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Gas hydrates occurring within the Pleistocene sediments of the Shenhu area, South China Sea, represent a
dynamically evolving accumulation inherited from an “ancient” hydrate system. A hydrate-enriched layer
with a maximum saturation of 48% is present near the base of the current gas-hydrate stability zone
(GHSZ), above which hydrate saturation rapidly declines to nearly zero. This sharp transition cannot be
explained by the previously estimated slow and nearly constant aqueous flow rate for the Pleistocene
sediments. Geological evidence indicates that a substantial reduction in fluid flow occurred during the
Early Pleistocene. To explore this process, the authors develop a coupled fluid—heat flow numerical model
to simulate the dynamic evolution of the Shenhu hydrate system under temporally varying water-flow
conditions. The model incorporates both the burial of “ancient” hydrates through sedimentation and the
formation of “new” hydrates in younger deposits. Simulations with time-dependent flow rates can
successfully reproduce the observed hydrate distribution in the Shenhu area. Under present sedimentation
and fluid-flow conditions, the burial and dissociation of “ancient” hydrates beneath the GHSZ greatly
outpace the formation of “new” hydrates within it, resulting in a continuous decline in the total hydrate
inventory over time. These findings offer new insights into the long-term evolution of natural hydrate
systems and have important implications for in-situ hydrate resource assessment.

©2026 China Geology Editorial Office.

1. Introduction

Because of their potential significance as an energy
resource (Collett T, 2002), a greenhouse-gas source (Biastoch

Gas hydrates are ice-like crystalline substances that occur
in nature when solid water lattices encapsulate gas molecules
within cage-like structures (Sloan ED and Koh CA, 2008).
They form under conditions of relatively high pressure and
low temperature, such as those found in the shallow
subsurface beneath many of the world’s deep-water oceans.
The volume of natural gas stored in methane hydrates
worldwide is estimated to be far greater than that contained in
all conventional natural-gas resources (Milkov A, 2004;
Pifiero E et al., 2012).
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Aetal, 2011; Lunt D et al., 2011), a component of the global
carbon cycle (Dickens G, 2003), and a trigger of marine
geologic hazards (Sultan N et al., 2004), natural gas hydrates
have been extensively investigated worldwide. Understanding
how hydrates accumulate in marine sediments over time is
essential (Bhatnagar G et al., 2007), and numerical modeling
has proven to be an effective tool for this purpose (Xu WY
and Ruppel C, 1999; Davie M and Buffett B, 2001; Bhatnagar
Getal., 2007; Zhu LQ et al., 2022).

Gas hydrates have been identified on the northern
continental slope of the South China Sea (SCS) through
geological, seismic, geochemical, and biological evidence,
where they represent a significant potential gas resource (Wu
NY et al, 2009). The Shenhu area is one of the most
promising targets in China (Fig. 1). A breakthrough came
with the GMGS-1 drilling expedition conducted by the
Guangzhou Marine Geological Survey, which recovered
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Fig. 1. Location of Shenhu area on the northern continental slope of the South China Sea. Red dashed lines denote marine administrative
boundaries of China (schematic). The Shenhu area (red box) marks the general region of the GMGS-1 drilling sites, including site SH2

examined in this study.

hydrate-bearing cores from three sites in water depths of
1108-1235 m (Zhang HQ et al., 2007). These cores revealed
high hydrate saturation in clay-rich silt sediments, with
methane as the dominant gas component (Zhang HQ et al.,
2007; Wu NY et al., 2008, 2010; Zhu LQ et al., 2023c,
2023d).

Seismic data further show that the Shenhu sediments are
cut by a series of NE-trending fracture zones and a distinct
bottom-simulating reflector (BSR), which indicate active
fluid-migration pathways and a close association between
tectonic deformation and hydrate occurrence (Fig. 2; Wu NY
et al., 2009; Su Z et al., 2012). These structural conduits likely
enhanced upward fluid flow and methane transport during
past tectonic episodes, providing favorable conditions for
hydrate formation.

This study estimated hydrate saturation (S}, the fraction of
pore volume occupied by hydrate) at site SH2 using measured
pore-water salinity and resistivity logs. Hydrates are
concentrated within a 22-m-thick layer (S, > 20%) near the
base of the present-day gas-hydrate stability zone (GHSZ, 229
mbsf), where the maximum saturation reaches about 48% at
204 mbsf. Hydrate saturation decreases sharply upward to
nearly zero—quite different from the smoother distributions
predicted by earlier numerical models (Davie M and Buffett
B, 2001, 2003; Xu WY, 2004; Bhatnagar G et al., 2007; Zhu
LQ etal., 2023a, 2023b).

