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Natural gas hydrates are extensively distributed across terrestrial permafrost zones
and continental margins worldwide [1]. Recognized as a clean and efficient energy resource,
they have attracted significant exploration interest from major global economies [2-5]. In
recent decades, substantial progress has been achieved in hydrate exploration and dis-
covery, driven by advancements in multidisciplinary approaches, including geological,
geophysical, and geochemical investigations, as well as numerical simulation techniques [6].
Current research on gas hydrate focuses on several critical aspects: (1) the origin of hydrate
gas and its genetic relationship with deep conventional oil and gas reservoirs [7-9]; (2) the
mechanisms governing hydrate accumulation and reservoir formation [10]; (3) the spatial
heterogeneity in hydrate deposits, including their characteristics, evolution, and controlling
factors [11]); and (4) innovations in drilling and production testing technologies [12-14].
This research domain represents a highly interdisciplinary field, integrating knowledge
from tectonics, sedimentology, geophysics, geochemistry, petrology, mineralogy, and nu-
merical modeling [15]. The expansion of this field has been facilitated by advancements
in field exploration methodologies, laboratory analytical techniques, and computational
simulation capabilities. Substantial progress in gas hydrate research has been driven by
scientific and technological breakthroughs, including field exploration and discoveries
in the South China Sea (SCS) [16] and other continental margins worldwide [17], as well
as laboratory-based numerical simulations [18,19]. This Special Issue aims to advance
research on gas hydrate exploration and discovery in continental margins as well as gas
hydrate test mining simulation, with an emphasis on the mechanism of accumulation and
the assessment of marine hydrate’s environmental and resource benefits. By addressing
these key aspects, we seek to provide theoretical insights and methodological frameworks
to support future exploration, drilling, and test production of marine hydrates.

Understanding the controlling factors of submarine gas seepage and bottom current
activity on pockmark formation and development is crucial for interpreting seafloor geo-
morphological evolution. Li et al. (contribution 1) revealed that in the northwestern Xisha
Uplift region, deep-sourced gas migrates along fault systems, fractures, and gas chimneys
before escaping at the seafloor, where it forms characteristic pockmark features. Their study
further demonstrates that established pockmarks undergo significant modification under
the influence of bottom current activity.

Precise identification of mass transport deposits (MTDs) in gas hydrate exploration
significantly improves bottom simulating reflector (BSR) detection accuracy and facili-
tates refined resource assessment. Gong et al. (contribution 2) demonstrated that MTDs
with low-permeability, high-density properties effectively cap shallow deep-sea fluids.
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These deposits inhibit upward free gas migration from underlying strata, promoting gas
accumulation for hydrate formation below.

Identifying hydrate gas sources is crucial for predicting their distribution. Zhong et al.
(contribution 3) employed acid extraction in deepwater depressions to detect hydrocarbons,
proposing a “lower-generation, upper-accumulation, and micro-fracture leakage” model
to explain hydrocarbon anomalies in the Chaoshan Depression, SCS. Here, underlying
reservoirs control hydrocarbon migration via micro-fractures to seabed surfaces. Su et al.
(contribution 4) suggested thermogenic gas, associated with mud diapirism and fault
migration, as the primary hydrate source.

Shallow gas, with substantial resource potential, has been verified through 3D seismic
data and drilling in deepwater areas. Yang et al. (contribution 5) employed seismic data
and geophysical attributes to examine how sedimentary facies interfaces control shallow
gas distribution. Their study revealed that vertically stacked channelized submarine fans,
which onlap these facies interfaces, serve as primary shallow gas reservoirs. The researchers
found sand-rich sediments aligned along the southwest-northeast trending facies boundary,
effectively constraining shallow gas accumulation within the basin.

The three-phase coexistence zone (hydrate-gas-water) represents a critical research
focus internationally due to its high exploitation potential. Yu et al. (contribution 6) estab-
lished an advanced characterization model by applying deterministic complex geological
modeling techniques combined with seismic and logging data. Their model accurately
captures geological structure interactions while using them as auxiliary constraints, signifi-
cantly reducing accuracy uncertainties caused by complex geological conditions.

Understanding how mineral composition, grain size, and sedimentary processes govern
gas hydrate accumulation is crucial for predicting reservoir distribution and guiding explo-
ration. Bai et al. (contribution 7) demonstrated that while grain size shows limited influence,
clay mineral content (particularly smectite) in fine-grained sediments significantly inhibits
hydrate formation, highlighting mineralogy’s dominant role in accumulation efficiency.

Understanding the accumulation and evolutionary processes of gas hydrates is crucial
for elucidating their formation mechanisms and assessing resource potential. Guan et al.
(contribution 8) developed a novel flow-reaction model to investigate the spatiotemporal
evolution of gas hydrate systems in the SCS. Their study systematically compared six
distinct environmental scenarios and three cases of paleo-hydrate occurrence. Remarkably,
the simulation results demonstrate strong concordance with observed field distributions of
massive hydrate reservoirs dating back to 30 kyr BP (before present), providing valuable
validation of the model’s predictive capabilities.

Understanding the mechanical properties of gas hydrate-bearing sediments (GHBS)
is essential for safe and sustainable hydrate production. Yuan et al. (contribution 9)
revealed that elevated hydrate saturation and confining pressure substantially improve
GHBS strength and stiffness, while inducing more significant dilatancy during shear. Their
study further demonstrates hydrate’s dual role in pore-filling and sediment-cementation,
with both effects being strongly dependent on saturation and confinement conditions.

Wan et al. (contribution 10) developed a gas hydrate reservoir model using China’s
offshore hydrate test data, numerically analyzing production behavior and reservoir evolu-
tion during stepwise depressurization via vertical wells. Their results demonstrate that this
approach sustains favorable gas-to-water ratios while enhancing production efficiency—
reducing water output mitigates sanding issues and improves economic viability.

Sand production significantly challenges marine gas hydrate extraction. Liu et al.
(contribution 11) investigated gas-water-sand inflow patterns in both well orientations. For
screen-only completions, sand control precision should be tiered based on screen plugging
heterogeneity. Gravel-packed completions require (1) increased gravel density without
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reservoir destabilization, (2) cement-coated gravel for enhanced stability, and (3) screen
precision tailored to particle size distribution for sustained production.

Shi et al. (contribution 12) conducted physical and numerical simulations of gravel
packing to evaluate reduced-density materials and their packing/sand control performance.
Their numerical results demonstrated that lightweight ceramsite performs poorly in hor-
izontal and highly deviated wells due to inadequate compaction and insufficient sand
retention, particularly with viscous slurries. In contrast, high-density particles promote bet-
ter gravitational settling, yielding superior packing density and sand control effectiveness.

Assessing seafloor subsidence during hydrate extraction is crucial for safe gas hydrate
production. Song and Zou (contribution 13) employed a modified Mohr-Coulomb model
to characterize hydrate-bearing sediments, tracking strength degradation during depres-
surization. Using shear strength analysis to evaluate slope stability, they demonstrated
that hydrate dissociation progressively slows during extraction. Their results indicate that
large-scale submarine landslides triggered by hydrate decomposition are unlikely to occur.
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Abstract: Submarine pockmarks are typical indicators of submarine gas escape activity. The deep
strata of the Xisha Uplift are rich in biogenic and thermogenic gas, accompanied by strong bottom cur-
rent activity. Investigating the effects of controlling submarine gas escape and bottom current activity
on the formation and development of pockmarks in the Xisha Uplift is significant for understanding
the evolution of submarine topography and geomorphology. This study utilized high-resolution
multibeam data to identify 261 submarine pockmarks in the northwest of the Xisha Uplift. These
pockmarks were categorized based on their morphology into circular, elliptical, elongated, crescent-
shaped, and irregular types. The diameters of pockmarks in the study area range from 0.21 to 4.96 km,
with maximum depths reaching 30.88 m. Using high-resolution multi-channel seismic data, we
conducted a detailed analysis of the subsurface strata characteristics of the pockmarks, identifying
chaotic weak reflections, bright spots, and high-angle reflectors. We believe that deep gas in the
northwest of the Xisha Uplift escapes to the seafloor through migration pathways, such as faults, frac-
tures, and gas chimneys, resulting in the formation of submarine pockmarks. Bottom current activity
has a significant impact on already-formed pockmarks. Crescent-shaped and elongated pockmarks
in the Xisha Uplift are largely the result of bottom current modifications of pre-existing pockmarks.

Keywords: submarine pockmark; gas escape; ocean currents; morphology characteristics; currents;
Xisha Uplift

1. Introduction

Submarine pockmarks are common seabed features along continental margins, char-
acterized by gas leakage through migration pathways in the strata, eroding seabed surface
sediments to form negative seabed topographies. They typically develop in fine-grained
mud sediment areas on the seabed [1-4]. Crater-like “pockmarks” were first discovered
in Canada in the 1970s [5]. With the advancement of marine exploration technology, an
increasing number of submarine pockmarks have been observed in different marine areas
around the world, such as the Bering Sea [6], the Norwegian Trench [7], the North Sea [8],
the Baltic Sea [9], the Black Sea [10], the Santos Basin [11], the western continental margin of
India [12], the Gulf of Mexico [13], and the South China Sea [14]. Most pockmarks range in
diameter from 10 to 250 m. The smallest pockmarks have diameters of less than 5 m, while
the largest can reach several kilometers [2]. The largest known pockmark has a diameter
of 3210 m and a depth of 165.2 m [14]. Based on their planar distribution characteris-
tics, pockmarks are classified into isolated pockmarks, pockmark groups, and pockmark
strings. Morphologically, most pockmarks are circular or elliptical. Under the influence
of geological processes or marine environments, they can also exhibit crescent-shaped

J. Mar. Sci. Eng. 2024, 12, 1505. https:/ /doi.org/10.3390/jmse12091505 6 https:/ /www.mdpi.com/journal /jmse



J. Mar. Sci. Eng. 2024, 12, 1505

(semi-circular) or elongated forms. Vertically, the strata beneath pockmarks typically dis-
play three main shapes, “V”, “U”, and “W”, with asymmetrical sides in most cases [15].
Due to the destabilization of deep-seated pressure, localized gas rapidly escapes upwards,
potentially causing the formation of pockmarks in seabed surface sediments. Subsequent
continued gas leakage leads to the sustained existence of pockmarks [16,17]. There are also
viewpoints suggesting that bottom currents contribute to the formation and maintenance
of pockmarks [18].

Submarine pockmark distribution is controlled by seabed geological structures such as
overpressure-related structures, diapirs, pores, and faults [18]. These geological structures
typically form pathways for gas migration and accumulation, leading to the gradual
formation and development of pockmarks as the gas escapes. Mud diapirs and salt
diapirs are diapiric structures driven by gravity sliding, gravity spreading, and differential
compaction. Mud layers and salt layers are soft plastic layers that can easily deform
due to gravitational differences and compressive forces, providing gas pathways with
higher permeability than the surrounding sediments [19]. Landslides, polygonal faults,
and tectonic faults all belong to sediment fractures, and they are formed under the influence
of gravity, compressive forces, and tectonic forces, respectively. Pockmarks typically appear
at the end of linear paths above faults and fault anticlines [15]. Gas chimneys, paleo-
channels, paleo-pockmarks, and sediment waves are the preferred pathways for the release
of subsurface overpressure gas.

In the northern South China Sea, several typical pockmarks have been identified in the
Taixinan Basin [19], Yinggehai Basin [20], Qiongdongnan Basin [21], Guangle Uplift [14],
and Zhongjiannan Basin [22]. A significant number of pockmarks have also developed
in the northwestern Xisha Uplift, where deep strata are rich in gas. Yet, the processes
of deep gas migration and escape leading to the formation of these pockmarks have not
been thoroughly discussed, and the impact of strong bottom current activity on pockmark
morphology in the Xisha Uplift has not been revealed. This study reports on the pockmarks
located near the Ganquan Platform in the northwestern Xisha Uplift (Figure 1). Utilizing
multibeam bathymetric data and high-resolution multi-channel seismic data, we provide
a comprehensive description and classification of the morphological characteristics of
these pockmarks. By analyzing the stratigraphic changes beneath the pockmarks and the
surrounding seabed topographic variations, we investigate the effects of gas escape and
strong bottom current activity on the pockmarks.
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Figure 1. Cont.
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Figure 1. The location of the study area (upper image) and the crustal velocity structure of the Xisha
Block and its surrounding areas (lower image) [23].

2. Geological Setting

The Xisha Uplift is one of the numerous continental blocks that formed during the
evolution of the South China Sea, situated at the junction of the Indochina Block, the
South China Block, and the South China Sea. To the north, it borders the Xisha Trough,
to the east lies the Northwest Sub-basin, to the southeast is the Zhongsha Trough and
the Zhongsha Block, to the south is the Southwest Sub-basin, and to the west, it faces
the Guangle Uplift (Figure 1). Surrounding the Xisha Uplift are several Cenozoic basins,
including the Qiongdongnan Basin, the Pearl River Mouth Basin, the Zhongjiannan Basin,
the Beibu Gulf Basin, and the Yinggehai Basin (Figure 1). These basins were formed due
to large-scale extensional and thinning processes along the northern margin of the South
China Sea [24,25]. Gravity inversion data indicate that the average crustal thickness of the
Xisha Uplift is approximately 23 km [26], which contrasts sharply with the significantly
thin crust of the surrounding basins. For example, the crust in the Northwestern Sub-
basin of the South China Sea is 6 km thick [23], and the continental crust in the Changhua
Depression of the Qiongdongnan Basin has a minimum thickness of 2.8 km [27].

The sedimentary layer of the Xisha Uplift overlies a Precambrian metamorphic crys-
talline basement [28]. From the Triassic to the Late Cretaceous, the continental margin
of the South China Block was influenced by the subduction of the Pacific Plate, resulting
in large-scale magmatic structures and causing heterogeneity in the crust [23,29]. Subse-
quently, the extensional processes and magmatic activities during the Cenozoic disrupted
the early crystalline basement structure, establishing the overall structural characteristics of
the present-day Xisha Uplift [30]. The Neogene sediments of the Xisha Uplift are primarily
derived from carbonate debris of biogenic reefs growing on the Xisha Uplift. Terrigenous
clastics from the South China Block and the Indochina Block cannot cross the central sag of
the Qiongdongnan Basin and the Guangle Uplift to reach the Xisha Uplift [31,32]. Previ-
ous studies have utilized high-resolution multi-channel seismic data to conduct sequence
stratigraphic division of the Xisha Uplift. Five sequence boundaries have been identified
in the strata since the Neogene, namely T60, T50, T40, T30, and T20. These sequence
boundaries divide the strata into five sequences. T60 marks the base of the Early Miocene
sequence, characterized by moderately continuous seismic reflections and interpreted as
siliciclastic-carbonate mixed debris. T50 marks the base of the Middle Miocene sequence,
characterized by strong-amplitude mound-shaped reflections and interpreted as carbonates.
T40 marks the base of the Late Miocene sequence, characterized by moderately continuous
seismic reflections and interpreted as carbonate debris from biogenic reefs. T30 marks the
base of the Pliocene sequence, and T20 marks the base of the Quaternary sequence. Both
the Pliocene and Quaternary sequences display similar moderately continuous seismic
reflections and are interpreted as semi-pelagic sediments [33-36] (Figure 2).
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channel

Figure 2. The sequence stratigraphy based on seismic reflection data around the study area. The
dotted lines in different colors represent sequence boundaries. See the location in Figure 1.

The study area is located in the northwestern part of the Xisha Uplift, between the
Ganquan Platform and the Xisha Islands, with water depths ranging from approximately
800 m to 1300 m (Figure 3). The study area lies at the junction of the Xisha Uplift and
the Xisha Trough, which is significantly affected by extensional processes, resulting in
well-developed underground strata porosity and faults.
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Figure 3. Pockmarks and bottom current channels are well shown on the multibeam bathymetry
map. The white dashed line outlines the pockmark string in the study area, and the yellow line AB
represents the profile AB passing through the pockmark string.
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3. Materials and Methods

The base map for Figure 1 uses the 1 x 1 arc-minute global terrain data from GEBCO
(General Bathymetric Chart of the Oceans), which is available for free download. The multi-
beam bathymetry data and 2D multi-channel reflection seismic data were provided by the
Guangzhou Marine Geological Survey (GMGS), offering reliable information for describing
the morphology, distribution, and stratigraphic characteristics of the pockmarks. The water
depth in the study area ranges from approximately —300 m to —1500 m. Raster grids
generated from the multibeam bathymetry data have a resolution of about 50 m x 50 m,
with a vertical resolution of approximately 3%o of the water depth. The 2D reflection multi-
channel seismic data were collected using a single-cable acquisition system with non-zero
offset, single-side shooting, and single-side receiving. The seismic source used was an
airgun array, and the streamer was 4500 m long with a channel separation of 6.25 m. The
source distance is 25 m, resulting in a 175 m migration distance for the seismic system. Data
processing was accomplished using the Omega processing platform. The original seismic
data were interpreted using the Petrel 2024 E&P software platform (Mark of Schlumberger).
All vertical scales for the seismic profiles shown in the study represent two-way travel time.

4. Results
4.1. Interpretation of Multibeam Bathymetry Data

Pockmarks can be classified by their planar shapes into circular pockmarks, elliptical
pockmarks, crescent-shaped pockmarks, elongated pockmarks, annular pockmarks, and
irregular pockmarks [22,37]. Multibeam bathymetric data visually represent the geomor-
phic features of the seafloor in the study area (Figure 3). According to the bathymetric
data, the morphology of the submarine pockmarks is delineated, compared, and verified,
serving as a basis for morphological statistical research. In the study area, we identi-
fied 261 pockmarks, including 69 circular, 79 elliptical, 40 irregular, 28 crescent-shaped,
27 elongated, and 18 annular pockmarks (Table 1).

Table 1. Main morphological parameters of pockmarks.

Shape Long Axis Diameter/km Short Axis Diameter/km Depth/m Number
Circular 0.28-2.59 0.23-2.43 10.334-30.882 69
Elliptical 0.34-4.62 0.21-2.98 9.228-28.166 79

Crescent-shaped 0.51-3.83 0.31-1.98 9.235-26.731 28
Elongated 0.75-4.96 0.25-2.21 8.965-26.556 27
Annular 0.66-2.62 0.51-2.33 11.564-25.776 18
Irregular 0.35-2.63 0.29-2.33 10.528-31.002 40

Shape Volume/10® m3 Surface Area/km? Perimeter/km Orientation/°
Circular 0.5-73.16 0.05-4.91 0.79-7.85 6.3-351.8
Elliptical 0.62-80.43 0.05-10.88 0.91-12.69 5.7-349.5

Crescent-shaped 0.39-65.04 0.02-6.39 0.83-9.57 12.3-355.2
Elongated 0.34-38.76 0.03-6.24 0.93-11.76 20.5-324.9
Annular 0.38-54.26 0.28-5.41 1.81-8.22 4.6-358.2
Irregular 0.65-75.48 0.06-10.76 1.12-9.72 7.1-342.5

These pockmarks are distributed in pockmark groups and pockmark strings, with
pockmark groups being the predominant form covering the study area. The pockmark
strings are located in the southeastern part of the study area (Figure 3). The pockmarks
within the string are generally smaller in area, mainly consisting of circular and irregular
pockmarks distributed along the 800 m—1200 m depth transition zone (Figure 3). The
pockmark strings are oriented in a northwest-southeast direction.

We calculated the long axes, short axes, perimeters, surface areas, volumes, and
depths of the pockmarks and then conducted a statistical analysis. The results are shown
in Figure 4. In the study area, the long axes of the pockmarks range from 0.28 to 4.96
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km, the short axes range from 0.21 to 2.98 km, the perimeters range from 0.79 to 12.69
km, the areas range from 0.02 to 10.88 km?, and the volumes range from 0.34 to 80.43
km? (Table 1). Hovland classifies pockmarks into small, large, and extra-large categories
based on diameter. Small pockmarks have a diameter of less than 250 m, large pockmarks
range from 250 to 1000 m in diameter, and extra-large pockmarks have a diameter greater
than 1000 m [2,37]. In the study area, large pockmarks account for 47.2%, extra-large
pockmarks account for 52.7%, while small pockmarks constitute only 0.1%. The depths of
the pockmarks range between 8.965 and 31.002 m, with pockmarks less than 10 m deep
accounting for 11% of the total, those with a depth of 10 to 25 m accounting for 76%, and
those deeper than 25 m accounting for 13%.
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Figure 4. (a) Correlation diagram of diameters and depths of circular and elliptical pockmarks.
(b) Correlation diagram of diameters and depths of crescent-shaped and elongated pockmarks.
(c) Correlation diagram of diameters and depths of annular and irregular pockmarks. (d) Correlation
diagram of pockmark perimeters and slopes of study area.

