the temperature at the center of the
reservoir is lower, while that at the wings is higher. In

7m

0
1000 0

Fig. 4. Distribution of the top reservoir layer in inclined structures
with varying dip angles.

anticline structures, the lower boundary of the CO, hydrate
stability zone at the reservoir wings gradually shifts upward as
the interlimb angle decreases.

4. Results and discussion

4.1. Effect of geological structure on CO,
sequestration

hydrate

In syncline and anticline structures with an interlimb angle
of 120°, the dip angle at the wings is 30°. The study
investigates the effect of different structures with a 30° dip
angle on CO, hydrate sequestration, compared with horizontal
structures.

4.1.1. Effect of geological structure on CO, hydrate formation
and conversion rates

Fig. 10 illustrates the CO, hydrate formation mass (Fyyq)
and conversion rate (Rqo,) curves for different geological
structures, with Rq,, defined as the percentage of injected
CO, transformed into hydrates. Although all structures exhibit
progressive increases in Fyyq over time, their growth patterns
diverge markedly. After 500 years, the horizontal structure
accumulates 342x10° kg of hydrates, serving as the reference
case. Compared to this baseline, the inclined, anticline, and
syncline structures show variations of —19.12%, +6.60%, and
~7.19% in Fyyq, respectively. This trend stems from the higher
temperatures in the upper section of the inclined structure and
the wings of the syncline structure at the same reservoir depth.
This inhibits heat exchange between the hydrate formation
zone and the surrounding lower temperature reservoir after
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Fig. 5. Distribution of initial pressure, temperature and CO, hydrate stability zone in inclined structures with varying dip angles. The red

dashed line indicates the lower boundary of the CO, hydrate stability zone.
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the exothermic formation of hydrates, thereby reducing
hydrate formation. Conversely, the lower temperature at the
wings of the anticline structure promotes hydrate formation,
increasing the amount of hydrate. With the same CO,
injection amount, the hydrate conversion rates in the
horizontal, inclined, anticline, and syncline structures are
9.31%, 7.52%, 9.92%, and 8.63%, respectively. These values
of Rco, demonstrate a direct correlation with Fy, 4 observed in
each geological structure.

In summary, geological structures significantly influence
CO, hydrate formation. At a fixed 30° dip angle, anticline
structures  demonstrate  optimal  hydrate  formation
performance, whereas inclined structures exhibit the lowest
efficiency. Thus, for CO, sequestration projects aiming to
maximize hydrate storage capacity, anticlinal reservoirs
should be given top priority in site selection.

1000
800

200 600

400
400
600 200 g

Yy 800

1000 0

Fig. 6. Distribution of the top reservoir layer in anticline structures
with varying interlimb angles.

4.1.2. Effect of geological structure on hydrate sequestration
dynamics

The formation of CO, hydrates is influenced by factors
such as temperature, pressure, permeability, and fluid
migration characteristics. Geological structure affects
reservoir temperature distribution and CO, migration
pathways. As a result, the dynamic evolution of hydrate
formation varies significantly among different geological
structures.

Fig. 11 shows the vertical CO, saturation distribution and
evolution from the end of injection (10 years) to 500 years
across structures. The distribution of liquid CO, is
significantly affected by geological structures. In the
horizontal structure, the CO, distribution exhibits an elliptical
shape. In the inclined structure, the direction of the ellipse
aligns with the dip angle. In the anticline structure, the
distribution takes on a convex form, while in the syncline
structure, it takes on a concave form. These variations stem
from anisotropy in permeability induced by structure. During
the injection phase, CO, migration is mainly influenced by
injection pressure and reservoir permeability. After injection
stops, buoyancy becomes the dominant driving force for CO,
movement across structures (Li SX et al, 2026). In all
structures, CO, exhibits pronounced vertical migration.