Previous numerical modeling studies (Guan JA et al.,
2009; He LJ et al, 2011) have attributed hydrate
accumulation either to free-gas migration through highly
permeable sediments or to focused seepage associated with
mud volcanoes and gas chimneys. However, the absence of
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Fig. 2. Seismic profile HS623 showing NE-trending fractures and
bottom-simulating reflector (BSR) in the Shenhu area, northern
South China Sea. Two sets of oppositely dipping fracture zones
indicate active fluid-migration pathways in the sediments (after Wu
NY et al., 2009; Su Z et al., 2012). The top horizontal axis denotes
the common-depth-point (CDP) number along the profile, 149°
indicates the profile azimuth, and the vertical axis (TWT/ms) is the
two-way travel time in milliseconds. T1, T2, and T3 are major
seismic reflection interfaces (regional sequence boundaries) within
the sediments.
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abundant carbonate nodules and other petrographic indicators
of active seepage suggests that free-gas migration was limited
in the Shenhu area.

Many subsequent studies (Su Z et al., 2012; Fang YX et
al., 2019; Chen C et al., 2020; Zhang W et al., 2020; Jin JP et
al.,, 2020; Hu GW et al., 2021) have shown that hydrate
accumulation on the northern South China Sea margin
depends primarily on the methane-supply rate within thick
sedimentary layers and that sedimentation rate strongly
influences the spatial distribution of hydrate content. Gas
chimneys and faults provide vertical pathways for methane
migration (Chen C et al., 2020), and the coupling of gas
supply with multiple migration routes produces highly
saturated hydrate zones (Zhang W et al., 2020). High hydrate
saturation and anomalous pore-water chlorinity at Shenhu
area indicate upward methane transport into the GHSZ (Jin JP
et al, 2020), and the hydrate formation rate correlates
positively with chloride concentration (Fang YX et al., 2019).

Su Z et al. (2012) proposed that hydrate distribution and
evolution may be controlled by temporal variations in water-
flow rate. Their study suggested an average sedimentation rate
of 16 cm/ka and a present-day water-flow rate of 0.7 m/ka at
site. SH2, but modeling with these parameters could not
reproduce the observed hydrate saturations. Hence, the
authors hypothesize that fluid flow has varied over time due
to tectonic activity and that the hydrates currently observed at
Shenhu area originated from an ancient hydrate system
formed in faulted sediments under higher flow rates and
methane supply.

This study postulate that hydrate accumulation in the
Shenhu sediments is strongly influenced by variations in
seafloor sedimentation and water-flow rates. A clearer
understanding of the system’s dynamic evolution is needed to
assess how regional sedimentation history and tectonic
processes affect fluid flow. In this study, the authors first
describe the regional geological setting of the Shenhu area
and then use a time-dependent numerical model to illustrate
the dynamic evolution of hydrate accumulation. The model
quantifies key parameters controlling hydrate formation and
elucidates the role of geological activity in shaping the
hydrate system.

The novelty of this work lies in linking the modern
hydrate system to a hypothesized ancient hydrate system
developed under tectonically enhanced fluid-flow conditions.
The conceptual differences between the two systems are
schematically illustrated in Fig. 3. The ancient system (>1.5
Ma) featured fractured, high-permeability sediments and rapid
advective methane transport, whereas the modern system
(<1.5 Ma) formed after tectonic quiescence, with fine-grained,
low-permeability sediments and much slower flow.

Against this background, this study aims to explore the
dynamic evolution of gas hydrate accumulation in the Shenhu
area by integrating regional sedimentation history, tectonic
activity, and fluid-flow processes. A time-dependent
numerical model constrained by geological and geochemical
observations at site SH2 is employed to investigate how
variations in sedimentation and water-flow rates influence

(a) Seafloor (b) Seafloor
Hydrate+
saturated liquid Hydrate+
saturated liquid
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00X O
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Fig. 3. Conceptual comparison between the ancient and modern
hydrate systems in the Shenhu area (after Haacke R et al., 2008).
a—Ancient hydrate system (>1.5 Ma): Developed in fractured, high-
permeability sediments under rapid fluid flow and active methane
supply; b-modern hydrate system (<1.5 Ma): Formed in fine-
grained, low-permeability sediments under slow advective flow after
tectonic quiescence. The schematic illustrates the contrasting fluid-
migration intensity, hydrate occurrence, and free-gas distribution
between the two stages.

hydrate formation and redistribution. Particular attention is
paid to the potential linkage between the present-day hydrate
system and a hypothesized ancient hydrate system developed
under tectonically enhanced fluid-flow conditions. The results
are expected to improve the understanding of hydrate
accumulation mechanisms on the northern South China Sea
margin and provide implications for similar continental-
margin hydrate systems.

2. Geological setting

The Shenhu area is located in the Pearl River Mouth Basin
and has been undergoing subsidence since the Miocene. The
average sedimentation rate during this period has remained
relatively high (approximately 160 m/Ma). The organic matter
content in the sediments ranges from 0.2% to 1.9%
(McDonnell S et al., 2000; Prell W et al., 2000; Wu NY et al.,
2009); it is very low at shallow depths and relatively higher in
deeper layers (Prell W et al., 2000). The sediments at the
drilling sites in the Shenhu area mainly consist of muddy silt
or silty mud (Su Z et al., 2012).

The low organic-matter content suggests that the
contribution of in-situ biogenic methane to hydrate formation
in the shallow sediments is very limited. Therefore, most of
the methane in the gas hydrates was likely transported upward
from deeper sources in the aqueous phase by advection and
diffusion. The fine-grained sediments in the shallow section
imply a low aqueous-flow rate. Moreover, the presence of
only a few seep-carbonate nodules in the sediments indicates
that there has been no significant free-gas leakage over
geological time.