Statistical studies of various types of pockmarks distributed in the study area, includ-
ing parameters such as the diameter and depth, show that after first-order linear fitting,
the highest linear regression coefficient is observed for irregular pockmarks (R? = 0.3186)
(Figure 4). This indicates that there is no significant linear relationship between the diame-
ters and depths of circular, elliptical, crescent, elongated, annular, and irregular pockmarks
in the study area. However, by fitting the linear relationship between pockmark perimeter
and topographic slope, a good second-order correlation is found with R? = 0.6164, indicat-
ing that larger topographic slopes generally correspond to smaller pockmark perimeters.
This correlation is mainly due to the large pockmark string south of the Ganquan Platform.
In this area, the water depth varies by nearly 250 m, with maximum slopes exceeding
1°. The pockmark string is primarily composed of small-scale pockmarks with smaller
diameters and shallower depths densely distributed in a banded pattern (Figure 5).
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Figure 5. Three-dimensional view of pockmark string and cross section. The white dashed line
outlines the pockmark string, and the yellow line AB represents the profile AB through the pockmark
string shown in the lower image.

4.2. Interpretation of 2D Seismic Data

The seismic facies of lines 01, 02, and 03 in the study area were identified, revealing
significant differences between the seismic facies in the southern and northern parts of
the study area (Figure 6). The most notable difference is that paleo-volcanic activity is
less pronounced in the southern region compared to the northern region (Figures 7 and 8).
Furthermore, drift development is common in the northern region, while it is less common
in the southern region (Figures 6 and 8). Detailed descriptions of the seismic facies in both
the southern and northern parts are provided below.

Pockmarks

ARy

TWT/s

Figure 6. Seismic reflection profile 01 in the southeastern part of the study area; the location is shown
in Figure 3. The red line represents high-angle reflectors, and the yellow dashed line denotes the
T30 interface.
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Figure 7. Seismic reflection profile 02 in the southwestern part of the study area; the location is shown
in Figure 3. The red line represents high-angle reflector, and the yellow dashed line indicates the

T30 interface.
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Figure 8. Seismic reflection profile 03 in the northern part of the study area; the location is shown in
Figure 3. The yellow dashed line indicates the T30 interface, and the yellow triangle indicates onlap.

4.2.1. Seismic Facies in the Southern Part of the Study Area

In the southern part of the study area, Mass Transport Deposits (MTDs), diapir struc-
tures, and carbonate debris have been identified in strata below T30. Pockmarks appear
as concave isochronous axes in seismic profiles. The strata beneath the pockmarks exhibit
high-amplitude, high-continuity, parallel, curved, and medium-frequency reflection axes
(Figures 6 and 7). Several distinctive seismic facies have also been identified in the seismic
profiles, such as chaotic weak reflections, bright spots, and high-angle reflectors.
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Chaotic weak reflections exhibit a low amplitude and poor continuity, primarily oc-
curring around 2.2-2.0 s on the seismic profile, and they are prevalent throughout the
southern region, overlaying T30. When the gas content in the strata is high, it increases
the wavelength of seismic waves, resulting in a decrease in frequency. Chaotic weak reflec-
tions generally exhibit lower frequencies compared to the underlying strata, indicating a
presence of gas within these reflections. Bright spots are characterized by punctiform or
short-line, high-amplitude, and low-frequency anomalies in the seismic profiles. When gas
accumulates in the strata, the acoustic impedance significantly increases, the frequency of
seismic pulses correspondingly decreases, and the amplitude increases. Because gas usually
accumulates only in strata with high porosity, they appear as punctiform or short-line
anomalies on stacked seismic profiles [38,39]. Bright spots are commonly found near pock-
marks, and the underlying strata are chaotic weak reflections, while the overlying strata
show a moderate amplitude, strong continuity, and high-frequency parallel reflections.
High-angle reflectors are identified in the lateral flanks of the strata beneath the pockmarks,
characterized by low-amplitude, discontinuous, and low-frequency seismic facies. When
gas migrates upward, it deforms the strata, resulting in curved isochronous axes in the
seismic profile. These regions with higher porosity gradually connect to form pathways for
gas escape, presenting as high-angle reflectors.

4.2.2. Seismic Facies in the Northern Part of the Study Area

In the northern part of the study area, seismic facies characteristics below T30 are
predominantly chaotic with a moderate amplitude, representing the basement of the Xisha
Block, possibly consisting of pre-Cambrian metamorphic rocks [33,40]. Small-scale carbon-
ate platforms are also identified in the northern part of the study area, characterized by
weak continuity and moderate-amplitude seismic facies. The demise of platform margins
occurred later, overlain by the surrounding strata. Several mud volcanoes are identified in
the seismic profiles, characterized by chaotic reflections internally and strong-amplitude
isochronous axes at their boundaries. Some mud volcanoes penetrate through the seafloor,
while others are buried by hemi-pelagic sediments. Pockmarks typically develop near mud
volcanoes, appearing as depressions in isochronous axes. Unlike pockmarks in the southern
part of the study area, those in the northern region exhibit overall higher frequencies in the
underlying strata, and no chaotic weak reflections, bright spots, or high-angle reflectors
are identified. This indicates that the underlying strata of pockmarks in the northern area
do not contain gas. Numerous drifts are identified in the seismic profiles, characterized
by moderate to weak amplitude parallel reflections, indicating strong hydrodynamic con-
ditions in the northern part of the study area. These strong hydrodynamic conditions
are primarily due to the development of strong bottom currents [14,20]. Between mud
volcanoes and beneath drifting layers, weak blank reflections are identified. The seismic
facies exhibit strong continuity and weak amplitude parallel reflections, indicating a weak
hydrodynamic environment.

5. Discussion
5.1. Gas Migration in the Southern Part of the Study Area

Seismic profiles show that there are abundant chaotic reflections in the Pliocene
strata (above T30), indicating a significant amount of gas in the Pliocene strata. During
the Miocene (T60-T30), a large number of biogenic reefs grew in the Xisha Uplift area
(Figure 2) [41]. These reefs were buried by hemipelagic sediments due to the rapid rise in
the sea level during the Pliocene [42]. Biogenic reefs contain substantial organic matter,
which decomposes gradually after burial, producing large amounts of gas [43]. The
sedimentary layers formed by the hemipelagic sediments are impermeable, trapping the
gas produced from the decomposition of organic matter. Therefore, it is inferred that the
gas in the Pliocene strata is biogenic in origin.

Various types of escape pathways have been identified in seismic profiles, including
faults, fractures, and gas chimneys, which can connect deep strata with shallow strata.
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Faults are one of the main pathways for vertical gas migration, providing the path of least
resistance for gas movement [44—46]. The high-angle reflectors in the underlying strata of
the submarine pockmarks are most likely faults. Fractures often develop around faults, and
both faults and fractures have the ability to disrupt the continuity of the strata, compromis-
ing the sealing capacity of the underlying strata of pockmarks (Figure 9(al,a2)). Since the
Piocene, gas migrates along fractures or faults to the shallower strata (Figure 9(b1,b2)).

Figure 9. Gas migration in profile line 01. Faults and gas chimneys are the main pathways for gas to

escape from the seabed. The yellow arrows indicate the directions of gas migration, and the orange
lines indicate faults, (al,b1) are seismic profiles without interpretation, while (a2,b2) are interpreted
seismic profiles. The pink solid circle indicates the shape of the gas chimney, and the pink arrow
indicates the direction of gas migration in the gas chimney.

The gas chimney structure is also a common escape pathway, and its formation
requires three conditions: (1) a rich gas source in the deep strata; (2) the presence of
structural weak zones in the strata, such as small fractures; and (3) a good cap rock
structure [47]. The Xisha Uplift has abundant biogenic gas and deposited a good cap rock
structure during the Piocene and Quaternary [48]. Biogenic gas continually accumulates,
creating overpressure. Under the sealing effect of the cap rock, the pore pressure gradually
increases. When the pore pressure exceeds the sealing pressure of the cap rock, episodic
pressure release occurs [49]. As gas is released, the pore pressure in the underlying strata
decreases, causing the weak zones to close. Pore pressure then accumulates again until
the next episodic pressure release. Multiple episodic pressure releases ultimately form gas
chimney structures.

In the southern part of the study area, gas primarily escapes through focused migration.
The Pliocene strata contain significant amounts of biogenic gas and pore water. With the
continuous deposition of overlying strata, the burial depth of gas-rich strata increases. This
reduces the proportion of compressible materials, gradually increases the geotemperature,
and causes gas expansion. This expansion generates overpressure within the Pliocene
strata, promoting gas migration. The overlying strata contain numerous escape pathways,
allowing gas to migrate upward or laterally along these pathways (Figure 9(b1,b2)). During
migration, they accumulate in high-porosity areas, forming gas charges (Figures 9 and 10).
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Figure 10. Gas migration in profile line 02. The red dashed line represents high-angle pathways for

gas migration. The yellow arrows indicate the direction of gas migration, and the red dotted lines
indicate the pathway, the pink solid circle indicates the shape of the gas chimney, and the pink arrow
indicates the direction of gas migration in the gas chimney.

5.2. The Genesis of Pockmarks in the Study Area Is Primarily Attributed to Gas Escape

The genesis of pockmarks is related to gas escape. Gas migrating along conduits
enriches the shallow strata, causing overpressure and deforming weak seafloor layers to
form pockmarks. The formation of pockmarks requires the presence of gas, with variations
in velocity, rate, and properties potentially leading to different erosion levels on the seafloor
sediments and influencing the formation of different pockmark morphologies. Based on
the process of pockmark formation, the mechanisms by which gas influences pockmark
development can be categorized into four types: pockmarks formed by gas escape leading
to strata collapse, pockmarks formed by gas escape causing strata deformation, pockmarks
related to gas chimneys, and pockmarks associated with diapirs.

Pockmarks formed by gas escape leading to strata collapse. High-amplitude gas
pathways are typically identified in the deeper strata beneath the pockmarks, connecting to
a downwarp seismic facies above (Figure 11a). This downwarp seismic facies is interpreted
as a paleo-pockmark or paleo-channel [50]. Although the paleo-pockmark or paleo-channel
has been filled, it still retains relatively high porosity. Gas from deeper strata migrates
vertically or laterally along the pathway and accumulates in the paleo-pockmark, appearing
as high-amplitude reflections in seismic profiles. As gas accumulates, pressure gradually
increases. When the pressure becomes sufficiently high, weak points in the overlying
strata rupture, allowing gas to escape rapidly. The escaping gas may distort the overlying
strata. The significant escape of gas causes volume loss in the paleo-pockmark, leading to
the collapse of the overlying strata and the formation of new pockmarks on the seafloor.
Subsequently, gas continues to escape along the faults created by the collapse, allowing
the pockmark to develop further. This mechanism typically forms irregular pockmarks
(Figure 11a).

Pockmarks formed by gas escape causing strata deformation. This type of pockmark
is typically underlain by thick hemipelagic sediments, beneath which chaotic reflections
rich in gas are present. As biogenic and thermogenic gas continuously form, the pressure
in the gas-bearing layer exceeds that of the overlying strata. With the continuous thermal
subsidence of the Xisha Uplift, gas also migrates upwards. The upward migration of a
large amount of gas causes the strata with lower porosity to arch upwards, resulting in
positive topography on the seabed, with negative topography forming pockmarks around
the positive topography. The upward migration of gas deforms the overlying sedimentary
layers, eventually causing the porous areas to fracture and form faults. Later, most of the
gas escapes along these faults, leading to the continued existence of the pockmarks. In the
Xisha Uplift, this mechanism primarily generates elliptical pockmarks (Figure 11b).
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Figure 11. Formation mechanisms of various types of pockmarks. (a) Irregular pockmarks, (b) ellipti-
cal pockmarks, (c) circular pockmarks, and (d) annular pockmarks. Yellow arrows indicate direction
of gas migration, orange lines indicate faults, gray lines outline gas chimneys, and red arrows indicate
direction of collapse.

Pockmarks related to gas chimneys. The formation of this type of pockmark is primar-
ily influenced by the presence of a gas chimney below. As the pressure in the Pliocene strata
gradually increases, the overlying sedimentary layers remain relatively dense, with only
small pores. When the accumulation of gas in the Pliocene strata reaches a certain level, the
enormous pressure causes the gas to rapidly surge upwards, disrupting the overlying strata
and forming a gas chimney that escapes to the seabed. The formation of a gas chimney
simultaneously causes the overlying strata to collapse, leading to the creation of a pock-
mark. Due to the continued escape of gas through the gas chimney, the pockmark remains
unfilled and persists. This mechanism typically forms circular pockmarks (Figure 11c).

Pockmarks related to diapirs. The gas associated with this type of pockmark is
primarily thermogenic, with the gas source located in diapir structures. After diapir activity
ceases, gas continues to escape from the diapir structures, migrating through the pores of
the overlying strata and eventually reaching the seabed. The continued escape of gas leads
to the stabilization of the escape pathway, forming a closed circular shape at the seabed.
The strata within the pathway collapse, resulting in the formation of a pockmark. Due to
the uplift of the overlying strata caused by diapir activity, the center of the pockmark is
elevated relative to its boundaries, giving the pockmark an annular shape (Figure 11d).

5.3. The Impact of Bottom Currents on Pockmarks in the Xisha Uplift

The development and evolution of submarine pockmarks are not only controlled
by gas seepage activities but also influenced by bottom current scouring and transport
processes [51,52]. During the formation of submarine pockmarks, gas seeps into shallow
subsurface layers, eroding loose seabed sediments. Fine-grained sediments are suspended
in the water column and swiftly transported by intense bottom currents, while coarse-
grained sediments remain on the inactive walls of the pockmarks where gas seepage is
minimal [53]. Bottom currents can prevent pockmarks from being filled and buried by other
sedimentary deposits, thereby maintaining their morphology. However, when bottom cur-
rent action and gas seepage weaken, pockmarks may eventually be buried by subsequent
sedimentation [54,55]. Crescent-shaped and elongated pockmarks typically develop in
regions with strong bottom current activity, which can erode the inner walls of early-formed
pockmarks, thereby enlarging them and altering their geomorphic features [54].
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In the South China Sea, there exists a unique three-layer cyclonic-anticyclonic—cyclonic
circulation pattern (upper layer < 750 m, middle layer 750-1500 m, deep layer > 1500 m) [56].
Within the study area, crescent-shaped pockmarks are predominantly located within the in-
fluence of the middle-layer circulation, which currents from southwest to northeast [57,58].
According to simulations by Hammer [18], when bottom currents pass over submarine
pockmarks, sedimentation rates increase on the upstream side of the pockmark and de-
crease or even erode on the downstream side. Crescent-shaped pockmarks are widespread
in the study area, and multibeam and seismic profiles indicate that fillings on the northeast
side are thinner compared to the southwest side, with signs of erosion on the north-
east side. Therefore, crescent-shaped pockmarks on the Xisha Uplift are influenced by
bottom currents.

In the northern part of the study area, bottom current activity is complex. When
the northeastward middle-layer circulation encounters positive topography, such as a
submarine platform, its flow direction is altered and accelerates around the platform
(Figure 12a). The bottom currents pass over previously formed pockmark groups around
the edges of the platform. These earlier-formed pockmark groups no longer release gas
(Figure 12b). Due to the increased flow velocity, there is enhanced sediment transport and
erosion. Intense erosion and transport cause the interconnected pockmarks traversed by
the bottom currents to merge into elongated mega-pockmarks. Prolonged bottom current
erosion may eventually transform these pockmark groups into narrow channels.

Current

Figure 12. Bottom currents modifying pockmark morphology. Blue arrows indicate direction of
bottom currents, white lines represent positions of seismic profiles, and dashed black lines encircle
elongated pockmarks. The dotted line AB indicates the position of seismic section AB in the base
map. See Figure 3 for specific geographical locations in diagram. (a) shows the topographic and
geomorphic map of the dominant bottom current region, while (b) presents the seismic imaging and
interpretation of profile AB.

6. Conclusions

(1) Based on multibeam bathymetric data and 2D seismic profiles, 261 seabed pockmarks
have been identified near the Ganquan Platform. Among them, there are 69 circular
pockmarks, 19 elliptical pockmarks, 40 irregular-shaped pockmarks, 28 crescent-
shaped pockmarks, 27 elongated pockmarks, and 18 ring-shaped pockmarks. The
diameters of these pockmarks range from 0.21 to 4.96 km, with maximum depths
reaching up to 30.882 m. A large number of small-scale pockmarks arranged in strings
have been discovered in the southern part of the study area.

(2) The genesis of pockmarks on the Xisha Uplift is primarily associated with the escape
of gas. There are various types of escape pathways on the Xisha Uplift, such as faults,
fractures, and gas chimneys. Based on the formation mechanism, pockmarks on
the Xisha Uplift can be classified into four types: pockmarks formed by gas escape
leading to strata collapse, pockmarks formed by gas escape causing strata deformation,
pockmarks related to gas chimneys, and pockmarks related to diapirs.

(3) Bottom current activity has a significant impact on already formed pockmarks. Crescent-
shaped and elongated pockmarks on the Xisha Uplift are largely the result of bottom
current modifications of pre-existing pockmarks. Crescent-shaped pockmarks form
due to uneven sedimentation rates within the pockmark caused by bottom currents,
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while elongated pockmarks result from strong erosion by bottom currents connecting
multiple pockmarks together.
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Abstract: Accurately identifying the Bottom Simulating Reflector (BSR) is a crucial and fundamental
task in seismic exploration and the interpretation of gas hydrates in marine areas. During our
seismic interpretation and inference work on a gas hydrate survey in the Qiongdongnan Sea area,
we encountered a phenomenon that closely resembled the seismic reflection characteristics of BSR.
By comparing and identifying various geological phenomena, we have determined that this unique
seismic reflection phenomenon is, in fact, the reflection of the depositional bottom interface known as
“mass transport deposits (MTDs)” as described by previous researchers. The physical properties of the
MTDs developed on the shallow surface of the seafloor are similar to those of gas hydrate reservoirs in
the seismic exploration of marine areas, particularly in the northern South China Sea’s Qiongdongnan
Sea area. Due to the lack of active neotectonic movement in the area, most identified BSR reflection
occurrences are parallel to the seafloor. Consequently, during the process of seismic interpretation of
BSR in the Qiongdongnan Sea area, it may be confused with the bottom boundary reflection interface
of MTDs. Accurately identifying MTDs’ sedimentary bodies in gas hydrate exploration activities in
this area would greatly enhance the accurate identification of BSR and support the refined evaluation
of gas hydrate resources. In this paper, the structural characteristics of MTDs are compared with the
reflection characteristics of seismic profiles, the reflectors are identified as MTDs rather than BSR
through analysis and interpretation, and the possible mechanism of hydrate accumulation in this
region is discussed.