Fig. 12 illustrates the vertical CO, hydrate saturation
distribution and evolution from the end of injection (10 years)
to 500 years across structures. CO, hydrate saturation
distribution is symmetrical in horizontal structure. When CO,
migrates upward into the hydrate stability zone via transport
driven by buoyancy, only a small amount of hydrate forms
initially. This slightly reduces the reservoir’s porosity and
permeability, but CO, continues to rise due to buoyancy.
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Fig. 7. Distribution of initial pressure, temperature and CO, hydrate stability zone in anticline structures with varying interlimb angles. The red

dashed line marks the lower boundary of the CO, hydrate stability zone.
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Since horizontal permeability exceeds vertical permeability,
the heat released during hydrate formation dissipates more
efficiently through lateral heat transfer. Consequently,
hydrates with higher saturation form earlier on both sides of
the CO, migration path. Ultimately, CO, migrates laterally up
to 150 m, forming a hydrate cap with a saturation of 0.91 at a
depth of 25 m beneath the seafloor.

In the inclined structure, temperature differences lead to
distinct CO, hydrate formation patterns in the upper and
lower sections of the reservoir. At the same depth, the lower
section exhibits lower temperatures, which facilitates heat
transfer from the hydrate formation zone to the surrounding
sediments. This process reduces the temperature at the CO,
migration front, leading to the early formation of a CO,
hydrate cap. This cap inhibits both vertical and lateral CO,
migration in the lower section, while promoting CO, into the

0
1000 0

Fig. 8. Distribution of the top reservoir layer in syncline structures
with varying interlimb angles.

upper reservoir. Consequently, the lateral migration distance
of CO, in the lower section is limited to 120 m. In contrast,
higher temperatures in the upper section of the inclined
structure hindered heat transfer, thereby suppressing the
formation of a high-saturation CO, hydrate cap. Under the
influence of buoyancy, CO, continues to migrate upward.
Finally, after migrating laterally for 350 m, a hydrate cap with
a saturation of 0.95 forms approximately 65 m below the
seafloor.

In the anticline structure, the dynamic evolution of
hydrates is similar to that in the horizontal structure, but CO,
hydrate exhibits a more pronounced convex distribution
pattern. This explains that at the same reservoir depth in the
anticline structure, the temperature at the wings is lower than
at the center. After CO, hydrate formation, CO, in the wing
regions transferred heat more efficiently to the surrounding
cooler sediments, causing the temperature to drop below the
phase equilibrium temperature and thus promoting hydrate
formation. Consequently, a high saturation hydrate cap forms
on both sides of the CO, migration path in the same
timeframe. This process inhibits lateral CO, migration and
promotes its vertical movement. Ultimately, the lateral
migration of CO, reaches a maximum distance of 130 m, and
a hydrate cap with a saturation of 0.93 forms at approximately
20 m below the seafloor.

In the syncline structure, CO, hydrate distribution remains
symmetrical, but the convex distribution pattern weakens in
the vertical direction. Additionally, the hydrate distribution
tends to spread horizontally, with the maximum lateral
migration distance increasing to 180 m. This behavior is
mainly attributed to the syncline structure, which leads to
higher temperatures at the wings at the same depth, thereby
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Fig. 9. Distribution of initial pressure, temperature and CO, hydrate stability zone in syncline structures with varying interlimb angles. The red
dashed line represents the lower boundary of the CO, hydrate stability zone.
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enhancing the buoyancy of CO, migration. The heat released
during hydrate formation was transferred less efficiently,
preventing the CO, temperature from decreasing. As a result,
the amount of hydrate formed decreased, the reduction in
reservoir permeability slowed, and CO, continued to migrate
upward under buoyancy forces. Consequently, the migration
rate at the wings increases, resulting in a larger lateral extent
and reduced vertical migration. Ultimately, a hydrate cap with
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Fig. 10. CO, hydrate formation and conversion rate curves for
different geological structures.
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a saturation of 0.97 forms at approximately 30 m below the
seafloor.