The deeper sediments below the present-day hydrate
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accumulation in the Shenhu area are reported to be highly
fractured and faulted due to four major tectonic events
spanning from the Early Cretaceous to the Early Pleistocene.
The faulting activity culminated around 1.5-2.0 Ma. The
hydrates are currently accumulated within Pleistocene
sediments (about 1.5 Ma; Wu NY et al., 2009; Kuang ZG and
Guo YQ, 2011). Seismic data also reveal large-scale, deep-
seated mud diapirs that penetrate the shallow sediments (Wu
NY et al., 2009). These observed faults and mud diapirs likely
represent paleo—fluid-flow conduits that transported methane
from deeper sources into the hydrate stability field.

Past tectonic activities rendered the sediments highly
permeable. The fractured layers and fault channels facilitated
vigorous upward fluid flow toward the seafloor during these
periods (Wu NY et al, 2009). Gas hydrates could have
developed in the sediments if the pore water had become
saturated with methane.

3. Numerical models

This study employed numerical modeling to test the
hypothesis that the present hydrate accumulation observed at
the Shenhu site dynamically evolved from an ancient hydrate
deposit, as fluid flow varied over time under different tectonic
conditions. The model integrates geological constraints,
sedimentation processes, and time-dependent fluid migration
to reproduce the observed hydrate distribution.

3.1. Model formulas

Sedimentation rate and fluid-flow rate are crucial factors
for hydrate accumulation in marine sediments and should
therefore be resolved preferentially in numerical modeling.
The model used to simulate gas-hydrate accumulation in the
Shenhu area consists of three main components: (1)
Calculating sedimentation rate, (2) calculating water-flow
rate, and (3) simulating hydrate formation using the mass-
balance equation for methane.

3.2. Model assumptions

This study assumed that methane is transported by
aqueous advection and diffusion. Hydrate forms only within
the gas-hydrate stability zone (GHSZ) when methane
concentration in pore water exceeds methane solubility as
dictated by hydrate—water equilibrium. Consequently, the
hydrate-accumulation rate is proportional to the gradient in
L+H CH,; solubility and the water-flow rate. A larger
aqueous-flow rate results in a greater hydrate-accumulation
rate.

This study do not account for the recycling of free gas
released from dissociated hydrates during continued
sedimentation. The progressive burial of gas hydrates across
the hydrate-stability boundary would dissociate hydrates into
free gas and water. The free gas generated would migrate
upward under buoyancy and recrystallize as new hydrate at
the base of the newly established hydrate stability field. This

model does not consider the effect of recycled gas; the
dissociated free gas is assumed to remain trapped in pores
below the GHSZ.

This study assume that the water-flow rate before 1.5 Ma,
driven by tectonic activity, was higher than that after 1.5 Ma,
as the post-1.5 Ma sediments are fine-grained and less
fractured (Wu NY et al., 2009).

Here the authors use numerical modeling to test the
hypothesis that the present hydrate accumulation observed at
the Shenhu site has dynamically evolved from an “ancient”
hydrate deposit, considering that fluid flow varied temporally
with tectonic events. The model proposed here comprises
three stages as shown in Fig. 4.

(i) Stage 1: Before 1.5 Ma, the fast fluid flow in the
fractured sediments led to the development of a rapid
“ancient” hydrate accumulation in the GHSZ (Figs. 4a, d). At
this stage, the top of the hydrate-occurrence zone was pushed
upward, i.e., close to the seafloor, because water advection
was sufficiently strong to counteract the diffusive loss of
methane near the seafloor (Xu WY and Ruppel C, 1999);

(i1) Stage 2: The water-flow rate decreased after 1.5 Ma
because the Pleistocene sediments are fine-grained and less
fractured. The reduced flow rate caused several dynamic
effects in the gas-hydrate system. First, the lower flow rate
may have decreased the amount of heat supplied to the
sediment column by advective heat transport, thereby cooling
the sediments and increasing the thickness of the GHSZ
(Fig. 4b). Second, the temperature drop may have increased
the L+G methane solubility required to form the free-gas
phase below the GHSZ, which could have delayed gas
exsolution from the aqueous phase. Third, the reduced flow
rate would limit the amount of methane supplied to near-
surface sediments, where pore water is undersaturated with
methane and hydrates cannot form. As the “ancient” gas
hydrates formed at Stage 1 were progressively buried below
the boundary of the GHSZ, they dissociated into free gas and
water. A free-gas zone developed below the GHSZ (shaded
area in Fig. 4e).