Keywords: gas hydrate; mass transport deposits; accumulation mechanism

1. Introduction

The accurate identification of BSR in the seismic exploration of gas hydrates in marine
areas is critical for the precise evaluation of gas hydrate resources. Generally, the reflection
interface can only be interpreted as BSR if the following fundamental conditions are
satisfied in the seismic profile. First, the water depth must meet the conditions for gas
hydrate occurrence. Second, there should be strong abnormal reflection waves observed
in the seismic profile. Third, a blanking zone above the abnormal reflection wave should
be present, with a relatively high interval velocity. Fourth, the interval velocity below the
abnormal reflection wave should be low. Fifth, the polarity of the abnormal reflection wave
should be opposite to that of the seabed reflected wave [1]. However, during gas hydrate
exploration in the Qiongdongnan area of the South China Sea, a geological phenomenon
resembling BSR characteristics has been discovered. Through comparison and identification
of the characteristics, it has been determined that this special sedimentary phenomenon
highly resembles the reflection of the depositional bottom interface known as mass transport
deposits (MTDs). The recognition and formation mechanism of MTDs have been discussed
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in previous studies [2]. Weimer (1990) initially introduced the term “mass transport
complexes” to describe sedimentary stratigraphic units that erode at the base of sedimentary
sequences and are overlain by channels and natural levees [3]. This sediment transport
mechanism predominates on the outer shelf/upper continental slope and involves gravity
flow processes such as sliding, slumping, and debris flows. Its seismic reflection features
typically exhibit a hummocky shape, wavy reflection structure, weak amplitude (with local
medium-strength amplitude), and poor continuity, with a chaotic interior. As it involves
clastic flow plasticization, flow, dehydration, and remodeling, it exhibits characteristics such
as low permeability, high resistivity, and high density [4-7]. The physical characteristics of
gas hydrate reservoirs above the BSR are similar to the characteristics that are of interest
in gas hydrate seismic exploration. However, the practice of gas hydrate exploration in
the Qiongdongnan Sea area has shown that the neotectonic movement in this region is
not active [8]. Most BSRs identified in seismic interpretation are parallel to the seafloor,
and the key evidence of BSR identification, which is oblique to the strata, is largely absent.
Consequently, there is a high risk of confusion with the reflection bottom interface of MTDs
developed in the shallow surface of the seabed during BSR interpretation and identification
research. The accurate identification of MTDs holds significant potential for accurately
identifying BSR in the Qiongdongnan Sea area, thereby providing robust support for the
precise assessment of gas hydrate resources in this area. Previous studies have addressed
MTDs in the Qiongdongnan Basin to varying degrees, shedding light on their formation
mechanisms from diverse perspectives. Wang et al. (2009) identified and investigated the
MTDs occurring in the deepwater area of the Qiongdongnan Basin [9]. They highlighted
that the genetic mechanism of MTDs is influenced by multiple factors, with seismic activity
being a primary trigger and the gradual decomposition of gas hydrates representing a
long-term influencing factor. However, the research conducted thus far has been limited to
the Huaguang Sag, located in the southwest of the Qiongdongnan Basin. The relationship
between MTD development and gas hydrate accumulation remains unclear. Li et al. (2013)
investigated the formation of MTDs in the deepwater area of the Qiongdongnan Basin and
pointed out that the Central Canyon area of the Qiongdongnan Basin developed multiple
stages of MTDs [5], which constituted an important sedimentary unit in the strata since
the Neogene period, and proposed that the high sediment supply rate and the activity of
the Red River strike-slip fault are likely key factors contributing to the development of
MTDs in the Central Canyon area. However, the study did not discuss the relationship
between the MTDs observed in the Central Canyon area of the Qiongdongnan Basin and
the accumulation of gas hydrates in the area.

In short, the identification of MTDs in the Qiongdongnan Basin and their relationship
with gas hydrate accumulation have not been thoroughly investigated, possibly due to data
limitations or divergent research focuses across disciplines. Therefore, based on previous
studies, this study used the latest high-resolution 2D and 3D seismic data collected in
the gas hydrate exploration in the Qiongdongnan Sea area to focus on the gas hydrate
accumulation source conditions, focusing on the Lingnan low uplift and its adjacent areas
in the Qiongdongnan Basin and identifying the MTDs that are prone to BSR confusion in
the gas hydrate stability zone in the area. The origin mechanism of MTDs in the study area
and its significance in gas hydrate accumulation are discussed.

2. Geological Background and Data
2.1. Geological Background

The Qiongdongnan Basin in the study area is a passive continental margin stretching
basin. The basin is connected to the Yinggehai Basin in the northwest, the Hainan Island
Uplift in the north, the Yongle Uplift in the south, and the Shenhu Ansha Uplift in the
northeast, the Pearl River Mouth Basin. It is a Cenozoic sedimentary basin spreading in a
NE direction, with a water depth of 150-2500 m and an area of about 4.5 x 10* km?. The
basin is distributed in the NE direction, showing a NS zoning and EW partitioning structure.
From north to south, the basin can be divided into four parts, the northern depression belt,
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the northern uplift, the central depression belt, and the Yongle Uplift. Previous studies
have shown that the stability region of gas hydrate spans several tertiary structural units
from northeast to southwest, such as the Baodao Depression, Songnan Depression, Beijiao
low bulge, Beijiao Depression, Lingshui Depression, and Ledong Depression.

2.2. Data and Collection Methods

The three-dimensional (3D) seismic acquisition system utilized an air gun with a
capacity of 620 cu.in. as the source and covered an area of 411 km?. The source pressure
was 2000 PSI, and both the air gun and cable were at depths of 4 m and 5 m, respectively.
The number of receiving channels was 768, the coverage times were 48, the spacing was
3.125 m, and the sampling rate was 1.0 ms [10,11]. Moreover, the total length of the two-
dimensional (2D) seismic data survey line was 7000 km. An air gun boasting a capacity
of 570 cu.in. serves as the source of the seismic acquisition system. The source pressure
was 2000 PSI, the depth of the air gun was 5 m, and the depth of the cable was 6 m. The
number of receiving channels was 240, the coverage times were 60, the spacing was 12.5 m,
and the sampling rate was 1.0 ms. The collected 3D and 2D seismic data were processed
and loaded into Geofram 4.5 software for geological interpretation. The seismic reflection
phenomena indicating fluid migration and gas hydrate enrichment, such as BSR, gully
source fault, gas chimney, and MTDs, were mainly identified.

3. BSR Characteristics in the Qiongdongnan Sea Area

To date, over 200 gas hydrate target areas have been identified globally, with the
majority of discoveries attributed to the seismic anomaly marker for gas hydrates known as
“BSR”. BSR is one of the earliest, most widely used, most reliable, and most intuitive seismic
markers for predicting the occurrence of gas hydrate. So far, the identification of marine
gas hydrate in the world is mostly achieved through the identification of BSR on seismic
profiles [12]. In addition, when the gas supply is sufficient and the reservoir is good, the
distribution of the gas hydrate stability zone is solely determined by the temperature and
pressure of the formation. BSR represents the lower boundary of the gas hydrate stability
zone, which is an isothermal surface that resembles the seafloor in parallel and is unrelated
to the occurrence of the formation. When the formation occurrence is not aligned with the
seafloor, the BSR is often oblique to the formation. This is one of the main features to identify
BSR [13-15]. In the field of gas hydrate exploration, previous studies have extensively
investigated the BSRs that exist in the Qiongdongnan Sea region, confirming the significant
distribution of BSRs within the Qiongdongnan Basin [16]. The sedimentary and structural
characteristics of the Qiongdongnan Basin pose significant challenges to identifying BSR
markers. Specifically, most identified BSR markers lack a fundamental criterion for BSR
judgment, namely, the obliqueness of the BSR relative to the strata, which greatly increases
the uncertainty of BSR identified in the Qiongdongnan Basin, and whether the horizon
indicated by the blue and green arrows is really BSR needs further study (Figure 1). From a
physical point of view of the formation, BSR is essentially the wave impedance difference
interface on the seismic profile. Theoretically, any depositional interface with high-to-low
impedance contrast has the potential to generate a reflection interface through which
seismic waves can propagate and create seismic reflection characteristics similar to those
of BSR. Because of this, identifying BSR on seismic profiles has multiple solutions. The
difficulty of BSR identification lies in the extensive development of MTDs in the shallow
surface of the Qiongdongnan Sea area.

24



J. Mar. Sci. Eng. 2024, 12, 855

Figure 1. The seismic profile in this area exhibits ambiguous BSRs (there are two different reflectors,
and either of these two reflectors could be the BSR. The location of the 2D seismic profile is shown in
Figure 2).

)

MTDs arca Figure 1 Figurc 4 Figure 5, 6 Figure 7 Figure 8 Rock mass associated
with MTDs

Figure 2. Location of the study area (modified from [17,18]).
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4. Lingnan Low Uplift and Adjacent MTDs in Qiongdongnan Basin
4.1. Classification of Mass Transport Deposits

Moscardelli and Wood (2008) classified deep-water MTDs into two distinctive cate-
gories based on their external morphology, triggering mechanism, sedimentary—provenance
relationship, and provenance location (Figure 3) [19]. The first category is the adjunct type
MTDs, primarily induced by regional geological events and typically producing large-scale
MTDs. Adjunct-type MTDs can be further divided into two subcategories: adjunct conti-
nental shelf-type MTDs (fed by the marginal continental delta systems and triggered by
sea level changes and high sedimentation rates) and adjunct continental slope-type MTDs
(caused by upper continental slope collapse in response to earthquakes, coastal currents, or
The second category is non-adjunct MTDs, inducing relatively small MTDs due to
local geological events. They can be divided into mud volcano or unilateral salt rock uplift,

storms).

micro basin margin formed by salt rock, and channel-natural dike margin [20].
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Figure 3.

morphology, triggering mechanism, sedimentary—provenance relationship and provenance location

Classification of deep-water MTDs into two distinctive categories based on their external

(modified from [21]).
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Currently, it is the most crucial approach for identifying deep-water MTDs based on
seismic data [22,23]. It is based on the seismic wave response to MTD boundary and internal
kinematic direction or anisotropy characteristics to identify the overall morphology of deep-
water MTDs or the formation distribution characteristics in the process of transport [20].
Previous research has identified and studied the MTD sedimentary bodies developed in
the Qiongdongnan Basin. Wang et al. (2009) pointed out that deep-water MTDs have
been widely developed in the continental slope of the Qiongdongnan Basin since the
Quaternary period [9]. According to Wang et al. (2011), MTDs are widely distributed in
the gas hydrate exploration areas of the Qiongdongnan Basin, and the high deposition
rate and over-pressure environment unique to this basin contribute to their formation [24].
Furthermore, MTDs observed in Quaternary sediments are located within the hydrate
stability zone. Numerous previous studies have confirmed the existence of a significant
number of MTDs within the Qiongdongnan Basin. Based on recently acquired high-
resolution 2D and 3D seismic data in the Qiongdongnan Basin, this study focuses on the
Lingnan low uplift area and adjacent regions. We present an identification study of BSR in
this area, delimiting MTDs that developed during the Late Quaternary across the study
area (see Figure 2). Finally, we provide a detailed explanation of the inferred formation
mechanism of these MTDs.

4.2. MTDs Identification of Lingnan Low Uplift and Adjacent Areas in Qiongdongnan Basin

Previous studies have shown that MTDs can generally be divided into three structural
units, namely head extension area, slip area of the main sediment body, and toe extrusion
area [24]. Each segment exhibits unique seismic reflection characteristics that assist in dis-
tinguishing between them. Figure 4 displays a slice of the 3D seismic reflection amplitude
at a depth of 2100 ms in our study area (as indicated by the red box in Figure 2). Since the
head extension area occurs within MTDs and lies in a stretching environment, its seismic
reflection is characterized by inconsistent amplitudes and sudden changes in intensity (as
depicted in the lower part of Figure 4). The slip area of the main sediment body repre-
sents the long-distance transport of sliding blocks, where sediments experience mixtures,
compaction, and dehydration by the overlying sedimentary layer during later-stage trans-
port. These factors result in a relatively single lithology, with seismic reflection frequently
appearing as a blank zone on the plane (refer to the middle section of Figure 4). The toe
compression zone belongs to a compression stress environment, and the seismic reflection
also presents as a fuzzy zone. However, its physical properties should be stratified relative
to the body slip zone deposits because its force is weaker than that of the body slip zone,
the degree of sediment mixing is weak, and the seismic plane properties are enhanced
compared to the amplitude of the body slip zone deposits (see the upper part of Figure 4).

4.2.1. Head Extension Area

The head extension area of MTDs is readily identifiable during its current stage of
development. This region generally develops a back wall characterized by one or more cliffs,
which serves as a clear indicator of the extension range for the MTDs’ head. In the area of
the development of the back wall, the seabed topography will generally change, the up-dip
strata of the cliff usually will not be deformed, and the thickness of the strata in the downdip
direction of the cliff will change, or even miss. Due to the tensile stress environment, a
series of plow normal faults and small tensile faults commonly develop within the head
tension area, which has been described in detail in prior research literature [25]. However,
MTDs developed during certain geological periods are often buried beneath newer strata
with a certain depth, leading to compaction or erosion of plow-type normal faults and
small tensile faults within the head stretching area. The identification of these features can
be challenging without high-resolution 3D seismic data. Nevertheless, the tension stress
environment leaves distinctive characteristics that remain visible (Figure 5, with section
location depicted in Figure 2), and the existence of vertical tensioning small faults is evident
from Figure 5.
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Toe extrusion area
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Slip area of the
main sediment body

Head extension area

Figure 4. The slice of 3D seismic reflection amplitude at 2100 ms in the study area, which divides the

head extension area, slip area of the main sediment body, and toe extrusion area (the location of the
3D seismic zone is shown in Figure 2).
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Figure 5. The seismic profile of the head extension area. Small tensile faults in the head extension area

of MTDs due to the tension stress environment (marked in blue near the vertical line) (the location of
the 2D seismic profile is shown in Figure 2).
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4.2.2. Slip Area of the Main Sediment Body

MTDs are multi-phase sedimentary bodies that originate from unstable geological
features situated near continental slopes, canyons, channels, flanks of uplift structures,
and channel sidewalls. These features move down the slope via overall “freezing” under
gravitational influence for varied reasons [26]. It can be seen that the transport process of
MTDs has a certain gravitational potential energy and can form a certain scale effect, which
is mainly reflected in the slip area of the main sediment body. Due to the strong transport
capacity of MTDs, they are often able to form a certain scale. The plane development area
of MTDs identified in the study area in Figure 2 (the range of thick black solid lines) is
preliminarily estimated to cover an area of 1240 km? and the slip area of the main sediment
body accounts for more than 75% of the total area (Figure 4). During the long-distance
transport of MTDs, due to the uneven strength of sediments overturning and mixing, there
are often some unmodified undisturbed strata and residual blocks in MTDs, which become
one of the important features to identify the slip area of the main sediment body on seismic
profiles (Figure 6, seismic profile location given in Figure 2). In seismic profiles, the physical
properties between the residual block and the stirred sediment are different. The strata
inside the residual block are continuous, with good stratification and strong amplitude,
which is very easy to identify. Moreover, MTDs are severely deformed during transport
and may also be subjected to modification by channels and underflows, resulting in an
often irregular upper interface that is then filled and altered by various types of sediment
fed into the basin, such as channel systems and underflows. The overlying sediments
generally appear as channels, floodplains, and possibly matted sand. As shown in Figure 6,
the upper interface of the block transport body has been identified in the study area as
eroded into irregular grooves with non-uniform erosion degrees across different parts.
The closer to the toe area, the stronger the erosion effect is, which may be related to the
relatively fine toe area sediment and which is more susceptible to external forces.

" i C o T o

Residual block

Top erosion

Figure 6. The seismic profile of slip area of the main sediment body. Residual block and top erosion
channel of MTD (the location of the 2D seismic profile is shown in Figure 2).
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In addition, during the transportation of MTDs, rapid migration, uneven sediment
particle sizes, and energetic migration processes often cause varying degrees of erosion on
the bottom shear plane, leading to obviously stepped outlines in local areas with severe
erosion. The bottom shear plane is characterized by multiple types of erosion grooves
(Figure 7, the seismic profile location is shown in Figure 2).
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Figure 7. The seismic profile of slip area of the main sediment body. Characteristics of erosion grooves

in the lower part of MTD (the location of the 2D seismic profile is shown in Figure 2).

4.2.3. Toe Extrusion Area

Following the occurrence of MTDs, the sediment therein undergoes long-distance
transport resulting in weakened gravitational potential energy. If the transport path encoun-
ters obstacles such as topographic protrusions, or if the movement’s energy is depleted,
MTDs will cease migration and form a strong extrusion effect on the topographic protru-
sions. A variety of extrusion structures are developed along the MTD'’s toe, characterized
by parallel and continuous reflections. As shown in Figure 8 (the seismic profile location
is shown in Figure 2), at the end of the marked MTDs (part of which is located inside
the lateral wall of the MTDs), imbricated reflection features appear on the seismic profile,
showing a typical thrust fault structure.
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E Thrust fault
E’ Slip direction

Slip area of the
main sediment body]

Figure 8. The seismic profile of the toe extrusion area. The thrust fault structure developed in the toe
of MTD (the location of the 2D seismic profile is shown in Figure 2).

Therefore, from the above analysis of the three structural regions, it can be confirmed
that this region is definitely developed as MTDs. Although the characteristics are similar
to BSR, from the multi-angle analysis on the seismic profile it can be found that the
development of MTDs is caused by local structures. Figure 9 points out the velocity
response with the sediments. Singular velocity information is not enough to identify MTDs,
and seismic profiles are needed to assist in the identification.
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Figure 9. The seismic profile of toe extrusion area beside the location in Figure 8 and seismic velocity
(including the interval velocity).

5. Discussion
5.1. MTDs Trigger Mechanism

At present, the trigger mechanisms of deep-water MTDs are mainly qualitatively
characterized [17,26,27]. According to the genetic classification method of deep-water
MTDs mentioned above, adjunct MTDs can be further divided into shelf adjuncts and
slope adjuncts, which are based on different trigger mechanisms. Shelf adjunct MTDs are
mainly affected by three factors, namely deltaic sediment supply shelf margin, fluctuations
in sea level, and high sedimentation rates. The study area located in the deep-water
continental slope region of the Qiongdongnan Basin does not align with this type. The
upper slope collapse type (continental slope dependent type) MTDs are mainly triggered
by earthquakes, coastal currents, storms, and other mechanisms. Due to its location in
the lower slope environment, it is unlikely for the study area to be associated with this
MTD type. Non-adjunct MTDs are triggered by local geological events and can be divided
into subcategories such as mud volcanoes, unilateral salt uplifts, and micro-basin margins

32



J. Mar. Sci. Eng. 2024, 12, 855

formed by salt rocks and channel-natural dike margins [26]. According to Xia et al. (2008),
the Cenozoic tectonic activities in the Qiongdongnan Basin migrated from north to south
as a whole [28], with intense subsidence occurring during the Oligocene (E3) and Pliocene—
Quaternary (N»-Q) periods. The latest research also shows that the neotectonic activity
in the Qiongdongnan Basin also conforms to this rule, that is, the tectonic activity is early
in the north and late in the south [29]. Seismic interpretations of numerous cross-cutting
basins indicate that from the Pliocene to the Quaternary period, tectonic activities were
particularly pronounced in the southern region of the Qiongdongnan Basin. This caused the
uplift and formation of the Yongle uplift block while also leading to the absence of Pliocene
and Quaternary strata in several magmatic active zones. Some magma even penetrated
the seabed directly, resulting in the creation of volcanoes [30]. Comparisons between
Figures 2 and 7 reveal that the Qiongdongnan Basin’s Yongle uplift tectonic belt lies at the
southeastern end of the study area. The area has active magmatic activity and was still in
the tectonically active stage until the late Quaternary period (Figures 2 and 7). Therefore,
we infer that the study area was affected by the late basement uplift (Pliocene—Early
Quaternary) in the southeastern Qiongdongnan Basin, which caused the pre-deposited
strata to slip and extrude to the northwest direction, finally forming large-scale MTDs in
the study area.

5.2. Contribution of MTDs to Gas Hydrate Accumulation Mechanism in the Study Area

Studies on the gas hydrate accumulation mechanism have shown that low temperature
and high-pressure environments, adequate gas supply, favorable migration pathways, and
good spatiotemporal matching of suitable reservoirs are sufficient and necessary conditions
for marine gas hydrate accumulation mechanism. Given the distinctive geological back-
grounds of different regions, each of the four reservoir-forming elements has its specific key
requisites. With respect to the Qiongdongnan Sea area, recent studies on the temperature
and pressure conditions of the gas hydrate accumulation mechanism in the Qiongdongnan
Sea area have shown that most areas in the deep-water area of the southeast Qiongdongnan
Sea area satisfy the temperature and pressure conditions of gas hydrate formation [30-33].
In addition, the deep-water oil and gas survey in the Qiongdongnan Basin has shown that
the Qiongdongnan Sea area is located in the northwest atmospheric area of the South China
Sea. In recent years, oil and gas exploration companies such as China National Offshore
Oil Corporation (CNOOC) have successively discovered the LS17-2, LS25-1, and LS18-1
gas fields, as well as the BD21 high-production gas well in the deep-water and ultra-deep-
water areas of the Qiongdongnan Basin, which have confirmed the ample gas sources in
this area [34-36]. The potential gas source foundation of the gas hydrate accumulation
mechanism is sufficient. However, the research results of gas hydrate reservoirs, especially
a large number of gas hydrate drill-coring studies in the northern South China Sea in recent
years, show that gas hydrates may occur in both muddy silty sand and sandy deposits,
and the quality of gas hydrate reservoirs is not the key control factor for the gas hydrate
accumulation mechanism in this region. Therefore, a good gas migration channel is the key
factor for the gas hydrate accumulation mechanism in the Qiongdongnan Sea area.