At the same injection depth and injection volume, CO,
hydrate distribution varies across different structures.
However, in all cases, CO, is sequestered within the hydrate
cap in the sediment, with no leakage occurring. From the
above analysis, it can be concluded that the temperature
variation across geological structures is a key factor
influencing the amount of CO, hydrate formation. Under the
same pressure conditions, a greater temperature difference
provides a stronger thermodynamic driving force for hydrate
formation, allowing more heat to be released and transferred.
The safety of CO, hydrate sequestration is primarily related to
the permeability of the reservoir, while the amount of hydrate
formed further affects the reservoir’s permeability.

Fig. 13 illustrates the vertical temperature distribution and
evolution from the end of injection (10 years) to 500 years
across structures. After the end of liquid CO, injection, a low-
temperature zone forms below the injection point of the
vertical well, while a high-temperature zone develops above
it. This occurs because the injected liquid CO, has the same
temperature with the reservoir formation. After CO, injection
ends, upward CO, migration leads to the gradual dissipation
of the underlying low-temperature zone. During CO, upward
migration driven by buoyancy, CO, continuously exchanged
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Fig. 11. Vertical CO, saturation (Sco,) distribution and evolution from the end of injection (10 years) to 500 years across structures. The

purple dots represent the CO, injection points.
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Fig. 12. Vertical CO, hydrate saturation (Sy4) distribution and evolution from the end of injection (10 years) to 500 years across structures.
The red dashed line marks the lower boundary of the CO, hydrate stability zone, and the yellow dots indicate the injection points.

heat with the surrounding reservoir. When CO, reaches the
lower boundary of the hydrate stability zone, its temperature
attains thermal equilibrium with that of the reservoir. As CO,
enters the hydrate stability zone, exothermic hydrate
formation occurs through reaction with pore water, elevating
local reservoir temperatures to the phase equilibrium
temperature of approximately 10.4 °C (Nole M et al., 2025).
The temperature increase within the CO, hydrate stability
zone is solely attributable to hydrate formation.

Fig. 14 displays the vertical permeability distribution and
evolution from the end of injection (10 years) to 500 years
across structures. Permeability reduction exhibits a positive
correlation with hydrate saturation, attributable to pore space
occupation by CO, hydrate formation. Within the hydrate
stability zone, increasing hydrate saturation directly reduces
reservoir permeability (Mahabadi N et al, 2019).
Furthermore, localized temperature-pressure variations cause
spatial heterogeneity in hydrate formation, resulting in non-
uniform permeability reduction. These permeability changes,
combined with buoyancy effects, ultimately alters CO,
migration pathways and affects hydrate distribution patterns.

In summary, all geological structures successfully trap
CO, beneath impermeable hydrate caps with no observed
seafloor leakage. The horizontal structure serves as the
baseline case, with the hydrate cap located 25 m below the

seafloor and CO, migrating up to 150 m laterally. When
comparing structures with 30° dip angles to this horizontal
reference, the inclined structure shows the most significant
changes, increasing the distance from the top of the CO,
hydrate cap to the seafloor by 160% and lateral migration by
133.33%. In contrast, the anticline structure reduces these
metrics by 20% and 13.33% respectively, while the syncline
structure increases both by 20%. If the distance is maintained
at 25 m, as in the horizontal base model, the inclined and
synclinal structures could sequester an additional 730x10° t
and 360x10° t of CO,, respectively. In contrast, the anticlinal
structure would reduce the amount of CO, injected by
360x10° t. From a safety perspective that prioritizes
maximizing the distance between hydrate caps and the
seafloor, the inclined structure emerges as the most favorable
configuration for CO, sequestration.