(iii) Stage 3: At this stage, more gas hydrates accumulated
during Stage 1 were buried out of the hydrate-stability field,
and a thicker free-gas zone developed. However, only a small
amount of “new” hydrate accumulated in the young sediments
due to the low post—1.5 Ma water-flow rate (Fig. 4c). As a
result, the total amount of gas hydrate in the system decreased
over time because the rate at which “ancient” hydrates in old
sediments were buried out of the hydrate-stability field
exceeded the rate at which “new” hydrates formed in young
sediments (Fig. 4f). The burial rate of “ancient” hydrates out
of the GHSZ, v,,, can be approximated by the following
equation (Eq. 1):

Van = VS )]

where v,, ¢, and S, denote the sedimentation rate, sediment
porosity, and hydrate saturation, respectively, at the base of
GHSZ. The total growth rate of hydrates in the young
sediments, v,, can be approximated by integrating the
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following equation over the depth interval of GHSZ (Eq. 2):

0
= VS, @
=D
where v,, is the water flow rate, S, is the methane solubility,
and D is the depth to the base of GHSZ.

3.3. Numerical-model workflow

The complete modeling procedure is summarized in Fig. 5.
The framework consists of three coupled modules: (1)
Sediment compaction and porosity evolution; (2) fluid flow
and solute transport; and (3) hydrate formation governed by
methane solubility and phase equilibrium within the GHSZ.
Boundary conditions, parameter inputs, and representative
outputs (methane concentration, hydrate saturation,
temperature) are also outlined. This schematic provides a
transparent overview of how geological data are translated
into quantitative simulations of hydrate dynamics.

4. Mathematical model
4.1. Sedimentation rate

At the geologic time scale, sedimentation leads to

sediment compaction, where sediment porosity is related to
vertical effective stress in the compaction theory (Gutierrez M
and Wangen M, 2005). For one-dimensional compaction,
porosity (¢) can be written as a function of the effective stress
or burial depth. In this model, porosity is assumed to be in a
steady state and form (Eq. 3; Athy L, 1930; Haacke R et al.,
2008):

¢ =@ 3)

where A is the compaction length, and ¢, is the seabed
porosity. The compaction length reflects the physical
properties of seabed sediments, and its value can be fitted
from porosity values measured from core samples.

The porosity-depth relation, along with mass balances for
sediments, provides an expression for the sediment flux (Xu
WY and Ruppel C, 1999; Davie M and Buffett B, 2001). The
sediment balance (Eq. 4) can be written as:

0

5, 1=9p+ V- [rp(1-¢)] =0 )
where p, is the sediment density, and v, is the sediment
velocity. Assuming a steady state leads to an invariant
sediment flux (U,) with depth, which can be related to the
sedimentation rate (S) as the boundary condition imposed at
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Fig. 5. Schematic workflow of the numerical-modeling framework
used in this study, showing the coupling among sedimentation, fluid
flow, heat transfer, and hydrate formation. The diagram summarizes
boundary conditions, input parameters, and key model outputs.

the seafloor. Because porosity (¢) is in steady state along the
vertical direction and sediment density (p,) can be taken as a
constant, the term [p,(1 —¢)] in the equation is invariant over
time at a specific depth, which drives the second term
V. [vsps(l —<p)] =(. The sediment density is assumed to be
constant in this model; an equation of invariant depositional
flux (Eq. 5) is thus drawn as per Bhatnagar G et al. (2007):

Us=v(1-¢) =S5 -¢) ®)

Here, U, is the invariant sediment flux, and S is the
sediment depositional rate at the seafloor. According to Eq. 5,
sedimentation rate beneath the seafloor can be calculated as a
function of porosity.

The one-dimensional profiles of porosity and
sedimentation rate derived from core and log data at site SH2
are shown in Fig. 6. The Athy-type compaction curve fitted to
measured porosities validates the assumed steady-state
compaction relationship, and the calculated sedimentation
velocity agrees with field constraints.

Permeability variations were parameterized as a function
of porosity using an empirical relationship conceptually
modified from Han H (2023), as shown in Fig. 7. This
conceptual model captures the contrast between fine-grained

(D = 2 um) and coarse-grained (D = 250 pm) sediments,
illustrating the strong control of grain size and compaction on
fluid flow. The relationship follows a Kozeny—Carman—type
formulation of the form (Eq. 6):

k=k (“’) ©)
©o

where k; is the reference permeability, ¢, is the initial
porosity at the seafloor, and m is an empirical exponent
derived from literature data. Although simplified, this
parameterization serves as a conceptual framework for linking
porosity reduction due to compaction with permeability
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Fig. 6. One-dimensional profiles of porosity and sedimentation rate
at site SH2. The solid line shows the porosity—depth relationship
fitted by an Athy-type compaction law, and the dashed line denotes
the vertical sedimentation velocity derived from the invariant
depositional flux. The shaded band marks the hydrate-bearing
interval constrained by pore-water chloride anomalies and
depressurization tests (after Wu NY et al., 2010; Su Z et al., 2012).
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Fig. 7. Porosity—permeability relationship adopted in the model
(after Han H, 2023). The empirical curves follow a Kozeny—Carman—
type formulation for different mean grain diameters, demonstrating
how compaction strongly reduces permeability in fine-grained
sediments.


https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196
https://doi.org/10.31035/cg2025196