The fluid transport system of the gas hydrate accumulation mechanism has been the
subject of extensive discussion among experts from various fields in the Qiongdongnan
Sea area. Wang et al. (2011) first pointed out that polygonal faults, tubular structures, and
diapir structures destroyed the sealing property of the huge thick mudstone strata in the
thermal settlement stage of the post-fracture in the Qiongdongnan Basin [24], causing a
large number of fluids to migrate vertically or nearly vertically upward, providing a good
gas migration channel for gas hydrate formation in this area. However, polygonal faults are
not universally developed in the Qiongdongnan Basin. Moreover, it is only a small-scale
fluid migration channel. Li et al. (2005) showed that the Paleogene fault activity in the
Qiongdongnan Basin was strong and controlled sedimentary development [37]. In the early
Neogene period, the basin underwent a peak in hydrocarbon generation and expulsion
with clear evidence of fault-related fluid migration and hydrocarbon accumulation. How-
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ever, during the late Miocene and Quaternary rapid subsidence, fault activities exhibited
relatively weak vertical fluid transport capacity. The latest high-resolution seismic analysis
of gas hydrate also shows that there have been few faults developed in the Qiongdongnan
Basin, especially in large depressions, since the late Miocene and most unconformities
were developed during the Paleogene era. Therefore, the gas channels of faults and un-
conformities should not be the dominant fluid migration modes of gas hydrate sources
in this area. However, in recent years, there have been recent reports on the discovery of
gas hydrates in the Qiongdongnan Sea area, among which a large number of leaking gas
hydrates have been found [38]. Moreover, the existence of diffused gas hydrate has also
been found [39]. Different scholars have discussed the fluid transport system in the gas
hydrate discovery area to different degrees. On the whole, it is widely recognized that gas
chimney is the dominant fluid transport mode in the area. However, studies have shown
that the gas chimney development area is not completely consistent with the gas hydrate
discovery areas. Furthermore, the gas migrating to the gas hydrate stability area relying on
the gas chimney also needs a certain mechanism to aggregate to form the possibility of gas
hydrate deposits.

Based on previous studies and MTD analysis in this paper, it is proven that MTDs are
a widely developed sedimentary mode in the Qiongdongnan Sea area. Moreover, studies
have shown that MTDs are a kind of plasticization and clastic flow, during which dehydra-
tion and remodeling occur, and differential compaction results in a higher impedance value
relative to the surrounding rock, giving it characteristics of low permeability, high resistivity,
and high density. The formation with “low permeability and high density characteristics”
is a good cap layer for shallow deep-sea fluids. It has a good blocking effect on the upward
migration of free gas in the lower stratum, which is conducive to the gas accumulation
of hydrate accumulation in the lower stratum. When the fluid pressure blocked under
MTDs is high enough, the MTDs’ sedimentary layer will be impaled and broken by the
high-pressure hot fluid. At this time, the gas hydrate may be formed in the fracture zone
of MTDs, forming a near-vertical fracture along the gas escape channel, enlarging the gas
hydrate accumulation space and forming high-quality leaking gas hydrate. Even the fluid
continues to move upward to the seafloor surface, forming a “cold seeps” phenomenon
(Figure 10).

Seafloor SE

O
Gas hydrate BSR Fault Gas chimney MTD bottom  Fluid MTD area
(white circle) boundary boundraty  migration

Figure 10. The relationship between MTDs and gas hydrate accumulation.
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6. Conclusions

(1) The MTDs of the study area are identified and delineated, and it is believed that the
MTDs of the study area were caused by the late uplift of the southern Qiongdongnan Basin
and the early platform uplift, which caused the large-scale collapse and slip of sediments
in the central depression of the basin, plasticized and flowed in the long-distance transport
process, and finally formed MTDs.

(2) The physical properties of MTDs generally depend on the original sediment type
before their formation, which is determined by the deep-water environment in which they
are formed, and most of them are mainly muddy. As they are formed by plasticization
and clastic flow, dehydration and remodeling will occur in the flow, which determines its
characteristics of low permeability and high density. It can form a good blocking effect on
the upward migration of free gas in the lower layer and is favorable for gas accumulation
of gas hydrate under it.

(3) When the fluid pressure under the MTDs is high enough, the MTDs’ sedimentary
layer will be pierced by the high-pressure hot fluid. In this case, the gas hydrate may form
in the MTDs’ layer or the entire fluid escape channel, forming high-saturation leakage gas
hydrate, or the fluid will even continue to migrate upward to the seabed surface, forming
“cold seeps”.

(4) In the process of BSR interpretation and inferential analysis, if the sedimentary
background study suggests that MTDs may be formed in the gas hydrate stable zone in the
study area, the MTDs’ sedimentary bodies must be accurately identified. Otherwise, they
are easy to be confused with the bottom interface of MTDs. The accurate identification of
MTD deposits is of great significance to the accurate evaluation of gas hydrate resources in
the Qiongdongnan Sea area.
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Abstract: To predict the favorable zones and the types of reservoirs, acid extraction has been used in
the Chaoshan depression to detect trace amounts of light hydrocarbons, heavy hydrocarbons, and
the & 13C (%) of methane. As a result, two integration anomalous zones for exploration activity were
blocked out in the northeastern and southwestern parts of the Chaoshan Depression, respectively. By
analyzing the differentiation law and structural characteristics of hydrocarbon gases, as well as the
stable carbon isotope ratio of methane, the underlying reservoirs were predicted to be gas reservoirs,
and the seismically interpreted Dongsha-A (DS-A) structure was predicted to be a gas-rich structure.
By correlating the seismic profile and geochemical anomalies, it was determined that fault planes
and micro-fractures are the main controlling factors for the occurrence of the seabed’s geochemical
anomalies. A composite formation mechanism of “lower generation, upper accumulation and micro
fractures leaking” is proposed for the control of the underlying petroleum reservoirs, as well as for the
micro-fracture control of permeability and surface adsorption control. Acid-extracted hydrocarbon
anomalies have favorable indicating significance for exploration activity.

Keywords: South China Sea; Chaoshan Depression; surface geochemistry; acid-extracted hydrocarbon;
methane carbon isotope

1. Introduction

The Chaoshan Depression is a Mesozoic residual depocenter in the northeast of the
South China Sea. The deposit has favorable exploration activity potential but complex oil
and gas accumulation. Accurate identification of favorable exploration areas and reser-
voirs is the key to successful exploration. Drilling data in the South China Sea reveal a
marine Mesozoic development [1], making it an ideal area for studying fossils in the South
China Sea. The tectonic framework of the South China Sea exerts strong control over
the expansion and evolution of the Cenozoic South China Sea, and also determines the
generation, migration, accumulation, and preservation processes of oil and gas. Under-
standing the geological structure of fossils in the South China Sea is of great significance for
a comprehensive understanding of the Southeast Asian marginal seas, especially regard-
ing the Mesozoic and Neozoic tectonic evolution of the South China Sea. The Chaoshan
Depression is a Mesozoic and Cenozoic superimposed depression in the northern South
China Sea (Figure 1), characterized by polyphase basin formation and structural transfor-
mation. It developed thick marine Mesozoic strata and has strong potential for exploration
activity [2-4]; however, oil and gas have not yet been discovered in this region through
drilling. The physical properties of the South China Sea’s Mesozoic reservoir are complex
and the predrilling predictions do not match the results of LF35-1-1 [5-9]. In recent years,
extensive investigations and studies have been conducted in this area, and a lot of trapped
structures rich in organic matter have been discovered [10-13]. To ensure further successful
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exploration, the effective identification and prediction of favorable exploration areas and
petroleum reservoirs is key.
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Figure 1. Location map of the study area and structural zoning map.

Micro-leakage in o0il and gas reservoirs are a common natural phenomenon and form
geochemical anomalies on the land surface or the seafloor. Geochemical anomalies in
seafloor samples can be used to quickly delineate favorable exploration zones in underex-
plored basins.

Surface geochemistry (SG) is a rapid method for predicting favorable zones of explo-
ration activity and the types of petroleum reservoirs. Driven by the pressure of oil and gas,
petroleum migrates upward along complex micro-fractures, fault planes, and other migra-
tion channels in the form of micro-bubbles or continuous gas phases. These hydrocarbons
are adsorbed by clay minerals and encapsulated by secondary carbonates. As a result, the
adsorbed hydrocarbon anomalies corresponding to the underlying reservoir accumulate
in the seafloor sediments above the reservoirs. By detecting such anomalies, potential
reservoirs can be predicted. Based on the direct correlation between latent petroleum
reservoirs and the hydrocarbon concentrations of the gas adsorbed in sea bed sediments,
the hydrocarbons’ internal composition can be used to reliably forecast the properties of
the migrated hydrocarbons and forecast the development characteristics of the underlying
petroleum reservoir and distinguish its overall properties [14-28].

Marine SG mainly employs the analysis of gaseous alkanes (C1-Cs) present in seabed
sediments to predict the characteristics of the underlying petroleum reservoir [29]. These
bound gases are believed to be attached to organic and/or mineral surfaces, which are
entrapped in water structures or authigenic carbonate inclusions. Horvitz (1981, 1985)
pioneered the concept of bound sediment gas analysis with his method of acid-extraction
adsorbed gas analysis [30,31]. Migrated thermogenic hydrocarbon gases readily bind to
near-surface fine-grained sediments (e.g., clays) due to the highly adsorptive nature of
these sediments towards hydrocarbons. He also believed there was a preferential adsorp-
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tion of the migrating thermogenic hydrocarbons relative to the in situ-derived microbial
gases. Whiticar (2002) describes how structured water creates a relatively impermeable
membrane of organized water molecules that entrap the migrated thermogenic gases, and
the in situ-generated interstitial microbial gases will have little or no exchange with the
entrapped/sorbed phase [32]. He describes a contiguous coating or network of structured
water whereby thermogenic hydrocarbons will migrate vertically within the sedimen-
tary column in a contiguous structured water network, a process known as “handshake
migration” [29].

However, gaseous alkanes can also be affected by factors such as disturbances to
seabed microorganisms and the interference of biogenic methane, which increases the
difficulty of predicting the location of underlying petroleum reservoirs and exploration
risks. Therefore, analyzing and identifying whether hydrocarbon anomalies in seafloor
sediments originate from the hydrocarbons of the underlying petroleum reservoir is an
important factor in predicting the success or failure of oil and gas traps, keeping in mind
that the near-surface petroleum seepage signature can be generated from microbial as well
as thermogenic sources. This study qualitatively and quantitatively analyzes the acid-
extracted hydrocarbon anomalies in the Chaoshan Depression in the northeast of the South
China Sea. Using anomalies in the abundance, structure, and distribution characteristics of
light and heavy hydrocarbons, this study predicts the attributes of the Mesozoic Petroleum
system. The findings delineate the northeastern and southwestern parts of the Chaoshan
Depression as comprehensive anomalous zones for oil and gas exploration, and these are
also the most favorable prospective oil and gas areas. The DS-A structure is determined as
being a predominantly gas-bearing reservoir.

2. Geological Setting

The Dongsha Sea is an area in the northeast of the South China Sea comprising of
thick Mesozoic strata, and the Chaoshan Depression is the largest residual depression
in the area (Figure 1). The depression has undergone six stages of tectonic evolution in
the Mesozoic and Cenozoic eras: (1) In the late Triassic rifting period, semi enclosed bay
began to develop in the Mesozoic basin in the northeast of South China Sea; (2) During
the Jurassic depression period, the largest scale transgression occurred, and the basin
expanded to its maximum extent; (3) In the Late Jurassic tectonic uplift period, compaction
fold and structural unconformity occurred under compression; (4) In the Early Cretaceous
re-subsidence period, volcanic debris, lava flows, and continental margin debris began to
rapidly fill and deposit in the basin; (5) In the Late Cretaceous tectonic inversion period,
under the influence of four episodes of the Yanshan movement, the Chaoshan Depression
was uplifted and denuded again, forming the second regional unconformity; and (6) In
the Neogene regional thermal subsidence period, the central basin of the South China
Sea reached its peak of expansion during the Miocene, and the Cenozoic basins in the
northern continental margin of the South China Sea successively entered a stage of post-rift
depression evolution; large-scale transgression also occurred, mainly accepting coastal and
shallow marine deposits [33-38]. The DS-A structure is located in the M-low bulge and is a
fault anticline structure (Figure 1), controlled by NE-, NNE-, and NW-trending faults.

The 1005-1369 m interval of LF35-1-1 is a Cretaceous sandstone mudstone interval
and the 1369-1698 m interval contains Cretaceous tuff. The 1698-2412 m interval is Jurassic
sandstone and mudstone, in which the 1698-1940 m interval is grayish-black laminated
mudstone and argillaceous siltstone mixed with siliceous rock, containing a small amount
of micrite limestone and pyroclastic materials. The 1940-2412 m interval is grayish-black
laminated mudstone and argillaceous siltstone mixed with sandstone and limestone. The
mudstone is rich in organic debris. Radiolarian fossils were found in the 1716 m to 1839 m
interval, indicating a deep-water environment, dating back to the late Jurassic. Fossils of
benthic foraminifera were found in the 2049-2112 m interval, indicating a shallow tropical
marine environment. Spore and pollen fossils can be found in the 2187 m to 2268 m interval,
mainly consisting of a combination of Carassous pollen and Alsophila spinulosa spores.
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This set of spore and pollen fossils appeared in the Middle and Upper Jurassic period
of southern China, indicating a coastal swamp environment [1]. A granite granodiorite
intrusion with a small amount of diorite appears in the well interval below 2412 m, and its
invasion period is mainly in the Late Cretaceous.

Well LF35-1-1 reveals two source rock strata in the 1940-2022 m interval and the
2100-2412 m interval, wherein the 1940-2022 m rock is poor-to-medium source, and the
2100-2400 m rock is medium-to-good source. The organic matter of these two source rocks
is mainly of type III and a small amount of type I12, which are stable in a considerable
range. The minimum thickness of a single layer of source rock is 6 m, the maximum
thickness is >40 m, and the average thickness is about 20 m. The average thickness of the
single layer of the lower source rock is greater than the upper layer. The results of well
seismic tracking and further research and comparisons of regional geology show that there
are two sets of source rock developed in the Chaoshan Depression, including the upper
Triassic-lower Jurassic shallow sea bathyal mudstone and lower Jurassic shallow sea shelf
facies mudstone. According to the drilling strata of well LF35-1-1 and seismic data, there
are two sets of reservoirs developed in the DS-A structure in the Upper and Middle Jurassic
series, respectively. Among them, the top of the Middle Jurassic series is a set of stable
shallow sea shelf facies reef limestone with thickness, while the Upper Jurassic is a set of
basin floor fan sandstones (Figure 2).

basement

T neritic facies B shelf facies Bl basin floor fan
mmm bathyal facies mmmi transitional facies == carbonate platform

Figure 2. Seismic interpretation profile (See Figure 1 for location). ((a). preliminary interpretation of
seismic profile; (b). geological interpretation section).

3. Sampling and Methods

The samples used are sourced from the petroleum surveys of 200 stations collected
by the Guangzhou Marine Geological Survey in the Dongsha Sea Area in recent years
(Figure 1). Sampling grid points with a size of 8 km x 16 km are mainly distributed
in the Chaoshan Depression. Samples at some grid points could not be collected due
to the presence of submarine cables. Moreover, due to the large number of submarine
optical cables in this area, sampling is limited by cable protection requirements, making
it impossible to conduct encrypted investigations and detailed target investigations. The
samples were collected using an open barrel gravity corer, with a length of 1.3 m. Sediment
samples were taken at a depth of 85 cm—-100 cm from the top of the columnar sample, acid
extraction was performed on the hydrocarbon content, and §13C (%) testing and analysis
was performed as well.

Acid-extraction hydrocarbon testing was performed as follows: under vacuum condi-
tions and constant temperature, the hydrocarbons (mainly adsorbed hydrocarbons) present
in the carbonate mineral lattice and its cement in the sample were separated by means
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of pressure reduction, heating, and chemical treatment (acid addition). The content of
acid-extracted hydrocarbons was detected using a gas chromatography instrument.

Before formally measuring the test material, the standard gas was measured 3-5 times.
Only when the relative error of the standard gas measurement was <3% could the test
material be measured. During the measurement process, it was necessary to regularly
check the controlled status of the instrument with standard gas.

The procedure for GC testing is as follows: First, 500 uL £ 0.5 pL of gas was accurately
extracted using a 1 mL syringe. The gas was quickly injected into the gas chromatograph.
The measuring instrument was then started, chromatograph charts were drawn, and the
data were collected. After the chromatographic peak was reached and the recombination
components were “driven” at high temperature according to the set temperature program,
qualitative and quantitative analysis was conducted.

Result Calculation: Response factor calculation: F; = Cgi-Vs/ Ag;

Fi—Response factor of component i, pL/(mVes);

Csi—concentration of standard gas component i, ¢ (i)/10~%;

Vs—Standard gas injection volume, pL;

Asi—Peak area of component i in standard gas, mVes.

Calculation of component content in the sample: X; = %},Al

Xi—The content of acid-hydrolyzed hydrocarbon component i in the sample (if the
integer number is less than 3, retain 1 decimal place; if the integer number is >3, do not
retain decimals), uL/kg;

Vt—degassing volume, mL;

Ai—peak area of acid-hydrolyzed hydrocarbon component i in the test sample, mVes;

Vj—Injection volume of test sample, mL; and

M—Weighing mass of the sample, kg.

The analysis and data-processing methods include probability distribution statistics,
data structure analysis (where the mean represents the average level of the data, the
standard deviation represents the size of data dispersion, and the coefficient of variation
represents the size of data relative fluctuations), and background value and anomaly
determination (via the mean method and Kriging method). The results of comprehensive
analysis of the acid-extracted hydrocarbon and methane carbon isotope test data are then
used to determine the underlying oil and gas attributes [39-43].

4. Results
4.1. Acid-Extracted Hydrocarbon Composition

Acid-extracted C;—Cs hydrocarbons were detected in the samples, with methane
(CHy,), ethane (CoHg), and propane (C3Hg) being the main components. The content of
butane- and pentane-series hydrocarbons was extremely low, especially for pentane, with
only a few samples being detected. The acid-extracted hydrocarbon index of the samples at
each station had the characteristic of CHy > C,Hg > C3Hg. The variation in methane content
in the acid-extracted hydrocarbons ranged from 13.34~1799.31 uL/kg, with an average
value of 138.25 uL/kg and a median value of 94.01 pL/kg. The variation in ethane content
in the acid-extracted hydrocarbons ranged from 0.66~195.26 uL/kg, with an average value
of 21.61 uL/kg and a median value of 9.54 uL/kg, which was significantly lower than the
content of methane. The variation in propane content in the acid-extracted hydrocarbons
ranged from 0.26~80.60 uL/kg, with an average value of 8.17 uL/kg and a median value
of 3.57 uL/kg. Detailed data are presented in Table 1.

42



J. Mar. Sci. Eng. 2024, 12,909

Table 1. The abundance anomaly of acid-extracted hydrocarbons.

Minimum Maximum Median Mean
(uL/kg) (uL/kg) (uL/kg) (uL/kg) Sb cv K
SCy 13.34 1799.31 94.01 138.25 163.23 1.18 1.47
SC, 0.66 195.26 9.54 21.61 29.99 1.39 2.27
SCy 0.26 80.64 3.57 8.17 11.79 1.44 2.29
SiCy 0.10 67.37 2.14 5.97 9.61 1.61 2.80
SnCy 0.06 32.53 1.25 2.89 4.37 1.51 2.32
SiCs 0.02 87.15 2.47 7.38 12.29 1.66 2.99
SnCs 0.01 9.74 0.22 0.53 0.99 1.87 247
SCaq 1.23 465.18 19.74 46.56 68.47 1.47 2.36

4.2. Acid-Extracted Hydrocarbon Distribution

The high values of methane in the acid-extracted hydrocarbons are mainly distributed
in the northern part of the study area; other high values are distributed in the central-
southern part of the study area. The high values of heavy hydrocarbons in the acid-
extracted hydrocarbons are also mainly distributed in the northern part of the study area,
and secondary high values are mainly distributed in the central-southern part of the study
area. The anomalies in the acid-extracted methane and heavy hydrocarbons have high
positive correlation (Figures 3 and 4).