4.2. Effect of structural dip angle on CO,
sequestration

hydrate

This section investigates the effect of structural dip angle
on CO, hydrate sequestration by analyzing inclined structures
with dip angles of 0°, 10°, 20°, and 30°, and anticline and
syncline structures with interlimb angles of 180°, 120°, 90°,
and 60°, respectively. The models with a 0° dip angle for the
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Fig. 13. Vertical temperature (7) distribution and evolution from the end of injection (10 years) to 500 years across structures. The blue dots

indicate the location of CO, injection.

inclined structure and interlimb angle of 180° for the anticline
and syncline structures are the baseline horizontal models.

4.2.1. Effect of structural dip angle on CO, hydrate formation
and conversion rates

Fig. 15 illustrates the CO, hydrate formation mass (Fyyq)
and conversion rate (Rco,) curves for inclined structures in
different dip angles. During the initial 150 years, dip angle
exhibits negligible influence on hydrate formation. After 150
years, as the dip angle increases, hydrate formation mass
decreases significantly. Specifically, compared to the
horizontal structure, which forms 342x10° kg of hydrate,
inclined structures with dip angles of 10°, 20°, and 30° show
decreases of 3.74%, 12.50%, and 19.12%, respectively. The
CO, conversion rate is directly related to hydrate formation
mass. This trend can be explained by the fact that CO,
continues to migrate upward and laterally due to buoyancy
after 150 years. The larger the dip angle, the greater the
migration distance. However, a larger dip angle also leads to
higher temperatures in the upper section of the inclined
structure at the same depth, which inhibits hydrate formation.
Consequently, the larger dip angle, the lesser amount of
hydrate formation.

Fig. 16 presents the CO, hydrate formation mass (Fyyq)
and conversion rate (Rqo,) curves for different interlimb
angles in anticline structures. After 150 years, the amount of

CO, hydrate formed increases gradually as the interlimb angle
decreases. Specifically, relative to the horizontal structure, the
amount of hydrate formed increases by 6.60%, 9.03%, and
10.54% in anticline structures with interlimb angles of 120°,
90°, and 60°, respectively. The CO, conversion rate is directly
proportional to the amount of hydrate formed. This behavior
results from the anticline structure causing a gradual
temperature decrease at the wings of the structure at the same
reservoir depth as the interlimb angle decreases. This
temperature decrease enhances heat exchange between the
hydrate formation zone and the surrounding reservoir.
Consequently, as the interlimb angle decreases, hydrate
formation mass increases.

Fig. 17 illustrates the CO, hydrate formation (Fjy4) and
conversion rate (Rqo,) curves for different interlimb angles in
syncline structures. After 100 years, hydrate formation mass
gradually decreases as the interlimb angle reduces.
Specifically, compared to the horizontal structure, the hydrate
formation in syncline structures with interlimb angles of 120°,
90°, and 60° decrease by 7.19%, 10.33%, and 12.57%,
respectively. The CO, conversion rate is directly proportional
to hydrate formation mass. This occurs because the syncline
structure causes the temperature at both wings to increase as
the interlimb angle decreases at the same reservoir depth,
which hinders heat exchange between the hydrate formation
zone and the surrounding reservoir. Consequently, as the


https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193
https://doi.org/10.31035/cg2025193

646 Li et al. / China Geology 9 (2026) 635-651

-908

—1108

N -1308

—1508

K/mD
15.0

—908

—1108

m

\I

N 1308

—1508

\V ]
\ I

12.0

—908

—1108

m

]

N -1308

—1508

-908
-1108
N 1308

—1508

()

(
(

9.0

6.0

]

3.0

200 400 —400 —200 0
X/m
100 years

—400 —200 0
X/m
10 years

200 400 —400 —200 0

200 400 —400 —200 0 200 400
X/m

500 years

X/m
200 years

Fig. 14. Vertical permeability (K) distribution and evolution from the end of injection (10 years) to 500 years across structures. The yellow

dots denote the CO, injection points.