462 Su et al. / China Geology 9 (2026) 456—467

decline in the Shenhu sediments.
4.2. Water flow rate

Anoxic methane oxidation (AMO) in marine sediments is
a complex biogeochemical process (Hinrichs K and Boetius
A, 2002; Joye S et al., 2004; Treude T et al., 2005). The
upward-flowing methane gas is oxidized by the downward
diffusing sulfate in shallow depths, leading to a sharp decline
in sulfate and methane contents. The AMO mainly occurs at
the sulfate-methane interface (SMI) (Hinrichs K and Boetius
A, 2002; Joye S et al., 2004; Treude T et al., 2005). In the
AMO, methane and sulfate are consumed and transformed to
dissolved inorganic carbon (DIC) and hydrogen sulfide (HS");
the biogeochemical reaction of this processes is: CH,; +
SO;” —HCO; +HS™ + H,0 (Hinrichs K and Boetius A, 2002;
Joye S et al., 2004; Treude T et al., 2005).

Methane concentration at the SMI in the hydrate field in
the Shenhu area is close to zero (Wu NY et al., 2010),
indicating that the upward migrating methane is almost
completely consumed by the sulfate that diffuses downward
from seawater. Methane and sulfate reach a reactive
equilibrium at the SMI depth. The methane gas dissolved in
pore water migrates via convection and diffusion, and the
sulfate migrates mainly via diffusion, as indicated by the
proportional change. Therefore, the equilibrium equation (Eq. 7)
is as follows (Su Z et al., 2012):

dcy

al
ﬁ—DS =0 7)

0z 0z

1
VuPrCpy — Diy

Eq. 7 shows that the amount of methane migrating upward
from deeper layers is equal to the content of downward
diffusing sulfate; v,, is the fluid flow rate, p; is the pore fluid
density, ¢\ and ¢! are the concentrations of methane and
sulfate in the liquid, respectively, and D, and D, are the
diffusion coefficients of methane and sulfate in the liquid
phase, respectively.

Methane concentration within the hydrate zone is equal to
methane solubility. The gradient of methane concentration is
very small, and thus, the contribution of methane diffusion to
methane transfer can be neglected in the above equation. The
water flow rate can be simplified as (Eq. 8):

o~ D, dc!
" pckh 9z

®)

where ¢ represents methane concentration in the hydrate
zone, and is equal to methane solubility at the given depth.
The water flow rate can be calculated by using the equation if
the gradient of sulfate concentration and solubility of methane
in the hydrate zone is known.

4.3. Equilibrium formation of hydrates

The distribution of hydrates in submarine sediments is
strongly dependent on two P-T-dependent equilibrium
solubility curves (Liu XL and Flemings P, 2007). These

methane-solubility curves define the thickness of the GHSZ.
They also provide the methane concentration required for
hydrate formation within the GHSZ and thus control the
accumulation process of methane hydrates. The model of
Duan Z et al. (1992) was used to predict methane solubility
under liquid—gas equilibrium, whereas the model of Davie M
et al. (2004) was used to predict methane solubility under
liquid—hydrate equilibrium.

The mass conservation equation describes the transfer of
methane among different phases, and the energy conservation
equation explains energy exchange and temperature evolution
during hydrate formation. These conservation equations were
simplified to analyze hydrate accumulation in the Shenhu area
by considering only the liquid and hydrate phases within the
GHSZ. The free-gas phase was excluded from the model for
simplicity. The gas concentration was set equal to methane
solubility at the base of the GHSZ during modeling. The
equations indicated that gas-hydrate saturation is a function of
seafloor sedimentation rate and water-flow rate (Su Z et al.,
2012).

5. Results

The model column was fixed in space relative to the
seafloor, while materials were allowed to move through the
system. The geological parameters of the hydrate deposit at
drilling site SH2 were used in the modeling: Water depth was
1235 m, salinity was 3.34%, bottom-water temperature was
3.4°C, and the average geothermal gradient was about
47°C/km (Zhang HQ et al., 2007; Wu NY et al., 2008, 2009).
The sediment age at the base of the hydrate zone was about
1.58 Ma, close to the end of the last tectonic activity that
occurred between 2.0 Ma and 1.5 Ma. In a previous study,
sediment porosity (Eq. 9) was fitted as:

¢ =0.55898¢ " ©9)

where the depth to the base of the GHSZ was 229 mbsf, the
average sedimentation rate at the seafloor was 16 cm/ka, and
the current water-flow rate was 0.7 m/ka (Su Z et al., 2012).
The simulated domain of the sediment was 250 m in
thickness.

5.1. “Ancient hydrate” formation

The sediment in the Shenhu area experienced large-scale
tectonic activity followed by the deposition of muddy silt. The
hydrates currently observed in these muddy-silt sediments are
considered to have developed from “ancient hydrates” formed
during the late phase of tectonic activity (Su Z et al., 2012).
The water-flow rate undoubtedly experienced complex
variations during this period, and it is impractical to determine
directly the specific value at which hydrates initially formed.
An alternative approach is to determine the saturation of the
“ancient hydrates” by repeatedly incorporating different initial
hydrate-saturation values into the calculations. The model was
then run using the average seafloor depositional rate of 16
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cnv/ka and the current water-flow rate of 0.7 m/ka. The initial
value of “ancient hydrate” saturation can thus be derived by
identifying the best match between the simulated saturation
curve and the saturation values inferred from chloride
anomalies.