40-50
50-60
60-70
70-80
80-90
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100-110

@Contourline(uukg) >130

Figure 3. Isogram of acid-extracted methane.

4.3. 6 13C (%o) of Acid-Extracted Hydrocarbon Methane

The variation in §'3C (%.) content in the acid-extracted hydrocarbons ranged from
—34%0~—48%o0, with a maximum value of —34.45%0, a minimum value of —47.11%o, a
median value of —37.5%o, and a standard deviation of 2.48. The distribution is characterized
by a high north-south distribution and low middle distribution (Figure 5).
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Figure 4. Isogram of acid-extracted heavy hydrocarbons.
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Figure 5. Isogram of & 13C (%o).

5. Discussion
5.1. Variations in Acid-Extracted Hydrocarbon Abundance

From the perspective of data statistics, the mean reflects the average level of the data,
the standard deviation (SD) reflects the size of the data dispersion, and the coefficient of
variation (CV) reflects the size of the relative fluctuations in the data. From a geological
perspective, the coefficient of variation and intensity (K) reflects the impact of later geologi-
cal processes. The coefficient of variation is calculated as the standard deviation/mean and
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the intensity coefficient as the mean/median. The coefficients of variation of the indicators
of geochemical exploration in the Chaoshan Depression are all greater than 1, and the
intensity factors of later superimposed actions are all greater than 2, indicating that the
geochemical exploration indicators in the region are greatly affected by later geological
processes. More details are presented in Table 1.

The acid-extracted hydrocarbons of the Chaoshan Depression belong to the medium-
abundance geochemical background and are characterized by heterogeneous fields and
homogeneous fields [44,45]. Altered carbonates belong to a medium abundance geochemi-
cal background and possess homogeneous field characteristics. The interference of seabed
microbial disturbances and biogenic methane on indicators of o0il and gas geochemical
exploration is relatively small [45], and all geochemical exploration indicators are affected
by later oil and gas interactions.

5.2. Acid-Extracted Hydrocarbon Structural Indicators

Under normal circumstances, the sample data of a single parent obey a normal dis-
tribution; however, when multiple parent characteristics are present, the data structure
characteristics, for the most part, do not obey a normal distribution. The ideal separation
mode between the background and an anomaly is shown in Figure 6a, which features a
trailing phenomenon.
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Figure 6. Background and anomaly separation mode diagram, and characteristic diagrams of the
acid-extraction hydrocarbon indicators’ stacking analysis. ((a). Background and anomaly separation
mode diagram; (b). characteristic diagram of methane; (c). characteristic diagram of ethane; (d).
characteristic diagram of propane; (e). characteristic diagram of butane; (f). characteristic diagram
of pentane).

45



J. Mar. Sci. Eng. 2024, 12,909

Figure 6b—f show the results of the iteration analysis of the main indicators of oil
and gas geochemical exploration in the Dongsha area. The iteration results of each indi-
cator have similar non-normal distribution characteristics, and all indicators have tailing
phenomenon or multiple parent backgrounds, suggesting the effect of late superposition.
Moreover, the intensity factors of the later superimposed actions are all greater than 1,
indicating that all the indicators are affected by the geological factors of the later stage
(oil-gas, sediment sources, environment, etc.).

5.3. The Fabric Characteristics of Hydrocarbons

The composition of adsorbed gas near the surface has a favorable tracing effect for
distinguishing oil and gas properties and indicating the presence of gas reservoirs. The
ratio of gas components in the hydrocarbons, such as C;/Y.C, C;/Cy, C3/Cy, reflect this
differentiation effect. The range of variation in the composition and characteristics of the
hydrocarbon series indicators in the sediments above petroleum reservoirs are shown in
Table 2.

Table 2. The range of gas composition changes in the overlying sediments of petroleum reservoirs.

Ratio of Hydrocarbon
Type
C1/YC x 100 C1/Cy (C5/Cq) x 1000
Oil 75~50 10~4 60~500
Gas >75 >10 <60

The C1/)_C x 100 ratio ranges from 51.55 to 97.06, with an average of 78.43; C;/C,
ranges from 2.66 to 52.71, with a mean of 10.58; and (C3/C;) x 1000 ranges from 5.65 to
163.88, with an average of 55.36. Based on the characteristics of the hydrocarbon ratio, the
petroleum reservoirs in the Chaoshan Depression are determined to be mainly composed
of gas (Figures 7-9).
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Figure 7. Cross plot of C; vs. Cy.
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5.4. Differentiation Characteristics of Hydrocarbon

Due to the differences in the chemical and physical properties of oil and natural gas,
the differentiation of hydrocarbons occurs during the micro-leakage of gas into seafloor
sediments, changing the proportion and dynamic balance of the original hydrocarbons
and forming significant differences between oil, gas, and non-oil-and-gas zones in seafloor
sediments. As shown in the differentiation diagram of heavy and light hydrocarbons
(Figure 10), 198 sites out of 200 have Cp + Cs5/C; ratios greater than 5%, thus belonging to
wet gas.

The C;—C4 ratio represents the content of methane to butane (nCy + iCy) in the acid-
extracted hydrocarbons adsorbed from the underlying oil- and gas-bearing structures
that leak into the seafloor sediments. The C;/(C, + C3) ratio represents the degree of
evolution (or maturity) of the hydrocarbon-generating organic matter. As the maturity
increases, this value increases exponentially, indicating a gradual transition from source
rock to crude oil, to condensate oil and gas, and to dry gas in the underlying strata. The
Cy/(Cs + Cy) ratio reflects the interrelationships between heavy components in the acid-
extracted light hydrocarbons, and to some extent, it can also reflect the degree of evolution
of the hydrocarbon-generating parent materials. The ratio of C;/(Cy + C3) to Co/(C3z + Cy)
can be used to identify the types of oil and gas reservoir from which of the acid-extracted
adsorbed hydrocarbons originate.
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5.5. Carbon Isotope of Methane (5'3C) Features

The stable carbon isotope of methane in the acid-extracted hydrocarbons is an im-
portant indicator for distinguishing oil and gas properties. The average 5'3C value of
biogenic gas is less than —54 %o, the average 5'>C value of oil field gas ranges from —54%o
to —40%o, and the average 5'3C value of mature gas or coal-type gas is greater than —40%o
(Figure 11) [32]. The stable carbon isotope values of acid-extracted hydrocarbon methane in
the Chaoshan Depression range from —34 %o to —48%o., with a maximum value of —34.45%.,
a minimum value of —47.11%., a median value of —37.50%o, and a standard deviation of
2.48. Its oil and gas characteristics are of an organic origin and are in the over-mature stage

(Figure 11).
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The planar anomalies of carbon isotopes in methane are high in the south and the

north of the region, and low in the middle area (Figure 12).
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Figure 12. Favorable prospective oil and gas areas of the Chaoshan Depression.

5.6. Evaluation of Favorable Oil and Gas Areas

Through acid-extracted hydrocarbons anomaly analysis of the composition, abun-
dance, structure, planar distribution, and planar distribution of methane stable isotope
values of acid-extracted hydrocarbons in the Chaoshan Depression, it is believed that
anomalous zones are distributed in the central and southwestern parts of the depression.
After normalizing the oil and gas exploration indicators, the moving average method and
Kriging method were used to delineate the northeast (I) and southwest (II) parts of the
Chaoshan Depression as the most favorable prospective oil and gas areas (Figure 12).

From the seismic profile crossing the northern abnormal area, it can be observed that
the methane present in the acid-extracted hydrocarbons is abnormally developed in the
seafloor sediments above the reservoir. However, this anomaly gradually decreases as it
approaches the edge of the reservoir, tending towards the background value. There is a
favorable correspondence between the oil reservoir and the anomaly (Figure 13), and the
micro-leakage of oil and gas from the underlying reservoir has been determined as the main
reason for the formation of these geochemical anomalies. The formation mechanism of
geochemical anomalies in the Chaoshan Depression is as follows: gas from the underlying
reservoir is driven upwards by pressure and leaks into the seabed through fault planes
and micro-fractures. The underlying petroleum reservoir is controlled by the source,
the micro-fractures control the permeability, and the surface sediments adsorb and trap
the leaked hydrocarbons, forming a “lower generation, upper accumulation and micro
fractures leaking “model. This model would benefit from understanding the mechanism of
hydrate accumulation in the Dongsha area also.
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6. Conclusions

1.

The oil and gas reservoir in the Chaoshan Depression is mainly composed of con-
densate gas (oil). The reservoir is of an organic thermal origin. The source rock is
dominated by marine sedimentation, with highly mature organic matter.

The favorable oil and gas prospects in the Chaoshan Depression are divided into two
regions, respectively favorable zone I and favorable zone II, mainly located at the
intersection of the central low bulge, the western depression, and the western slope of
the depression; the DS-A structure indicates an oil and gas reservoir dominated by
gas.

The “lower generation, upper accumulation and micro fractures leaking” model is
the mechanism explaining the formation of oil and gas anomalies in the Chaoshan
Depression, in which hydrocarbons are controlled by the underlying petroleum
reservoir, leak through micro-fractures, and adsorb on the seabed’s surface.
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Abstract: The Mesozoic subduction zone over the Dongsha Waters (DSWs) of the South China Sea
(SCS) is a part of the westward subduction of the ancient Pacific plate. Based on the comprehensive
interpretation of deep reflection seismic profile data and polar magnetic anomaly data, and the zircon
dating results of igneous rocks drilled from well LF35-1-1, the Mesozoic subduction zone in the
northeast SCS is accurately identified, and a Mesozoic subduction model is proposed. The accretion
wedges, trenches, and igneous rock zones together form the Mesozoic subduction zone. The evolution
of the Mesozoic subduction zone can be divided into two stages: continental subduction during
the Late Jurassic and continental collision during the late Cretaceous. The Mesozoic subduction
zone controlled the structural pattern and evolution of the Chaoshan depression (CSD) during the
Mesozoic and Neogene eras. The gas source of the hydrate comes from thermogenic gas, which is
accompanied by mud diapir activity and migrates along the fault. The gas accumulates to form gas
hydrates at the bottom of the stable domain; BSR can be seen above the mud diapir structure; that
is, hydrate deposits are formed under the influence of mud diapir structures, belonging to a typical
leakage type genesis model.

Keywords: South China Sea; Chaoshan depression; Mesozoic; subduction zone; gas hydrate

1. Introduction

The westward subduction of the ancient Pacific plate was an important tectonic event
of the East Asian continental margin during the Mesozoic era. Research on the manifesta-
tion of this zone and its impact on hydrate accumulation is relatively weak, so strengthening
the relevant research will help enrich evidence on the westward subduction of the ancient
Pacific plate, as well as expand on our knowledge of the types of hydrate accumulation
in the northern SCS. Studying the subduction zone of the East Asian continental margin
is thus crucial for understanding the Mesozoic tectonic evolution of East Asia and helps
in understanding the accumulation of gas hydrate in the South China continental margin.
The Dongsha Waters (DSWs) is one of three favorable exploration areas for gas hydrates in
the northern South China Sea (SCS). However, unlike the other two favorable exploration
areas for gas hydrates in Shenhu and Qiongdongnan, which are distributed in large Ceno-
zoic basins, the DSWs are distributed on a Mesozoic residual depression (the Chaoshan
depression (CSD), Figure 1), the gas hydrate accumulation of which is closely related to the
tectonic evolution of the Mesozoic and Cenozoic eras. The westward subduction of the an-
cient Pacific plate on the edge of the East Asian continent began at least in the Early Triassic
(approximately 251 Ma) and continued until the Late Cretaceous, exhibiting a multi-stage,
Andean-type accretion pattern [1-21]. The ancient Pacific plate subducted along the edges
of the South China and Sunda continents, forming a late Mesozoic magmatic rock belt
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that extends for thousands of kilometers, from Japan in the north and to Sumatra in the
south [22-41]. In the Late Cretaceous, due to the subduction and retreat of the paleo-Pacific
plate, the edges of the South China and Sunda continents experienced significant tension,
resulting in the development of a series of rift basins.
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Figure 1. Map of the study area (Location of CSC, and tectonic division. Seismic line used for Isobaths
of Moho compiled, and Seismic profiles in the following figures. Location of Well LF35-1-1).

The existence of a Mesozoic subduction zone in the northern SCS has been discussed
by scholars [42-52]. There are different opinions on whether there is a Mesozoic subduction
zone in the northern of the CSC. Some scholars believe that a paleo-subduction occurred
from the Late Indosinian to the Early Yanshanian and that an accretion zone existed from
Hainan Island to the northern shelf of the SCS. The Indosinian Movement was a tectonic
movement between the Late Permian and Triassic periods, which further overlapped three
different land blocks in eastern Asia (Yangtze, China Korea, and Siberia). The Yanshan
Movement was a widespread crustal movement that occurred in China during the Late
Triassic to Cretaceous periods, resulting in many northeast-facing or -trending folded
fault mountains and numerous small fault basins, accompanied by magmatic activity,
especially in the southeastern coastal areas, where granite intrusion and volcanic eruption
are particularly severe. The DSW Mesozoic subduction zone is part of the westward
subduction of the ancient Pacific plate. Based on the thickening of the crust beneath the
Dongsha uplift, the large amount of magnetic anomalies, and the existence of a fault zone
in the lower slope, Yao et al. believed that the subduction accretion zone extends along
the lower slope in a NEE to SWW direction and reaches the Xisha Trough [43]. Based on
gravity, magnetic, and wide-angle seismic data, Zhou et al. Inferred in 2006 that a Mesozoic
subduction and accretion zone exists roughly 45° NE from the southwestern Taiwan Basin
to the northern edge of the deep-sea basin in the northern SCS [44]. Yao et al. classified
the Dongsha uplift and other areas as volcanic arcs, thus classifying the CSD as a pre-arc
basin and the Hanjiang depression as a post-arc basin [45]. However, some scholars believe
that the northern SCS is the result of the eastward extension of Tethys, and no Mesozoic
subduction zone exists in the DSWs. Cai believed that a “residual Tethys” was present
in the northern continental margin of the SCS, based on the marine Mesozoic strata on
the south side of the Dongsha Islands and the marine shale-containing nannofossils in the
CFC-1 well; he further pointed out that a “residual Tethys” could have existed in the Late
Indosinian to the Early Yanshanian and believes that this “residual Tethys” started from
the northern side of the Himalaya, passed through the southern Honghe River in Vietnam,
continued along the northwest to Yinggehai, and entered the northern continental slope
trough of the SCS [46]. Cai et al. believed that the CSD is part of the superposition of the
Neocraton marine sedimentary depression basin on the Paleozoic folded basement and the
fore-arc basin [47].
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The reason for the above controversy is the lack of direct evidence of subduction.
Past elucidations of the subduction of the paleo-Pacific were mainly based on studies of
Mesozoic igneous rocks in the eastern coastal areas of China, so further exploration on the
specific location and manifestation of the subduction zone on the northern margin of the
SCS is urgently needed [36]. In recent years, the Guangzhou Marine Geological Survey
(GMGS) has acquired rich survey data on the DSWs, especially deep seismic reflection
profile and magnetic data, providing new evidence for in-depth research on the Mesozoic
subduction zone in the DSWs.

What is the significance of subduction zone for hydrate accumulation? The gas source
of hydrate in the DSWs are derived Mesozoic fissure gas, and the relationship between
its accumulation and the subduction zone is contingent upon the diversion of gas leakage
by faults and mud diapirs. The Mesozoic subduction zone is accompanied by a large
number of mud diapir structures, and mud diapir structures and mud volcanoes are
important causes of gas hydrate accumulation. Milkov et al. proposed four models of
hydrate accumulation based on several gas migration control factors: fault structure type,
mud volcano type, stratigraphic control type, and tectonic stratigraphic type [53]. Mud
diapir structures are well developed around the world [54] and are formed by rapidly
deposited, undercompacted mudstone arching or even piercing the overlying strata due to
gravity, or by shale softening and arching under high-temperature and -pressure conditions,
piercing the overlying strata. Mud diapir structures are always accompanied by deep
fluid migration, therefore allowing for it to serve as not only a good representation of
deep structural and fluid activity but also an important indicator of the existence and
distribution of oil and gas reservoirs. They are thus of great significance in understanding
the formation of oil and gas reservoirs [55-58]. In Cenozoic sedimentary basins such as
the Qiongdongnan Basin and the Pearl River Mouth Basin in the north SCS, many mud
diapirs or mud volcanoes are active. The massive undercompacted mud shale rapidly
deposited and filled in the depression center is the material basis for the formation of
mud diapirs. The high-temperature overpressure potential formed by the hydrocarbon
generation and pressurization of organic matter in the source rock is the power source
for the formation of mud diapirs. The regional tectonic dynamic background and ductile
bed are the external conditions for the formation of mud diapirs. The area where mud
diapirs and gas chimneys are concentrated is a favorable target for exploration activity in
a deep-water continental slope area [59-62]. The DSWs are an area where the Mesozoic
and Cenozoic superimposed basins are developed, with relatively thick Mesozoic and thin
Cenozoic strata that have undergone changes in marine continental marine sedimentation
during the Mesozoic and Cenozoic eras. Specifically, the Mesozoic strata underwent
significant uplift and deformation during the Mesozoic and Cenozoic eras, forming a large
number of seamounts, many of which have the characteristics of mud volcanoes, reflecting
the fact that the area has sufficient gas sources to supply mud volcanic activities. However,
relatively little research has been conducted on the mud diapir structures associated with
subduction zones, due to the lack of high-resolution and deep reflection seismic profile
data. Therefore, the genesis mechanism of mud volcanoes in the DSWs and their impact on
gas hydrates need to be further studied.

Based on a comprehensive analysis of magnetic anomalies, high-resolution deep reflec-
tion seismic data, and drilling data, in this article, the distribution patterns of the Mesozoic
igneous rock zone, the Mohorovici¢ discontinuity (or Moho) buried depth turning zone, and
the subduction zone accretion wedge in the DSWs are proposed. Additionally, the characteris-
tics of the Mesozoic subduction zone are systematically analyzed, and the specific location
and subduction time of the suture line in the Mesozoic subduction zone are determined.
Furthermore, the Mesozoic subduction model is proposed, and the influence of the Mesozoic
subduction zone on the formation of gas hydrates is further analyzed. This helps to enrich the
evidence on the westward subduction of the ancient Pacific plate and to expand upon our
knowledge on the accumulation of gas hydrates in the northern SCS.
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2. Geological Setting

The northeast SCS is located in the central part of the East Asian continental margin,
structurally situated on the southern edge of the South China landmass, with the cen-
tral basin of the Cenozoic SCS to the south; the northern South China Sea has complex
rifting, magmatic styles [63]. A large number of geophysical surveys and drillings have
confirmed the presence of the marine Mesozoic in the northeast SCS, such as the CFC-1
and CJA-1 wells drilled into the Lower Cretaceous strata [64,65] and the LF35-1-1 well
drilled into the Middle Upper Jurassic strata [66,67]; the Mesozoic is widely distributed
in the northeast SCS (Figures 1 and 2), with an area of 100,000 km?. The northeast SCS
has gone through six stages of tectonic evolution in the Mesozoic and Cenozoic eras,
namely, a rifting period (the late Triassic), a depression period (the Jurassic), a tectonic
uplift period (the Late Jurassic), a re-subsidence period (the Early Cretaceous), a tectonic
inversion period (the Late Cretaceous), and a regional thermal subsidence period (the
Neogene). Mesozoic basins have multiple stages of basin formation and transformation
and are large, superimposed basins formed by stacking prototype basins with different
evolutionary characteristics [68-71]. The CSD is the largest superimposed depression in the
DSWs, distributed in a northeast direction. Structurally, the CSD consists of six secondary
units: the northern slope, the central slope, the western slope, the western depression, the
eastern depression, and the middle low bulge (Figure 1) [69]. The maximum thickness
of its sedimentary layer exceeds 7000 m (Figure 2) [56]. The CSD mainly develops a set
of Mesozoic strata, which are mostly in contact with the overlying Cenozoic at an angle.
The LE35-1-1 well (completed at a depth of 2412 m) revealed that the strata below 977 m
belong to the Mesozoic, with 977 m to 1698 m being the Cretaceous, 1698 m to 2400 m
being the Jurassic, and 2400-2412 m being granite. The Cretaceous strata are composed
of gray-green, purple-red, gray-purple, and gray-white clastic rocks and comprise a set
of fluvial to lacustrine sedimentary layers. The Jurassic strata are composed of gray and
gray black sandstone and mudstone, interbedded with oolitic limestone, and are a set of
shallow to deep sea sedimentary layers. Fossils of radiolarian combination indicate that
the strata (1860-1725 m) were formed in a deep-sea island arc environment, dating back
to the Late Jurassic, and fossils of benthic foraminifera indicate that the strata (2112-2049
m) were formed in a shallow tropical marine environment. The fossil assemblage of Kela-
suo pollen and Alsophila spores indicates that the strata (2268-2187 m) were formed in a
coastal swamp environment, dating from the Middle to Late Jurassic. The granite section is
mainly composed of granite and granodiorite intrusions, with the intrusion period mainly
occurring in the Late Cretaceous. The CSD has developed two sets of source rocks, namely,
the Upper Triassic-Lower Jurassic bathyal facies mudstone and the Upper Jurassic shallow
sea shelf mudstone. The source rock conditions are good, and the LF35-1-1 well confirms
the existence of marine source rocks [66]. The DSWs are rich in gas hydrates and are a
favorable area for the accumulation of gas hydrates [72-91].
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Figure 2. Stratigraphy of the CSD compiled from Geological data of northern South China Sea and
well LE35-1-1, indicating seismic sequence, geological age, and lithology.
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3. Data and Methods
3.1. Data Acquisition and Processing

The GMGS has conducted a number of new, long-array seismic surveys in recent
years. The 2D seismic streamer has 480 channels spaced 12.5 m apart, and shooting occurs
at 37.5 m intervals, using a source capacity of 5080 cubic inches. The coverage is up to
80-fold. Seismic data are processed with routine industry procedures and pre-stacked
time migration. The focus is on the suppression of turbulence noise, various random
noises, linear interferences, and different types of multiples. With processing, the signals
from the shallow, medium, and deep layers are readily discernable, and the wave train
characteristics and amplitude characteristics are much clearer than those from previous
2D seismic surveys. This improved seismic imaging poses as an excellent basis for further
analysis of complex geological structures. All of the magnetic data used in this study were
acquired by the GMGS in recent years.