4.0x108
o 3:5%10%
=
8 3.0x10°} g
g a
E 5 5x100 g
S 2.5%10° o
2 g
§‘2.0><108 - é
= 5
Q 1.5x10% - =
E g
—_— ¢}
E 1.0x10% |- N
S
5.0x107 -
0 1 1 1 1 O
0 100 200 300 400 500
Time/year

Fig. 15. CO, hydrate formation mass and conversion rate curves for
inclined structures in different dip angles.

interlimb angle of the syncline structure decreases, hydrate
formation mass gradually reduces.

4.2.2. Effect of structural dip angle on the dynamic evolution
of hydrate sequestration

Fig. 18 shows the vertical distribution and evolution of
CO, hydrate saturation from the end of injection (10 years) to
500 years in inclined structures with different dip angles.
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Fig. 16. CO, hydrate formation mass and conversion rate curves for
different interlimb angles in anticline structures.

After 100 years, high-saturation hydrate caps emerge at the
CO, migration front within the reservoir’s lower section. As
dip angles increase, these hydrate caps gradually shift toward
the center position of the reservoir plane due to thermally
favorable conditions. Specifically, larger dip angles induce
lower temperatures at the lower section of the reservoir at the
same depth, which promotes preferential hydrate formation
closer to the center of the plane at the 0 m position.
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Over time, all inclined structures develop a highly
saturated hydrate cap at a specific depth below the seafloor,
without any CO, leakage. In inclined reservoirs with dip
angles of 10°, 20°, and 30°, the lateral extent of hydrate
formation in the upper section increases by 26.67%, 86.67%,
and 133.33%, respectively, compared to the 150 m observed
in horizontal structures. The distance from the top of hydrate
cap to the seafloor increases by 20%, 80%, and 160%,
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Fig. 17. CO, hydrate formation mass and conversion rate curves for
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respectively, compared to the 25 m depth in horizontal
structures. This trend is attributed to higher temperatures in
the upper section of the inclined structure as the dip angle
rises at the same reservoir depth, which promotes the
migration of liquid CO, to the upper section of the reservoir
under the influence of buoyancy. As CO, migrates, the area of
hydrate formation increases. However, as accumulating
hydrates deplete the mobile CO, beneath the cap, the buoyant
driving force progressively weakens, increasing the distance
from the hydrate cap to the seafloor. Ultimately, the CO,
sequestration capacity in the upper section of reservoirs with
dip angles of 10°, 20°, and 30° increases by 34.00%, 45.82%,
and 50.78%, respectively, compared to 547x10° t in
horizontal structures. In summary, as the dip angle increases,
the lateral extent of CO, migration increases, and the distance
from the top of the CO, hydrate cap to the seafloor grows.

Fig. 19 illustrates the vertical distribution and evolution of
CO, hydrate saturation from the end of injection (10 years) to
500 years in anticline structures with different interlimb
angles. After 200 years, as the interlimb angle decreases, the
convex distribution of CO, hydrate becomes more
pronounced. The anticline structure causes the temperature at
the wings to reduce with a decreasing interlimb angle at the
same reservoir depth. This temperature decrease facilitates the
formation of CO, hydrates at the wings, where reduced
permeability hinders lateral CO, migration, causing more CO,

_908 1 100

—1108+

m

N -1308

—1508

—908

—1108

m

N 1308

—1508

~400 —200 0 200 400 —400 200 0

200 400 —400 —200 0

200 400 —400 200 0 200 400

Xm Xm X/m Xm
10 years 100 years 200 years 500 years

Fig. 18. Vertical distribution and evolution of CO, hydrate saturation from the end of injection (10 years) to 500 years in inclined structures

with different dip angles.
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Fig. 19. Vertical distribution and evolution of CO, hydrate saturation from the end of injection (10 years) to 500 years in anticline structures

with different interlimb angles.

to migrate upward due to buoyancy. Ultimately, this results in
the low-permeability hydrate cap being positioned closer to
the seafloor. Compared to the horizontal structure, the
distance from the top of hydrate cap to the seafloor decreases
by 20%, 32%, and 40% for anticline structures with interlimb
angles of 120°, 90°, and 60°, respectively.