This study assumes a uniform hydrate saturation of 20%
(SY, the dashed line in Fig. 8) throughout the GHSZ as the
model’s initial condition at 1.5 Ma. The model was then run
with the average sedimentation rate (16 cm/ka) and the
current water-flow rate (0.7 m/ka) to simulate the post—1.5 Ma
dynamic evolution of the gas-hydrate system at drilling site
SH2 (Fig. 8).

The methane concentration is zero above the SMI depth of
26 mbsf, and thus no gas hydrate forms in the shallow
sediment below the seafloor (Su Z et al., 2012). The
maximum methane concentration is 0.136 mol/L at the base
of the GHSZ, indicating the gas content in pore water flowing
into the GHSZ. Part of the dissolved gas crystallizes as
hydrate within the GHSZ because the methane concentration
exceeds methane solubility. Therefore, gas-hydrate saturation
changes over time. It decreases from the initial value of 20%
and reaches a balance in the upper section. The depth interval
of equilibrium hydrate saturation progressively extends
downward. The equilibrium hydrate saturation increases with
depth and reaches 17% at the base of the GHSZ (the line
signed by ¢, in Fig. 8).

Gas-hydrate saturation increases at the base of the GHSZ
because of continuous hydrate formation. The maximum
hydrate-saturation values at the base of the GHSZ are 0.47 at
the evolution time of ¢, (= 1.4 Ma), 0.49 at ¢, (= 1.5 Ma), and
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| t;=1.6 Ma
L ! t,=2.0 Ma
100 !
- |
172) }\
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Fig. 8. Gas hydrate saturation calculated at conditions of the initial
saturations of 20% (s?) indicating “ancient hydrate”, the seafloor
sedimentation rate of 16 cm/ka, and water flow rate of 0.7 m/ka. The
hydrate saturation derived from chloride, S;_;, matched well with
the curve calculated at the evolution time of 1.5 Ma (the thick line
signed by #,). The depth to the base of GHSZ is 229 mbsf.

0.50 at #; (= 1.6 Ma), which approach the saturation value of
48% derived from the salinity anomaly (Su Z et al., 2012).
The hydrate zone indicated by the discrete hydrate-saturation
values from chloride (22 m thick) at the bottom of the GHSZ
is evidently thinner than that simulated at the evolution time
of 1.4 Ma (t;). It also differs substantially from the modeled
distribution at 1.6 Ma (#;). The discrete saturation values are
matched well by the simulation curve at the evolution time of
1.5 Ma (t,). The time of 1.5 Ma corresponds to the end of the
tectonic activities and also matches the sediment age (Su Z et
al., 2012).

The result indicates that the “ancient hydrate” with 20%
saturation formed at the end of the most recent tectonic
activity. The hydrate deposit subsequently evolved by
inheriting this “ancient hydrate”, forming the present hydrate
accumulation in the Shenhu area.

5.2. Dynamic gas hydrate accumulation

The modeling results above indicate that hydrates with
20% saturation were formed in the fractured sediment before
1.5 Ma. Thereafter, the “ancient hydrate” underwent a 1.5 Ma
evolution under the current sedimentation rate and water-flow
rate. The present hydrates in the Shenhu area thus developed
by inheriting the “ancient hydrates” with 20% saturation.
However, it remains unclear how the “ancient hydrates”
formed within the fractured sediment and evolved into the
current hydrate deposits.

The water-flow rate in the fractured sediment determined
the early hydrate-formation pattern and also influenced the
subsequent evolution of the gas-hydrate deposits. A complete
evolution sequence of hydrates in fractured sediment without
pre-existing hydrate can be generated by repeatedly adjusting
the early water-flow rate in the calculations 1°. denotes the
early water flow rate in the fractured sediment to distinguish
vi of the later water flow rate (0.7 m/ka) in the post-1.5 Ma
dynamic evolution of gas hydrate system. This study ran the
model at v until the average gas hydrate saturation reached
20%, and then adjusted the water flow rate to v! to represent
the dynamic evolution of hydrate deposit in the late period.
The sedimentation rate at the seafloor was maintained at 16
cm/ka in the model.

This study assumed an early water flow rate of 50 m/ka to
model the hydrate formation in the fractured sediment. The
model was then run with v®= 50 m/ka for gas hydrate
accumulation in the early period and v!= 0.7 m/ka in the late
period. Fig. 9 clearly shows the two distinct stages of gas-
hydrate development. In the early stage characterized by rapid
water flow, the depth to the base of the GHSZ is 197 mbsf,
and gas hydrate grows quickly with an almost uniform
saturation across the entire GHSZ, including the sediment
beneath the seafloor. The curves #; and ¢, represent hydrate
growth in the early stage when water flowed rapidly through
the fractured sediment. Gas-hydrate saturation is 11% at 20 ka
(#;) and reaches 20% at 40 ka (#,). The gas hydrate formed in
this early period is termed the “ancient hydrate” in the model.
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Fig. 9. Dynamic evolution of the hydrate accumulation at site SH2.
v) of water flow in the early stage is 50 m/ka, v} of water flow in the
late stage is 0.7 m/ka. The sedimentation rate at the seafloor is 16
cm/ka. The water flow rate is altered from v9 to vl upon the average
saturation of gas hydrate reaches 20% in the simulation. The dashed
lines denote the evolution of gas hydrate in the first stage, and the
solid lines indicate the evolution in the second stage. The modeling
indicates that the “ancient hydrate” of 20% saturation forms in the
fractured sediment within time of 40 ka at the water flow rate of 50
m/ka, and that the hydrate experiences a successive evolution of 1.5
Ma in the late stage at the water flow rate of 0.7 m/ka and then
becomes the present hydrate deposit.