3.2. Interpretation

Two-dimensional seismic data from an area with a length of about 2000 km were used
for this study. The Schlumberger Geoframe Software Platform was used for structural
and stratigraphic interpretation of the seismic data. The LF35-1-1 well was selected to
provide the stratigraphic and lithological constraints for seismic interpretation. Seven
reflecting boundaries were identified based on the recognition of unconformities, reflection
terminations, prominent seismic characteristics, and lateral continuity (Figure 3); the
interpretation was also controlled by closing loops within the seismic grid to eliminate
misties.
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Figure 3. Seismic profile (BB’) across the northern SCS, running from northwest to southeast: (a) well
seismic correlation of LF35-1-1; (b) reflecting the boundaries calibrated by synthetic traces (see
Figure 1 for the location).

Horizon Rg corresponds to the top of the Mesozoic, expressed by erosion of the
Mesozoic. Horizon Rg is an unconformable reflection of high amplitude and a laterally
continuous reflection, calibrated by the LE35-1-1 well at a depth of 977 m or TWT 1060 ms.

Horizon Ry, corresponds to the top of the Upper Cretaceous, expressed by erosion of
the Lower Cretaceous. Horizon Ry is an unconformable reflection of low amplitude and a
laterally discontinuous reflection, calibrated by the LF35-1-1 well at a depth of 1369 m.

Horizon Ry corresponds to the top of the Jurassic, expressed by erosion of the Jurassic.
Horizon Ry is an unconformable reflection of medium amplitude and a laterally semi-
continuous reflection, calibrated by the LF35-1-1 well at a depth of 1698 m.

The interface Rjp between J3 and ], occurs at a depth of 1940 m, calibrated by the
LEF35-1-1 well, corresponding to a time of 1436 ms. Below the interface is a set of carbonate
deposits, and above it is a set of sandstone and mudstone deposits. The upper and lower
strata of this interface exhibit an integrated contact relationship, and due to differences in
lithology, a strong reflection interface is formed on the seismic profile.

The interface Rj; between ], and J; has not been encountered by this well. However,
based on an analysis of the regional sedimentary environment, the upper and lower strata of
the interface should be continuous sedimentation and should have undergone a transition
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from the Late Jurassic semi-deep sea facies to the mid Jurassic coastal shallow sea facies.
Therefore, a stable set of semi-deep sea facies mudstone should exist below this interface,
with mudstone as the main component above this interface. However, the sandstone
content shows a significantly increase, and the upper and lower strata show an integrated
contact relationship.

The bottom interface Ry of the Upper Triassic shows an unconformity contact relation-
ship between the upper and lower parts of the interface, with a significant difference in
seismic velocity compared with the pre-Mesozoic basement.

The upper part of the Mesozoic is the Cretaceous, and the lower part is the Jurassic
Upper-Triassic. The Mesozoic exhibits a typical double-layered structure. The Cretaceous is
characterized by wedge-shaped, medium-frequency, medium-low-amplitude, and medium
continuous seismic facies, with obvious erosion at the top and upward superimposition
dominating the bottom. The lower part of the Cretaceous is filled with a set of wedge-
shaped alluvial fan sediments, which are lacustrine upward sediments. The Cretaceous has
typical fault depression-filling characteristics. The Jurassic is characterized by parallel or
sub-parallel, low-frequency, and medium-low continuous seismic facies. This sedimentary
body has a relatively stable sedimentary environment and a relatively stable regional
distribution, has a non-significant spatial variation in stratigraphic thickness, and is a
shallow sea—semi-deep sea—deep sea sediment. An angular unconformity contact occurs
between the Cretaceous and Jurassic, and erosion occurs in high parts of the structure.
The plate subduction in the Late Jurassic is the reason for the unconformity between the
Cretaceous and Jurassic (Figure 3).

4. Results
4.1. Mesozoic Subduction Accretion Wedges and Ancient Suture Lines

From the deep seismic reflection profile AA’ (Figure 4), typical subduction accretion
wedges can be observed. The accretion wedges are composed of stacked thrust faults
and structural wedges (D~(®), which fault the Upper Triassic Jurassic. The detachment
layer extends along the bottom of the Upper Triassic, and due to the compression of the
structural wedges, strong folding and faulting occur in the Upper Triassic Jurassic (Figure 4).
Ryo and Rg are two important unconformity surfaces, with unconformity contact between
the upper and lower strata, and erosion occurring at the top of the Jurassic and Cretaceous.
Following the cessation of subduction activity during the Mesozoic era, it underwent
a transformation as a result of subsequent tectonic movements. The northwest side of
the Dongsha detachment fault had strong folding and compression in the Mesozoic era,
while the southeast side had relatively weak deformation in the Mesozoic era. A certain
inheritance relationship occurred between the tectonic activity in the Cenozoic era and the
structure in the Mesozoic era: before the stretching and thinning in the Cenozoic era, the
zone was weak, and the Cenozoic detachment fault developed along the weak zone.

From profile CC’ (Figure 5), we can observe that between 8 s and 11 s, a moderately
continuous and strong amplitude seismic reflection interface gradually deepens from
southeast to northwest, and the seismic velocity above and below the interface undergoes
a sudden change, which is interpreted as a Moho. A large detachment fault, the Dongsha
Detachment Fault, developed in the middle of the profile. This fault is an important
structural boundary that extends downwards and merges with the Moho. The Moho
merges with the detachment fault to form a steep deepening slope break. The slope break
zone is also the boundary between the oceanic crust and the continental crust, with the
Dongsha detachment fault as the boundary. The northwest section develops a thicker
Mesozoic and a thin Cenozoic, which are invaded by rock masses. The maximum crustal
thickness exceeds 30 km, and strong folding and compression occur in the Mesozoic near
the Dongsha fault; the crustal thickness in the southeast section is relatively thin, with a
minimum thickness of less than 10 km. The Dongsha Fault is a large detachment fault
deep in the Moho, which is a manifestation of the reactivation of ancient suture lines in the
Mesozoic subduction zone during the Cenozoic era (Figure 5).
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Mud diapir

Figure 4. Seismic profile AA” across the northern SCS, running from northwest to southeast, showing
accretion wedges, mud diapers, and detachment fault ((a) seismic profile; (b) interpretation profile
showing erosion at the top of the Jurassic and Cretaceous, accretion wedges, and mud diaper).

compressive fold

Dongsha fault

Figure 5. Seismic profile CC” across the northern SCS, running from northwest to southeast; Moho
can be traced distinctly, presenting a laterally semi-continuous reflection ((a) seismic profile; (b)
Moho, with a compressive fold and Dongsha fault able to be interpreted).
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4.2. Mesozoic Igneous Rocks

The amplitude of polar magnetic anomalies in the study area ranges from —80 to
250 nT, exhibiting a large number of magnetic anomalies from the Dongsha uplift to
the Penghu uplift, forming a northeast-oriented zone with a large number of magnetic
anomalies (Figure 6). The CSD is mainly characterized by negative magnetic anomalies,
and the southeast CSD also exhibits many magnetic anomalies, but their amplitudes are
relatively low. Overall, a clear zoning feature of “high in the north and south, and low in
the middle” can be seen (Figure 6). Based on magnetic anomaly wavelet decomposition
and seismic interpretation, the distribution of igneous rocks is delineated. The igneous
rocks on the northwest side of the CSD have source depths that are mostly greater than
2 km, intrude into the Mesozoic, and are mainly medium acidic, while the igneous rocks on
the southeast side of the CSD are mostly exposed to the seabed in the form of eruption and
are mainly medium basic; the distribution of igneous rocks in the depression is relatively
rare. The Dongsha high magnetic anomaly field is a reflection of the Mesozoic subduction
and accretion of intermediate acidic volcanic rocks with high residual magnetic strength
(Figure 7), which is the result of the Mesozoic subduction process.

Legend
Z]Well
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[JAccretion wedge belt
[7]Acid igneous rock
[@]Basic igneous rock
[=lsobath of Moho(m)

Figure 7. Isobaths of Moho and igneous rock distribution.
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The zircon dating results of LE35-1-1 igneous rocks reveals that the age of the granite
at the bottom of the well ranges from 90.7 £ 1.3 to 103.3 & 1.4 Ma, and the igneous rocks
are from the Late Jurassic to the Early Cretaceous. Therefore, we can infer that the initial
subduction occurred in the Late Jurassic.

4.3. Mesozoic Mud Diapir Structure

In the seismic profile, the plastic body in the core of the diapir structure exhibits chaotic
reflections, which can be completely separated from the reflection of the surrounding rock.
The reflection of the surrounding rock strata has good continuity in the same phase axis and
stops when it extends to the core. The chaotic reflections in the core significantly thicken
and can be traced to both sides, but the thickness rapidly decreases. Due to the intrusion
of the diapir structure into the overlying strata, the reflection phase axis of the overlying
strata thins towards the top of the mud structure on both wings, reducing the number of
phases and accompanying complex fault systems at the top of the structure. Due to the
constant velocity of mudstone layers at various depths, a significant difference exists in the
velocity between the plastic bodies of the mud diapir structures and the underlying strata,
resulting in a large impedance interface difference and strong reflection. In addition, in
the seismic profile, the lower mud layer exhibits a medium- to strong-amplitude reflection
with good continuity, showing a low-amplitude uplift state (Figures 8 and 9).

Figure 8. Seismic profile DD’ showing a mud diaper ((a) biphasic development of a mud diaper;
(b) is the enlargement of box b in the left figure, showing seismic track polarity inversion of BSR
(blue line) and normal seismic tracks (green line)).

Figure 9. Seismic profile EE’ showing a mud diapir ((a) biphasic development of a mud diaper; (b) is
the enlargement of box b in the left figure, showing seismic track of a BSR (blue line) and truncated
normal seismic tracks (green line)).
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5. Discussion
5.1. Properties of Dongsha High-Magnetic-Anomaly Zones

Much debate surrounds the geological origin of the Dongsha high-magnetic-anomaly
zone. Dai believed that this high-magnetic-anomaly zone is likely to be the same magmatic
tectonic zone as the Zhejiang Fujian coastal volcanic rock zone, which separated from the
Zhejiang Fujian coastal volcanic rock zone during the later compression and extension
processes [90]. Xia et al. believed that this high-magnetic-anomaly zone is consistent
with the thinning of the upper crust, thickening of the lower crust, and uplift of the lower
crust [91]. It is not a part of the South China continent or a volcanic arc, but a composite
tectonic zone formed by the combined action of Cenozoic tension and pre-Cenozoic com-
pression. The main magnetic source is the ultramafic and magnetic material deep in the
lower crust. Wu et al. linked the Penghu uplift and the Diaoyu Islands uplift, suggesting
that both may be the Late Cretaceous ancient Ryukyu Island Arc, which was terminated
by a NW-trending strike slip fault at 118° to the west [92]. Zhou et al. comprehensively
speculated that the high-magnetic-anomaly zone in the northern SCS has the same origin
as the volcanic rock belt in the eastern Zhejiang Fujian region, representing a volcanic arc
associated with the Mesozoic subduction and accretion, and was left laterally displaced by
NW-trending faults [44]. This large amount of magnetic anomaly was formed by a medium
acidic “volcanic rock mass” with a thickness of up to 6km. This belt is a crustal remelting
magmatic rock belt formed by the collision of continental crustal fragments that migrated
northward in the Late Cretaceous and the southeastern edge of the Asian continent. In fact,
the magnetic anomaly in the Diaoyu Islands uplift zone is also comparable in shape and
scale with the high-magnetic-anomaly zone in the northern SCS. Yao Bochu et al. identified
the Dongsha uplift and other volcanic arcs as a reflection of the Jurassic Cretaceous vol-
canic arc in eastern Asia. Although the genesis of the high-magnetic-anomaly zone in the
northern SCS varies, the most common consensus is that it is related to magmatic activity
during subduction or collision in the Late Mesozoic [45]. The geochemical characteristics
of the intermediate acidic intrusive granite encountered during LF35-1-1 drilling indicate
that this zone is an active continental margin island arc environment. Furthermore, paleon-
tological data from the LF35-1-1 well indicate a deep-sea island arc environment during the
Late Jurassic [66]. The gravity and magnetic field characteristics of the Dongsha uplift, as
well as the inverted lithological characteristics, are similar to the island arc characteristics
formed by modern subduction and are comparable [93]. The seismic profile of DSRP2002
highlighted possible Paleo subduction fragments and subduction sutures in the area [16].
Based on the comprehensive characteristics of structure and magnetic anomalies, the high-
magnetic-anomaly zone of the Dongsha uplift in the northern SCS can be inferred to be a
product of the subduction of the paleo-Pacific. Magnetic materials are mainly located in
the upper crust, and the strong magnetic differences on both sides of the boundary under
oblique magnetization conditions are the main reason for the formation of the large amount
of magnetic anomalies.

5.2. Mesozoic Tectonic Evolution and Subduction Model in the DSWs

Mesozoic tectonic evolution is closely related to subduction. The DSWs have gone
through six stages of tectonic evolution in the Mesozoic and Cenozoic eras, namely, a
rifting period (T3), a depression period (J), a tectonic uplift period (J3), a re-subsidence
period (Kj), a tectonic inversion period (K3), and a regional thermal subsidence period
(the Neogene) [93-98]. The ancient Pacific lithosphere subducted northwest beneath the
lithosphere of the South China continent. In front of the volcanic arc, a forearc basin
developed, while behind the volcanic arc, a small post-arc extensional basin developed.
In the late Early Cretaceous, the ancient SCS oceanic lithosphere had almost subducted,
and the Nansha and South China landmasses collided and continued to compress in the
northwest direction (Figure 10). The stratigraphic unconformity between J and K is the
result of the Dongsha subduction. The subduction began in the Late Jurassic and collided
with the South China landmass during the Late Cretaceous. The northeastern SCS uplifted,
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and the Middle and Upper Jurassic eroded, forming an angular unconformity interface
between the Jurassic and Cretaceous. The evolution of the Dongsha subduction zone
can be divided into two stages: (1) in the Late Jurassic, the ancient Pacific plate began to
subduct in the NWW direction, and the Dongsha subduction zone already existed as a
large subduction zone boundary; (2) in the Late Cretaceous, the subduction continued,
and the Reed Bank landmass collided with the South China landmass, causing the ancient
SCS to contract and disappear. The corresponding part of the accretion zone has a steep,
downward sloping Moho towards the north, with the buried depth of the Moho dropping
sharply from 16 km to 26 km. The Dongsha high-magnetic-anomaly zone on the northwest
side of the subduction accretion zone is an igneous rock zone that is associated with the
Mesozoic subduction.

Late Cretaceous
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 accretionary BN __ione
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oceanic crust
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South China passive continental margin

a late Triassic to middle Jurassic

Figure 10. Subduction model of the DSWs. ((a) Passive continental margin period from Late Triassic
to Middle Jurassic; (b) primary subduction period during Late Jurassic; (c) collision period during
Late Cretaceous).

5.3. Dongsha Subduction Significance in Gas Hydrate Accumulation
5.3.1. Controlling the Gas Source of Hydrate

The Upper Triassic-Lower Jurassic bay sediments and the eastern passive continental
margin sediments, as well as the Late Jurassic-Early Cretaceous forearc basins, are im-
portant strata for exploring gas hydrates today, such as in the southern part of the Tainan
Basin, the CSD, and the Pear River Mouth Basin. Particularly, they are important places for
exploring Mesozoic gas hydrates. Affected by subduction, the northern SCS transformed
from a passive continental margin during the Late Triassic-Middle Jurassic to an active
continental margin during the Late Jurassic. Starting from the Late Triassic, semi-enclosed
bay-filling sedimentation began to develop in the Mesozoic basin in the DSWs. At the end
of the Late Triassic, the prototype of the basin formed, mainly in an open continental shelf
environment. In the Early Jurassic period, the sea invasion further expanded, expanding
to the northern part of Guangdong, and the basin entered its peak period; in the late

63



J. Mar. Sci. Eng. 2024, 12,1432

Early Jurassic, a regression occurred, with seawater retreating to the northern SCS and
developing coastal and shallow marine sediments. In the late Middle Jurassic, the water
gradually deepened, and by the end of the Late Jurassic, it was affected by subduction
and uplifted. In the passive continental margin stage, Jurassic semi-enclosed bay source
rocks developed. These source rocks have relatively high organic matter contents and
abundances compared with open sea source rocks, and their quality is also relatively good.
Thus, the main source layers within CSD comprise the T3-J; and J3 mudstones, especially
the thick semi-enclosed bay source rocks, which were found to have fairly high organic
matter abundance. In the present era, source rocks have undergone significant maturation
and become the gas source foundation for the formation of thermogenic gases. As the deep
thermogenic gas interacts with microbial gas, it eventually contributes to gas hydrates [98].

5.3.2. Controlling the Structural Pattern of Hydrate Accumulation

Under the influence of subduction, the CSD formed a structural framework of two de-
pressions and one low bulge under northwest—southeast compressive stress (Figures 1 and 10),
and a series of northeast-oriented trap structures were formed in the mid-low bulge. The
extensional activity of the northern margin of the SCS in the Cenozoic era was activated along
the suture line of the subduction zone, forming the Dongsha detachment fault and controlling
the development of the graben. The formation of natural gas hydrate reservoirs in the DSWs is
closely related to the Dongsha detachment fault activity. The natural gas overflowing from gas
pools within the trap structure is vertically transported to the shallow seabed through faults
and micro-cracks and accumulates into hydrates under high-pressure and low-temperature
conditions [69,89]. Fluid diapirs are large continuously spreading bright reflection zones in
shallow surface layers and are downwards converging high-variance ribbons in middle and
shallow layers, all of which are en echelons spreading in the NW-NNW-oriented direction on
the plane, with a total area of up to several hundred square kilometers. The profile shows a
conical or mushroom-shaped shape that converges from shallow to deep and is characterized
by a compound gas chimney fuzzy zone [98].