Fig. 20 presents the vertical distribution and evolution of
CO, hydrate saturation from the end of injection (10 years) to
500 years in syncline structures with different interlimb
angles. With the reduction in the interlimb angle after 200
years, the lateral extent of hydrate formation increases. The
high-saturation hydrate cap transitions from a convex shape to
nearly horizontal. This trend is driven by rising temperatures
at the reservoir wings at the same depth, as the interlimb angle
decreases. As a result, the density difference between CO,
and water increases, thereby enhancing the buoyant force
acting on CO,, promoting its lateral migration along the
wings, expanding its horizontal spread, and constraining
vertical development. Compared to the horizontal structure,
the distance between the top of hydrate cap and the seafloor
increases by 20%, 36%, and 40% in syncline structures with
interlimb angles of 120°, 90°, and 60°, respectively. In
summary, a smaller interlimb angle in syncline structures
results in a flatter hydrate cap and a greater distance between
the top of hydrate cap and the seafloor.

5. Conclusions

This study establishes four geological structure models:
Horizontal, inclined, anticline, and syncline. It investigates the
dynamic evolution of key physical fields including CO,
saturation, CO, hydrate saturation, temperature, and
permeability, as well as the hydrate formation mass across
these structures. The main conclusions drawn are as follows.

(i) The geological structure significantly influences both
the hydrate formation mass and the vertical distance between
the top of the hydrate cap and the seafloor. Compared to the
horizontal structure, reservoirs with a 30° dip angle exhibit
changes in CO, hydrate formation mass of —19.12%, +6.60%,
and —7.19% for the inclined, anticline, and syncline
structures, respectively. The corresponding distance changes
are +160%, —20%, and +20%, respectively. The temperature
variation across geological structures is a key factor
influencing the amount of CO, hydrate formation, while
permeability is a major factor affecting the safety of CO,
sequestration.

(1) The structural dip angle influences the amount of CO,
hydrate formation. Compared to the horizontal structure,
hydrate formation mass in inclined structures with dip angles
of 10°, 20°, and 30° decreases by 3.74%, 12.50%, and
19.12%, respectively. Hydrate formation mass increases by
6.60%, 9.03%, and 10.54% in anticline structures with 120°,
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Fig. 20. Vertical distribution and evolution of CO, hydrate saturation from the end of injection (10 years) to 500 years in syncline structures
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90°, and 60° interlimb angles, respectively. In syncline
structures with the same interlimb angles, it decreases by
7.19%, 10.33%, and 12.57%, respectively. Anticline
structures promote hydrate formation, while inclined and
syncline structures inhibit it.

(iii) The structural dip angle influences the dynamic
evolution of CO, hydrate formation. As the dip angle
increases, different geological structures exhibit distinct
evolutionary patterns. In inclined structures, the lateral extent
of CO, migration in the upper section expands, and the
hydrate cap moves farther from the seafloor. In anticline
structures, the convex shape distribution becomes more
pronounced, and the hydrate cap is closer to the seafloor. In
syncline structures, the distribution pattern transitions from a
convex shape to a horizontal form, and the distance between
the top of the hydrate cap and the seafloor increases.

(iv) Geological structures have a significant impact on
CO, hydrate sequestration. If maximizing the amount of
hydrate formation is the primary objective, the anticline
structure is the most favorable. Conversely, if the goal is to
increase the vertical distance between the top of the hydrate
cap and the seafloor, the inclined structure is the most suitable
reservoir. Geological factors such as structure type, seafloor
depth, and reservoir heterogeneity in different marine
environments can affect hydrate formation mass, stability, and
CO, migration pathways. Therefore, although the current
results provide valuable guidance for selecting promising

sedimentary structures, further investigation of the target
reservoirs is necessary before large-scale CO, hydrate
sequestration in marine sediments.
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