Thereafter, the system enters the late period with a low water-
flow rate. The gas hydrate deposit develops at the conditions
of v1=0.7 m/ka and S = 16 cm/ka by inheriting the “ancient
hydrate”. The curves of #;—f; represent hydrate evolution
during the late stage, when the fractured sediment became
progressively buried beneath fine-grained, low-permeability
sediment. The hydrate evolution during this period exhibits
features similar to those described in Fig. 8. The modeled
hydrate-saturation curve at 1.5 Ma (#;) matches well with the
discrete hydrate-saturation values derived from chlorinity
(Wu NY et al., 2010). The results suggest that the gas-hydrate
system underwent a continuous 1.5 Ma evolution after the
“ancient hydrate” formed in the fractured sediment and
ultimately developed into the present deposit.

The dynamic evolution of gas hydrate accumulation at site
SH2 in the Shenhu area was successfully simulated. The
modeling results validate the key assumptions of the
conceptual model and provide a quantitative description of
hydrate evolution. During the first stage, “ancient hydrates”
formed within the fractured sediments at the end of tectonic
activity, reaching a saturation of approximately 20% in the
GHSZ under a rapid water-flow rate of 50 m/ka. In the second
stage, the fractured sediments were overlain by low-
permeability clayey—silt deposits, and the water-flow rate
decreased to 0.7 m/ka. The hydrate system subsequently

evolved under these reduced-flow conditions, after

approximately 1.5 Ma of development, and produced the
hydrate deposits observed today.

The total evolution time of hydrate accumulation at site
SH2 is estimated to be about 1.54 Ma, consistent with the
termination of the last tectonic event and comparable to the
sediment age at the base of the GHSZ (Su Z et al., 2012).
These modeling results suggest that gas hydrates in the
Shenhu area formed during Late Neogene tectonic activity
and underwent a two-stage evolutionary process. The
development of hydrates is closely linked to regional
tectonism, sedimentation, and geological conditions,
consistent with the proposed conceptual model.

5.3. Temperature evolution

The exothermic reaction associated with hydrate
formation may cause an increase in sediment temperature
within the GHSZ. Fig. 10 shows a temperature elevation of
2°C at 40 ka and a water-flow rate of 50 m/ka, implying that
hydrates formed rapidly in the fractured sediment. In the
second stage, the water-flow rate decreased to 0.7 m/ka
because of the limited permeability resulting from the rapid
deposition of fine-grained sediment. The system temperature
began to decline and returned to a state similar to the sediment
temperature measured in situ at drilling site SH2 in the
Shenhu area (Wu NY et al., 2010). Heat was also generated
during the second stage of hydrate accumulation. However,
the thermal regime was moderated and balanced by thermal
convection and conduction in this open system. Thus,
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Fig. 10. Temperature of sediments at site SH2 during the dynamic
hydrate accumulation. The sediment temperature elevated in the first
stage of hydrate formation at a rapid water flow of 50 m/ka (the
dashed line signed by #,), but decreased at the low water flow rate of
0.7 m/ka to the equilibrium state (the lines signed by #, and #;). T,
are the measured temperatures in-situ at site SH2 (Wu NY et al.,
2010).
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sediment temperature decreased and tended toward

equilibrium (lines signed by #, and #; in Fig. 10).
6. Discussion

The dynamic accumulation of methane hydrate in the
Shenhu area was investigated using an equilibrium model of
hydrate formation controlled by two key parameters: Seafloor
sedimentation rate and water-flow rate. This modeling
approach can also be applied to clarify hydrate development
elsewhere, such as the asymmetrical distribution of hydrates
at the Blake Ridge (Paull C et al., 2000). However, the model
is still incomplete and extremely simplified (Su Z et al.,
2012), and some aspects of the hydrate system require
discussion.

The free-gas phase was not included in the model. This
simplification made the modeling more tractable and clarified
the dynamic evolution within the GHSZ. A limitation of the
model is that the buildup of free gas beneath the hydrates is
not explicitly represented. Hydrate lifetime in submarine
sediments is influenced by sedimentation, which can cause
hydrate dissociation and free-gas accumulation below the
GHSZ. Previous investigations suggest that a limited amount
of free gas may be present in the sediment beneath the
hydrates at the drilling site (Zhang W et al., 2007; Su Z et al.,
2012). Therefore, some unresolved questions remain, such as:
How much free gas was produced beneath the hydrates, how
much gas remained in the in-sifu sediments, and how the free
gas was trapped by the hydrate seal?