5.3.3. Controlling the Leakage Channel of Gas Hydrates

During the Cretaceous period, under the westward subduction of the ancient Pacific
plate, the plastic mudstone layer in the northern SCS arched upwards under compression,
piercing through the overlying rock layers and forming a diapir structure. Affected by
subduction, the Mesozoic mudstone softened under high-temperature and -pressure condi-
tions, forming a mud diapir structure by arching upwards. Thus, the mud diapir structure
went through two stages of development: (1) At the end of the Cretaceous, the structure
was strengthened by the Mesozoic subduction and compression, and the Jurassic mudstone
underwent plastic flow, invading the Cretaceous system, forming the stage I mud diapir
structure. (2) Under differential gravity caused by the subsidence of the continental slope in
the Miocene, the early developed mud diapir structures were reactivated, and the Mesozoic
mud diapir invaded the Cenozoic, forming the stage II diapir structure.

Liang et al. believed that there were three genetic models: a diffusion type (pore-filling
type), a leakage type (fracture-filling type), and a composite type [78]. In the DSW area,
deep gas is regulated by mud diapirs, gas chimneys, and fault systems. During the upward
migration of gas, low-flux methane gas forms a diffusion-type hydrate at the bottom of
the stability zone, driven by a concentration differential, pressure, and capillary force.
Meanwhile, high-flux methane leaks upward in the form of free leakage. It migrates along
the fracture and accumulates in the upper part of the stability zone, forming a leakage-type
hydrate, which also represents a typical genetic model of a composite type [80].

In fact, many more mud volcanoes have been reported over the DSWs, indicating
widespread leakage of oil and gas from the substrates [27,28,35,69,99,100]. The extensional
activity of the northern margin of the SCS in the Cenozoic era was activated along the suture
line of the subduction zone, forming the Dongsha detachment fault and controlling the
development of the graben. The fault fractures of the deep region facilitate communication
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between the temperature and pressure stability region of the hydrate and the Mesozoic
hydrocarbon source rock. Then, the deep thermogenic gas migrates along the transport
system to the overlying formation, where it is mixed with the microbial gas, eventually
forming hydrates. The fault plays a pivotal role in the process of hydrate accumulation in
the region. The Mesozoic fault development area represents the primary seepage area for
thermogenic gas [98].

Hydrate stability is, however, a function of pressure, temperature, and concentrations of
all hydrate building components in all co-existing phases. Practically, this implies that hydrate
can nucleate towards mineral surfaces; hydrate can form from hydrate formers dissolved in
water. What is, however, very important is hydrate dissociation towards water that is under-
saturated with hydrate former. Hydrates in sediments cannot reach equilibrium [101,102]
because there are too many co-existing phases that affect hydrate stability. All over the world,
hydrates dissociate continuously due to inflow of seawater (almost no CHy) through fracture
systems. In offshore Norway, one example is the Nyegga region [102], in which there are fairly
many leakage regions. Even inside a reservoir with several hydrate zones internal movement
and changes in fluids may lead to hydrate instability.

6. Conclusions

(1) The Mesozoic subduction zone over the Dongsha Waters (DSWs) of the South
China Sea (SCS) is distributed southeast of the CSD in an NE45° direction, and composed
of accretion wedges, trenches, and igneous rock zones. The igneous rock formed during
the period between the Late Jurassic and the Early Cretaceous.

(2) The evolution of the Dongsha subduction zone can be divided into two stages:
@ In the Late Jurassic, the ancient Pacific plate began to subduct in the NWW direction,
and the Dongsha subduction zone, as a large subduction zone boundary, already existed.
@) In the Late Cretaceous, the subduction continued, and the Reed Bank landmass collided
with the South China landmass, causing the contraction and disappearance of the ancient
SCS, ultimately forming an igneous rock belt and an accretion wedge system.

(3) Mud diapir and Dongsha detachment fault activity are the main factors controlling
the formation of hydrate accumulation in the DSWs. Mud diapir and Dongsha detach-
ment fault activity are the main factors controlling the formation of natural gas hydrate
reservoirs in the DSWs. The extensional activity of the northern margin of the SCS in the
Cenozoic era was activated along the suture line of the subduction zone, forming the Dong-
sha detachment fault and controlling the development of the Cenozoic fault depression.
The gas source of the hydrate in the DSWs mainly comes from thermogenic gas, which is
accompanied by mud diapir activity and migrates along the fault. The gas accumulates to
form gas hydrates at the bottom of the stable domain, and BSR can be seen above the mud
diapir structure; that is, hydrate deposits are formed under the influence of mud diapir
structures, belonging to a typical leakage type genesis model.
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Abstract: Shallow gas, with huge resources, has been confirmed using three dimensional
(3D) seismic data and more than 20 drilling sites in the deep water of the LS36 gas field,
the Qiongdongnan Basin, the South China Sea. The interface of sedimentary facies in
the southern boundary of the basin controls the distribution within the basin of clastic
sediments coming from the north and west of the land uplifted. In this study, seismic data
and geophysical attributes were used to investigate the controlling effect of the interface of
sedimentary facies on the distribution of shallow gas within the basin. Our study shows that
the shallow gas is mainly distributed in the Quaternary Ledong Formation in the southwest
of the Qiongdongnan Basin, which was observed from acoustic impedance, amplitude
versus offset (AVO), and seismic interpretations. The channelized submarine fans that
onlap the interface of the sedimentary facies are distributed in a vertically stacked manner
and are the main reservoirs for the shallow gas. Therefore, these sedimentary studies show
that the sand-rich sediments are distributed along the interface of the sedimentary facies
from the southwest to the northeast and are limited to the shallow gas within the basin.
The Central Canyon provides an important deep gas source, while the flank of the canyon,
gas chimney, and normal faults related to basement uplift provide pathways for vertical
and lateral gas migration to form the shallow gas. This study shows that shallow gas may
be widely distributed in other marginal sea basins, and sedimentary systems should be
further studied in the future.

Keywords: shallow gas; interface of sedimentary facies; AVO; submarine fan;
Qiongdongnan Basin

1. Introduction

Deep-water shallow gas generally refers to the natural gas that is present in water
depths greater than the shelf-break zone (200-300 m) and accumulates in reservoirs in
unconsolidated shallow strata (within 500 or 800 m below the seafloor) [1,2]. It is character-
ized by shallow burial, a variety of gas sources, diverse reservoir—caprock combinations,
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and a wide distribution. Due to exploitation issues such as high costs and low resource
abundance, previous studies have regarded shallow gas as an engineering and geological
hazard and that oil/gas drilling needs to avoid it [3-5]. In 2024, the China National Off-
shore Oil Corporation (CNOOC) discovered that a shallow field with a reserve of tens of
billions of cubic meters, named as the LS36-1 gas field, was confirmed in the Lingshui Sag,
the Qiongdongnan Basin, the South China Sea [6-8]. Shallow gas in deep-water areas has
higher pressure and lower temperature; thus, it has high resource abundance and great
potential. Previous studies have shown that shallow gas is present in the near seabed strata,
is associated with gas hydrates, and is prone to leakage on the seabed [9-14]. It is closely
related to engineering and scientific research such as that on seabed geological disasters,
ocean acidification, and gas hydrate exploitation.

Research on deep-water shallow gas in oceans is relatively rare. Offshore gas fields
with a burial depth of less than 500 m are mainly distributed in areas such as the Bay of
Bengal [15], the North Sea [16], the Mediterranean Sea [17], offshore from Turkey [18],
the Krishna—Godavari Basin in India [19], and the Japan Sea [4]. The most representative
deep-water shallow gas fields are the Dhirubhai 22 and Dhirubhai 29 gas fields in the
Bay of Bengal, and the water depth ranges from 1400 to 1832 m. The gas reservoir is
located at 268 and 300 m below the seafloor, the strata age spans from the Mesozoic to the
Cenozoic period, and the trap types are structural traps and lithologic—structural traps [20].
In comparison, the reservoir of the LS36-1 gas field in the Qiongdongnan Basin is younger,
belonging to Quaternary strata. Analyzing its reservoir and fluid migration system can
provide theoretical guidance for the shallow gas exploration in international sea areas.

Numerous middle and deep gas fields have been discovered in the Qiongdongnan
Basin, including the Deep-Sea No. 1 gas field in the Central Canyon and the deep BD21-1
gas field, which offer abundant gas source conditions for shallow gas accumulation [21].
The west of the Qiongdongnan Basin is near to the Vietnam Uplift and the Hainan Uplift.
Multiple fluvial systems form small deltas in the shallow-water area, providing a favorable
terrigenous sedimentary system for the deep-water area (Figure 1). Additionally, carbonate
reefs are located in the southern uplifts of the Xisha Islands, making it a favorable area
for endogenic clastic sedimentation and carbonate turbidite sedimentation. Moreover,
the platform edge reefs of the Xisha Uplift may provide endogenic clastics and carbonate
turbidite deposits for the southern uplift of the Qiongdongnan Basin [22]. The interface of
sedimentary facies” transition has developed between the northern sag and the southern
uplift of the Qiongdongnan Basin (Figure 2), controlling the differences in sedimentary
distribution patterns on both sides since the Pliocene period [23]. However, systematic
research on shallow gas accumulation and distribution is lacking in the southwest of the
Qiongdongnan Basin.

In this study, we analyze the reservoir characteristics and the geophysical prop-
erties related to shallow gas in the Qiongdongnan Basin using two dimensional (2D)
and three dimensional (3D) seismic data to show the spatial distribution of shallow gas.
Through comprehensive geophysical inversion and seismic interpretation, we summarize
the main geological controlling factors of the shallow gas distribution in the southwest of
the Qiongdongnan Basin and provide a geological model reference for deep-water shallow
gas exploration.
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Figure 1. The current topographic map of the northwestern continental margin of the South China
Sea showing the Qiongdongnan Basin and its internal tectonic regions. The Vietnam and Hainan
Uplifts supply terrigenous clastics for sedimentation, and submarine fans, slope fans, and MTDs are
distributed in the Qiongdongnan Basin. The channels are revised from [24] and the sand distribution
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Figure 2. Seismic profiles (a) and interpretation profiles (b) across the Qiongdongnan Basin and the
Zhongjian Basin showing that a large amount of clastic sediment is deposited in the northern sag
of the interface of sedimentary facies transition within the Qiongdongnan Basin. (c) is the enlarged
seismic profile, which shows a large number of submarine fan deposits in the north of the interface of
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2. Geological Setting

The South China Sea (SCS) is situated at the junction of the Eurasian, Pacific, and Indo-
Australian tectonic plates, and its tectonic evolution has been shaped by processes such
as rifting, subduction, collision, strike-slip movement, and mantle plume activity [25-28],
resulting in a complex geological structure. Cenozoic rifting has led to the formation
of a series of rift basins. The Qiongdongnan Basin is located in the northwest margin,
the SCS, encompassing an area of ~80,000 km?, with water depths ranging from 80 to
3000 m [8]. The evolution has progressed through three distinct stages: the faulting stage,
the fault-depression transition stage, and the depression stage. Numerous NE-SW trending
faults [29] subdivide the basin into several depressions, such as the Ledong depression
and the Lingshui depression, as well as many uplifts. This geological configuration il-
lustrates a tectonic pattern characterized by “north-south into belts and east-west into
blocks” in the plane view. In profiles, the stratigraphy of the basin is delineated by breakup
nonconformity (~23 Ma), leading to a structural arrangement described as “rifts in the
lower part and depressions in the upper part” [30,31]. The Lingtou Formation and Yacheng
Formation, which were deposited during the rifting period, host hydrocarbon source rocks
associated with lacustrine and land-sea transition environments, respectively [32]. The
Lingshui Formation, formed during the rifting-depression transitional stage, is charac-
terized by deltaic and braided river sand deposits, which serve as effective hydrocarbon
reservoirs within the basin. Additionally, the Sanya Formation, Meishan Formation, Huan-
gliu Formation, Yinggehai Formation, and Ledong Formation all developed during the
depression period and display gravity-flow deposits, submarine fan sands, and mudstone
deposits [8]. Among these, the submarine fan sands in the Ledong Formation provide
favorable reservoirs for the accumulation of shallow gas, while the mass transport deposits
(MTDs) and mudstone deposits serve as favorable caprocks.

Sedimentation in the basin is distinguished by a prominent double-source system.
During the rifting period, sediment sources were primarily derived from the Xisha uplift,
the Indo-China Peninsula, and the South China margin, while in the depression period,
sediment contributions predominantly came from the Indo-China Peninsula. In the late
Quaternary period, these north-south sedimentary sources converged in the deep-water
regions of the basin, resulting in a notable boundary of sedimentary facie change [23]. Since
the Late Miocene period, due to paleo-topographic, the central sag area controlled the
sedimentation process of clastic materials within the basin and received sediments from
the uplifts in the north, west, and south [33]. In the Qiongdongnan Basin, fluid-related
structures have been well discussed, including polygonal faults [34], gas chimneys [35],
hydrothermal vents [36], cold seeps [37], mud volcanoes [38], and magmatism [39-41].
These structures highlight that there are abundant hydrocarbon-rich fluids within the
basin, which migrate upward along the faults and gas chimneys above the structural
uplifts, connecting the deep gas sources with the shallow reservoirs (Figure 2). Faults and
gas chimneys serve as the primary vertical migration pathways for fluids [35,38], which
contrast significantly with the fluid migration system observed in the Zhongjian Basin
(Figure 2). In the Zhongjian Basin, the vertical migration system is primarily governed
by a combination of basement faults and polygonal faults [42], with gas and gas hydrates
chiefly stored in marginal platform fans or fine-grained sediments [43]. Fluid migrates to
the seafloor, leading to the formation of pockmarks on the seafloor [43,44]. Therefore, there
is a quite different sedimentary environment for the Qiongdongnan Basin and Zhongjian
Basin, which influence the shallow gas, gas hydrate, and deep gas distribution (Figure 2).
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3. Data and Method

Two-dimensional seismic data acquired in 2005 were reprocessed by the China Na-
tional Petroleum Corporation (CNPC) in 2020 and 2023 to study gas hydrates and shallow
gas in the southwest of the Qiongdongnan Basin. The reprocessing of the seismic data
included improving the signal-to-noise ratio, preserving low frequencies, and broadening
frequency bandwidths. The stack velocity obtained during reprocessing was used to invert
acoustic impedance based on constrained sparse spike inversion (CSSI) due to the limitation
of a well log in the study area. CSSI can effectively identify and quantitatively evaluate
gas hydrate-bearing sediments and underlying free gas-bearing sediments, which has been
applied in previous studies [7,18,45,46]. The wavelet is extracted from seismic data in
shallow sediments. The low-frequency velocity model used in CSSI has been combined
with stack velocity from seismic processing and the velocity trend at Site LS36-1c [8]. The
inversion method has been widely used to delineate gas hydrate layers [45-47].

For gas hydrate- and free gas-bearing layers showing different responses, P-wave and
S-wave velocities show obvious increases for gas hydrate-bearing layers, while P-wave
velocity decreases greatly and S-wave velocity shows a slight increase when free gas is
present in the sediment. Moreover, gas-bearing layers also show absorption attenuation
anomalies for high frequencies. The amplitude versus offset (AVO) shows different changes
which can be used to identify hydrocarbon gas. The velocity field from the seismic data
processing was introduced to obtain more realistic and objective AVO intercept and gradient
attributes, minimizing the impact during the conversion process from the offset to the
incident angle. The AVO attributes for the intercept (I) and gradient (G) were obtained
to show shallow gas and gas hydrates [48]. The intercept profile reflects the intensity of
P-wave reflection at a normal incidence, and the gradient profile reflects the rate of change
in the reflection amplitude with the incident angle. For gas hydrate layers, the AVO of BSR
shows a Class III type anomaly [48]. Shallow gas, faults, channels, and polygonal faults
were identified from the coherence, root mean square (RMS) amplitude, and instantaneous
frequency attributes. The shallow gas had a high amplitude, was laterally discontinuous,
and had enhanced reflections observed from seismic amplitude anomalies. Therefore, the
attributes of the seismic data, AVO, and inversion were combined to delineate shallow gas
in the southwest of the Qiongdongnan Basin.

4. Results
4.1. Shallow Gas Identification and Distribution

Drilling for gas hydrates and shallow gas has been carried out in the LS36-1 gas
field [7,8,24,35,49]. The results show that in the well logs, the shallow gas layer is character-
ized by high resistivity, a significantly decreased P-wave velocity, and a slightly increased
S-wave velocity. In the seismic profiles, it corresponds to a bright spot or enhanced reflec-
tions with reverse-polarity reflections compared to the seafloor reflection [7,8,24]. Therefore,
shallow gas could be identified based on 2D and 3D seismic profiles and the anomalies
of acoustic impedance, frequency, and AVO. The arbitrary seismic profile from LS36-1
in the south part of the Qiongdongnan Basin is used to show the shallow gas properties
(Figure 3). Numerous enhanced reflections are widely distributed in the channel-levee
system or submarine fan area, which are nearly parallel. There are multiple MTDs showing
weak, chaotic, and discontinuous seismic reflections in the seismic profiles, which erode
the lower sediments and form different-sized grooves (Figure 3). Many small channels are
also formed which also erode the lower formation and are filled with clay-rich sediments.
The high amplitude reflections are partially related to the base of the MTDs.

The shallow gas is interpreted from the seismic anomalies showing the fan-shaped
distribution (Figure 4). The shallow gas is mainly distributed in Ledong Formation with
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three layers. The shallow gas identified from the seismic data in the southwest is mainly
distributed in the prosperous and degenerating stages of the submarine fans, as can be
seen with the LS36-1 shallow gas. Most of the shallow gas is located in the Ledong Sag
and Huaguang Sag. In the HaiMa cold seeps, shallow gas is also widely distributed. The
distribution of the shallow gas shows two directions and then converges to LS36-1.

NE Enhanced reflections of SWN Clay-rich channels S
shallow gas-bearing layers > -

High-amplitude
sand-rich layer

Two-way travel time (s)

Figure 3. Seismic profiles showing the sedimentary facies” transition interface and internal shallow
gas, submarine fans, channels, and MTDs. The location of the seismic profile is shown in Figure 4.

Figure 4. Shallow gas distributions in three layers and a sand-rich reservoir identified from 2D/3D
seismic data showing the submarine fan-like distribution. The shallow gas in the LS 36-1 is revised
from [7,8]. The thick white line represents the location of the whole seismic profiles, such as Figures
3, 5, and 8, while the green line indicates the scope of the seismic profiles used in Figure 7.
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4.2. Geophysical Properties of Shallow Gas

For the sand-rich gas-bearing layers, the measured P-wave velocity from logging while
drilling quickly decreases, with a value as low as 800 m/s, and the density also decreases,
which forms a negative reflection coefficient interface and enhanced reflection in the seismic
profiles [8]. For the gas hydrate-bearing layers, the P-wave velocity is about 2200 m/s
and the seismic profile shows a positive reflection. Therefore, the characteristics of seismic
reflection can be used to judge shallow gas, gas hydrate, and water-saturated sediments.
The data from logging while drilling at Site LS36-1 show a low P-wave velocity, a higher
S-wave velocity, and low P-wave-to-S-wave velocity ratios for the gas-bearing layers, and
the AVO shows Class III-IV anomalies. Shallow gas reservoirs belong to unconsolidated
high-porosity strata, and the top boundary of the reservoir exhibits typical Class IIIl AVO
anomalies. AVO is attributed with a negative intercept and a negative gradient. When
the shallow gas reservoir has a gas hydrate cap, the velocity is relatively high, and the top
boundary of the reservoir sometimes shows typical Class IV AVO anomalies, which are
similar to the negative intercepts of Class III AVO anomalies.

The acoustic impedance profiles were inverted using the reprocessed seismic data
based on CSSI (Figure 5) to identify shallow gas. The seismic profile shows an obvious
change from negative to positive reflection for the same layer (Figure 5b), while the in-
stantaneous frequency from the seismic profile also shows low frequency for the same
layer where pull-down reflections occur (Figure 5¢). The inverted P-wave velocities clearly
show high and low values at interfaces which are obviously higher than those of the bases
of mass transport deposits (Figure 5d). Gas chimneys showing chaotic and pull-down
reflections with local enhanced reflections are observed below this anomalous zone, which
indicate fluid migration along the gas chimneys (Figure 5a).