A small variation in water-flow rate would not
significantly affect hydrate growth in fine-grained sediments
(Su Z et al., 2012), whereas changes of several orders of
magnitude can have substantial impacts on hydrate
accumulation. Rapid water flow likely occurred in the
fractured sediment generated by faulting. Subsequently,
sediment permeability became restricted due to hydrate
plugging in the fluid pathway and the rapid burial of fine-
grained sediment at the seafloor. The water-flow rate
decreased to a low value of 0.7 m/ka based on pore-water
geochemistry (Su Z et al., 2012). In this modeling, the water-
flow rates were treated as a “sudden change” between the two
stages, which may differ from the natural rate of change to
some degree.

Methane concentration in the water flowing at the base of
the GHSZ was evaluated as equal to methane solubility under
the modeled conditions. This assumption led to the result that
gas hydrates could form at the base of the GHSZ from the
outset as saturated water entered. In reality, methane
concentration in pore fluid may be lower than the value used
here. In such cases, hydrates may initially form in the upper
part of the hydrate zone and then migrate downward due to
sedimentation, as previously reported by Bhatnagar G et al.
(2007). Water in deeper regions becomes saturated gradually.
Subsequently, methane concentration at the base of the GHSZ
reaches methane solubility as older gas hydrates migrate
toward the lower boundary of the GHSZ.

Although the proposed model successfully reproduces the
observed hydrate distribution at site SH2, several simplifying
assumptions should be noted.

First, pore-pressure evolution during hydrate formation
and burial was not explicitly solved. The effect of pressure
variation is implicitly represented through the coupling among
porosity, permeability, and compaction. In natural systems,
local permeability reduction caused by hydrate growth would
increase effective stress and pore pressure, a process
qualitatively consistent with the conceptual model used here.

Second, the model does not explicitly simulate the salt-
exclusion process associated with hydrate crystallization.
However, the modeled hydrate-bearing interval corresponds
well with the depth range constrained by measured pore-water
chloride anomalies (Fig. 6), suggesting that the salinity-
related feedback is reasonably captured at the system scale.
The influence of salinity on methane solubility and hydrate
stability is implicitly included through the equilibrium
equations of Duan Z et al. (1992).

Third, the present one-dimensional model assumes
homogeneous sediment properties. In reality, spatial
heterogeneity in grain size, permeability, and mineral
composition can strongly influence hydrate morphology and
growth kinetics. Laboratory and numerical studies have
shown that hydrate formation and dissociation often lead to
spatially heterogeneous distributions even under controlled
conditions (Yin ZY et al., 2018). Field-scale simulations
further demonstrate that geological structures such as
formation dip and alternating sand—clay layers can modify
methane-migration pathways and affect the total hydrate
accumulation (Bei KQ et al., 2022). More recently, Ren JJ et
al. (2024) showed that clayey—silty sediments promote two-
stage hydrate growth, with fine-grained particles forming thin
barrier layers that induce stratified and heterogeneous hydrate
distributions. These findings support the conceptual
interpretation that fine-grained sediments in the Shenhu area
restrict upward methane migration and lead to heterogeneous
hydrate occurrence.

Despite these simplifications, the model provides a robust
first-order framework for understanding the dynamic
evolution of ancient and modern hydrate systems in
continental-margin settings and can serve as a basis for future
two- or three-dimensional studies incorporating explicit
pressure, salinity, and heterogeneity effects.

7. Conclusions

The present study investigates the dynamic evolution of
gas-hydrate accumulation in the Shenhu area of the northern
South China Sea by integrating geological evidence with
time-dependent numerical modeling. The key findings and
implications are summarized as follows.

(i) Two-stage evolution: The hydrate system at site SH2
evolved through two distinct stages. During the Late
Pliocene—Early Pleistocene (2.0-1.5 Ma), intense tectonic
activity fractured the sediments and enhanced upward fluid
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flow (about 50 m/ka), leading to the rapid formation of
“ancient hydrates” with saturations up to 20%. After tectonic
quiescence, fine-grained sedimentation reduced permeability
and water-flow rate (about 0.7 m/ka), producing the modern
hydrate distribution.

(i1) Inheritance of “ancient hydrates”: The present hydrate
layer is interpreted as the remnant of ancient hydrates that
were progressively buried and partially dissociated as the gas-
hydrate stability zone (GHSZ) shifted downward over time.

(iii) Controlling factors: The coupled effects of
sedimentation rate, permeability evolution, and variable water
flow govern the long-term hydrate accumulation and
dissociation in the Shenhu area.

(iv) Model implications: The dynamic model successfully
reproduces the observed hydrate-saturation profile at site SH2
and highlights the dominant role of temporally varying fluid
flow in shaping the hydrate system.

(v) Broader significance: This work provides a conceptual
framework for understanding the transition from paleo- to
modern hydrate systems in continental-margin settings and
offers insights into hydrate resource assessment under
changing geological conditions.
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