Interface of sedimentary
facies transition
High amplitude

Two-way travel time (s)

Figure 5. (a) Seismic profiles showing enhanced reflections related to submarine fan systems and
shallow gas. (b) An enlarged seismic profile showing positive and negative amplitude anomalies and
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pull-down reflections. (c) The instantaneous frequency profile shows low frequency for the gas-
bearing layers and high frequency for the gas hydrate-bearing layers. (d) The inverted P-wave
velocity from constrained sparse spike inversion (CSSI) showing the anomalies. The location of the
seismic profile is shown in Figure 4.

The seismic anomalies and acoustic impedance show the occurrences of shallow gas
and gas hydrate (Figure 5). However, the shallow gas with enhanced reflections shows
multiple layers which are terminated at the sedimentary interface boundary. To confirm
and delineate the anomalies, the intercept profile (P), gradient profile (G), and product of
the intercept and gradient profile (P x G) of the AVO were extracted from the gathered
data to show the reservoir properties and pore fluids (Figure 6). The P profile is near to
the zero-offset profile showing the normal incidence reflection coefficient which can be
used to identify hydrocarbon gas. The G profile can show the amplitude variation with
the offset. For the gas hydrate-bearing layers near the BSR, the P profile shows a positive
and strong value (Figure 6 upper), while the G and P x G profiles show negative values
(Figure 6 lower). For shallow gas in free-gas layers, the P x G profile is sensitive to fluids
showing strong and positive values in the deeper layers (Figure 6 lower).
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Figure 6. AVO attribute profiles show intercept profile (P), gradient profile (G), and product of
intercept and gradient profile (P x G) for seismic profile of Figure 5b.

4.3. Sedimentary Facies” Identification

In the southern Qiongdongnan Basin, there is an interface of sedimentary facies’
transition trending nearly east-west with a dip angle of ~1.1°. This interface initiates
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along the southern sidewall of the Central Canyon and coincides with the T30 interface,
with an initial development age of ~5.5 Ma (Figures 2 and 3). It overlays the southern
uplift, separating the northern sag from the southern Guangle uplift. The interface of the
sedimentary facies’ transition exhibits diachronous characteristics, extending from the T30
interface near the seabed and separating the Ledong Formation and Yinggehai Formation
(Figure 3).

The seismic profile interpretations and the lateral variations in the stratigraphic thick-
ness indicate that, due to its higher topography and greater distance from the sediment
sources, the southern uplift mainly receives fine-grained terrestrial clastic and carbonate
sedimentations, which are characterized by low deposition rates, near-parallel and con-
tinuous seismic facies, and a strong vertical inheritance of topography. In contrast, the
northern sag receives a significant amount of terrestrial clastic materials, with depositional
systems dominated by Ledong Formation submarine fans sourced from the western uplift,
slope fans, and MTDs sourced from the northern shelf uplift, exhibiting high deposition
rates (Figure 1) [7]. The submarine fan exhibits lenticular and strong amplitude reflections.
The channel is marked by an erosional surface that cuts into the strata, and its interior can
be filled with either strong-amplitude or weak-amplitude reflections. The MTDs develop
distinct strong-amplitude top and bottom interfaces, with blanking and chaotic characteris-
tics inside. Multiple well-connected muddy channels are visible above the submarine fans.
MTDs and submarine fans are usually interbedded deposits. The interiors of channels can
be filled with sandstone or mudstone sediments. Locally, the sedimentary facies” transition
interface also shows the occurrence of channels (Figure 7). Within the submarine fans, there
are negative-polarity and strong-amplitude reflections, which are locally segmented by
channels, which are the identifications of shallow gas.

g . .
= Interface of sedimentary facie

Shallow gas Gas hydrate

Figure 7. Continuous seismic profiles showing the spatial distribution of the sedimentary facies’
transition interface, which separates the continuous fine-grained sediments in the south from the
coarse-grained sediments in the north of the Qiongdongnan Basin. The seismic profiles from (a-g) are
distributed from west to east, and the location of the seismic profiles are shown in Figure 4.
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5. Discussion
5.1. The Formation of the Sedimentary Facies” Transition Interface

From the perspective of macroscopic “source-pathway-sink” analysis, the river sys-
tems in the Vietnam and Hainan Uplifts form delta fan systems in the shallow-water
continental shelf (Figure 1). When the sea level drops and the sediment supply increases,
terrigenous clastics enter the continental slope and the deep-water sag area through the
shelf break [50]. Since the Pliocene period, shelf breaks have emerged in the northern
and western area of the Qiongdongnan Basin, marking the onset of a stage of rapid subsi-
dence [51,52]. With an abundant sediment source in the north and west, the continental
shelf has advanced rapidly seaward. The channels that developed in the continental shelf
and slope areas during the Pliocene and Miocene periods indicate an enhanced ability
to transport sediments seaward (Figures 3 and 8) [24]. In this geological setting, a large
number of interbedded submarine fans, slope fans, and MTDs can be observed in the
north of the sedimentary facies’ transition interface (Figures 3, 5, 6 and 8). Topography is a
prerequisite for sedimentation, determining the location of the sedimentation center and
the distribution and morphology of sedimentary systems [53]. Due to the relatively high
paleo-topography in the southern uplift, the sag area is continuously filled with sediments,
and the submarine fans are distributed along the sedimentary facies” conversion interface
and gradually converge from west to east in plain view (Figures 3 and 8). Apart from
submarine fans, MTDs and bathyal sediments are also preferentially deposited in the sag,
onlapping onto the southern uplift area, thus forming the sedimentary facies’ transition
interface. Therefore, the sedimentary facies’ transition interface is caused by the differential
deposition of sediments in the northern sagging subsidence area and the southern uplift
area under the control of topography.

5.2. Influence on Shallow Gas and Gas Hydrate Distribution

The geochemical indicators of the cores from the shallow gas drilling Sites 01 and
03 in the Qiongdongnan Basin indicate that the gas source of the shallow gas in the study
area is a mixture of biogenic gas and thermogenic gas. Thermogenic gas usually originates
from the continental coal source of the deep Yacheng Formation and Lingshui Formation,
while biogenic gas comes from the marine source rocks of the Huangliu Formation and
Yinggehai Formation [8]. The fluid migration system serves as a passage for biogenic gas
and thermogenic gas from source rocks to reservoirs. The first function of the sedimentary
facies’ transition interface in shallow gas accumulation is to act as a fluid migration pathway,
which laterally transports hydrocarbon gasses trapped within the Central Canyon, as well
as those from deep sources and shallow strata into shallow sandy reservoirs (Figure 5).
Faults and gas chimney structures, on the other hand, are important conditions for the
vertical migration of fluids (Figures 5, 7 and 8).

The sedimentary facies’ transition interface may form lithologic traps for shallow
gas with reservoirs such as submarine fans. Seismic interpretations and attribute studies
show that the shallow gas in the Qiongdongnan Basin is mainly enriched in coarse-grained
reservoirs such as submarine fans and slope fans [7,8]. Compared to the Qiongdongnan
Sea, the reservoirs of the Dhirubhai 22 and 29 gas fields in the Bay of Bengal are of an
older age, belonging to the Mesozoic to the Cenozoic strata. Similarly, lithologic traps and
structural traps also play important roles [20]. The coarse-grained reservoirs, due to their
continuous onlap onto and pinching out at the sedimentary facies’ transition interface,
form a lithologic trap (Figure 8). In addition, a large number of channels develop above
the sedimentary facies’ transition interface, which serve as important transport pathway
for sandy sediments [54]. When sandy sediments are deposited in the channels, these
channels can also function as reservoirs for shallow gas and gas hydrates. When the

79



J. Mar. Sci. Eng. 2025, 13, 301

shallow gas reservoir is located above the base of the gas hydrate stability zone, the shallow
gas forms gas hydrates. Sandy gas hydrate reservoirs composed of submarine fans have
been discovered in the LS36-1 gas reservoir area of the Qiongdongnan Basin [24]. However,
when the channels are filled with muddy sediments, the shallow gas is separated by the
channels and, together with MTDs, the muddy filled channels act as a caprock for the
shallow gas (Figure 8).
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Figure 8. A shallow gas accumulation model in the southwest of the Qiongdonganan Basin showing
submarine fan-shaped distributions under the control of the sedimentary facies’ transition interface.
The location of the seismic profile is shown in Figure 4.

6. Conclusions

The interface of the sedimentary facies’ transition, formed since the Pliocene period,
divides the northern sag area and the southern uplift area of the Qiongdongnan Basin,
which causes the sediments to change from rapid deposition to slow deposition. The
seismic facies show obviously different reflections. The enhanced reflections, low acoustic
impedance, low frequency, and AVO attributes indicate the widely developed shallow
gas in the high-deposition zone and are significantly controlled by the interface of the
sedimentary facies’ transition. The difference in paleo-topography between the northern
sag and the southern uplift leads to different sedimentations, thus forming an interface
of sedimentary facies’ transition between the two areas. During the process of shallow
gas reservoir formation, the sedimentary facies’ transition interface can act as a lateral
migration channel for fluids, form lithologic traps together with submarine fans, and trap
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the shallow gas within local channels. This work emphasizes the widely distributed shallow
gas along the sedimentary facies between different sources in the Qiongdongnan Basin.
There has been relatively little research on shallow gas in international oceans. However,
the discovery of the shallow gas field LS36-1 in the Qiongdongnan area indicates that it
may be widespread in international marine waters. Nevertheless, it has not attracted the
attention of the industrial community yet, which highlights the significance of this study.
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Abstract: Three-dimensional geological modeling is essential for simulating natural gas hydrate
(NGH) productivity and formulating development strategies. Current approaches primarily con-
centrate on the single-phase modeling of either hydrate or free gas layers. However, an increasing
number of instances suggest that the three-phase coexistence zone, which includes hydrate, gas, and
water, is common and has become a focal point of international research, as this type of reservoir
may present the most viable opportunities for exploitation. At present, there exists a significant
gap in the research regarding modeling techniques for such reservoirs. This study undertakes a
comprehensive modeling investigation of the three-phase zone reservoir situated in the sand layer
of the Qiongdongnan Basin. By employing deterministic complex geological modeling techniques
and integrating existing seismic and logging data, we have developed a three-phase coexistence
zone model that precisely characterizes the interactions between geological structures and utilizes
them as auxiliary constraints. This approach effectively mitigates the potential impact of complex
geological conditions on model accuracy. Through a comprehensive analysis of 105 seismic profiles,
we enhanced the model’s accuracy, resulting in the creation of a three-phase coexistence zone model
comprising 350,000 grids. A comparison between the modeling results and well data indicates a
relatively small error margin, offering valuable insights for future development efforts. Furthermore,
this method serves as a reference for modeling hydrates in marine environments characterized by
three-phase coexistence on a global scale.

Keywords: natural gas hydrate (NGH); three-phase coexistence zone; deterministic complex geologi-
cal modeling; Qiongdongnan Basin

1. Introduction

The persistent increase in global energy demand, coupled with the gradual exhaustion
of conventional fossil fuel resources, has rendered the advancement of new clean energy
technologies a central element of international energy policy. Among various alternative
energy sources, methane hydrate is regarded as one of the most promising due to its
substantial reserves and environmentally friendly combustion properties [1,2]. Methane
hydrate, an unconventional energy source, typically occurs in deep sea sediments or
permafrost regions. Its unique physical and chemical properties complicate the extraction
process and present significant risks [3—6]. Modeling technology serves as a crucial tool
for understanding and forecasting the natural gas hydrate extraction process, thereby
facilitating the simulation and optimization of mining strategies [7]. By integrating seismic,
logging, and geological data, this technology offers a comprehensive subsurface perspective
that can enhance production efficiency and improve decision-making processes [8,9].
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Hydrate modeling relies on an extensive array of seismic and logging data. How-ever,
the scarcity of available data has resulted in a limited number of global reports on hy-
drate modeling, and the overall research quality remains relatively low. The predominant
modeling approaches currently employed are largely derived from traditional oil and gas
reservoir modeling techniques [10,11]. Wang et al. studied 74 crude oil and condensate gas
samples from the Tarim, Junggar, Beibu Gulf, and Bohai Bay basins in China, analyzing
the sedimentary environment and distribution characteristics of source rocks [12]. Jamil
et al. investigated the effects of both earthquakes and non-earthquakes on sediment struc-
ture in deep sea sedimentary environments [13]. Additionally, Jamil et al. examined the
development and distribution of Hybrid Event Beds in deep water sedimentary systems
and their potential applications for deep sea energy exploration and development [14].
Argentino et al. analyzed the characteristics and identification of hydrates in sediments,
providing important geochemical and geological evidence for the study of hydrates [15].
Ye et al. utilized geostatistical techniques to construct a three-dimensional geological model
of hydrates within the W11-17 deposit situated in the Shenhu region of the South China
Sea. Their research provided vertical predictions regarding the saturation and permeabil-
ity of the reservoir, which effectively guided the design of horizontal wells. Similarly,
Machiko et al. conducted an investigation in the eastern section of the Nankai Trough in
Japan, employing two distinct methodologies to predict and validate the distribution of
hydrate saturation [16]. Their results demonstrated that the amalgamation of well data
and seismic information significantly enhances the precision of model predictions. It is
noteworthy that the modeling approaches employed by these researchers predominantly
focus on the single-phase modeling of either hydrate or gas. However, recent investigations
into hydrate formations have demonstrated the widespread occurrence of the three-phase
zone, which is defined by the coexistence of hydrate and natural gas within natural environ-
ments. This three-phase mixed layer has been identified in various geographical locations,
including the Qiongdongnan area in the South China Sea [17], the Krishna-Godavari (K-G)
Basin in India [18], the Black Sea in the western Atlantic [19], Hydrate Ridge off the coast
of Oregon in the United States [20], Borneo in southern China [21], the West Kuranyi
subduction zone in New Zealand [22], and a mine pit in Nigeria [23]. These reservoirs
may represent promising targets for hydrate development due to their positioning at the
boundary of stable conditions, which renders them more susceptible to depressurization
and subsequent development. Qing et al. found that the hydrate reservoir is a complex
system composed of natural gas hydrate, free gas, and water, based on their study of
the Pearl River Mouth Basin. In the hydrate stability zone of the Shenhu District in the
South China Sea, it has been confirmed that natural gas hydrates, free gases, and water
coexist [24]. However, the three-phase hydrate system exhibits a complex superposition,
complicating the characterization of its spatial morphology. At present, there is a deficiency
of modeling studies that focus on the intricate spatial distribution of this system, and the
existing modeling methodologies are insufficient for application to reservoirs exhibiting
three-phase coexistence.

This study focuses on the three-phase coexistence zone within typical sandy reser-
voirs located in the Qiongdongnan sea area. Notably, drilling conducted at GMGS7 in
Qiongdongnan in 2021 revealed the presence of hydrates and gas situated approximately
130 m beneath the seabed. The elevated temperatures within the central region of the gas
layer have resulted in the predominant distribution of hydrates surrounding this gas layer,
thereby facilitating the development of a three-phase coexistence zone between the gas
and hydrate layers [3,17]. Utilizing logging data from nine wells alongside high-resolution
3D seismic data, this research employs a deterministic complex morphological model-
ing approach to construct a reservoir model of the three-phase zone. Optimization was
achieved through rock physics modeling, which enhanced the detailed characterization
of the internal properties of the reservoir. Additionally, the implementation of refined
interpretation techniques further mitigated errors associated with geological structures. A
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comparative analysis of the modeling outcomes against well data indicates a minimal level
of error.

2. Geological Setting
2.1. Geologic Background

The Qiongdongnan Basin is situated across the continental shelf and slope regions, ad-
jacent to the Xisha Islands and the Zhongjiannan Basin to the south, the Shenhu Dark Sand
Uplift and the edge of the Yinggehai Basin to the west, and the Hainan Island Uplift to the
north [25,26]. The basin extends northeast in an overall direction of approximately NE60°. It
is recognized not only as a significant potential region for natural gas hydrates but also as a
crucial area for conventional oil and gas accumulation in China [27-29]. The structural char-
acteristics of the Qiongdongnan Basin are illustrated in Figure 1. As illustrated in Figure 2,
Due to their similar geological backgrounds and tectonic activities, the basin and the Pearl
River Mouth Basin exhibit significant similarities in Cenozoic stratigraphic sedimentation.
The basin has undergone continuous sedimentary processes, beginning with the Eocene
continental Lingtou Formation, followed by the Lower Oligocene transitional Yacheng
Formation and the Upper Oligocene shallow marine Lingshui Formation [30]. During the
Neogene depression phase, the basin experienced continuous sedimentation variations
from shore shallow marine facies to deep sea facies, with an increasing depth of seawater.
The sedimentary sequence from this period include the Lower Miocene Sanya Formation,
the Middle Miocene Meishan Formation, the Upper Miocene Huangliu Formation, and the
Pliocene Yinggehai Formation [31].

T
110°E
F20°N Hainan Island 50km £

. . Shenhu Uplift el
Lingshuj, henhu Upli ;

(I — 1 [

Research Region Qiongdongnan Basin Uplift Low Uplift Sag

Figure 1. (a) The location of the Qiongdongnan basin in the south China Sea; (b) the tectonic units
and location of the research area in the Qiongdongnan basin [32].
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Figure 2. Schematic stratigraphic column of the Qingdongnan Basin [33].

The hydrate test area in the Qiongdongnan sea region is situated in the southeastern
part of Hainan Island, on the northern slope of the South China Sea, and to the northwest
of the Xisha Islands. This region is situated within the Qiongdongnan Basin, character-
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ized by water depths ranging from 300 m to 2600 m, covering an approximate area of
3.28 x 108 km?. The study area is positioned within the Songnan low uplift of the Qiong-
dongnan Basin, located approximately 646 km from Guangzhou and 177 km from Sanya,
Hainan Province. The seabed exhibits a relatively flat profile, with water depths varying
between 1600 and 1830 m, gradually increasing from west to east. The overall topography
is elevated in the west and distribution towards the east, featuring a gentle slope (Figure 3).

seabed depth
~1750m

-1850m

-1950m

Figure 3. An overview of the seabed topographical features present in the study area.

Within this region, well W07 has demonstrated the presence of a sandstone hydrate
accumulation zone. Notably, both hydrate and natural gas are found within the same
sand layer, approximately 130 m beneath the seabed at well W07, which is character-
ized by the deposition of a natural river dike. The reservoir is situated in the Songnan
low uplift, adjacent to the hydrocarbon-rich sub-depression in the eastern region of the
Lingshui depression.

Previous studies have indicated that gas chimneys serve as primary conduits for fluid
migration, linking deep gas sources to shallow hydrate layers, with the C2 content in the gas
source reaching up to 20%. The gas chimney observed in the southeastern Qiongdongnan
Basin is indicative of the upward migration of deep, high-temperature, and high-pressure
fluids. This structure represents a novel type of geological structure primarily influenced
by fractures formed under tectonic stress. The Qiongdongnan Basin exhibits favorable
regional geological conditions for the formation of natural gas hydrates.

2.2. Distribution of Three-Phase Coexistence Zone

The study area contains a three-phase zone situated between a hydrate reservoir
and a natural gas reservoir. The water depth in this region varies from 1745 to 1788 m.
The depth of the simulated bottom simulated reflection (BSR) is observed to range from
1874 m to 1918 m, which corresponds to a depth of 97.5 m (mbsf) to 147.5 m (mbsf) below
the seafloor. An analysis of the BSR indicates the presence of faults [34]. These faults
extend approximately for 2.7 km, and in conjunction with the extinction lines, they create a
geological trap with an estimated area of about 1.9 k? [35] (Figure 4).
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Figure 4. (a) Distribution map of bottom simulating reflection (BSR) for W11-17 deposit; (b) amplitude
attribute map within the study area [17].

3. Material and Methods
3.1. Data

The seismic data utilized in this study was collected by the China National Offshore Oil
Corporation (CNOOC) in 2017. This dataset includes offshore 3D seismic data, as well as
extensive information gathered using Schlumberger’s SonicScope and proVISIONN (Hous-
ton, TX, USA) while drilling logging tools. The data encompass gamma measurements,
wellbore diameter, resistivity, high-definition resistivity images, various micro-detection
data, density, longitudinal wave time differences, transverse wave time differences, T2
spectrum, and pore structure. A comprehensive evaluation was conducted.

3.2. Method
3.2.1. Logging Interpretation

By utilizing MicoScopeHD resistivity imaging for dip angle extraction, ELAN analysis,
and acoustic longitudinal wave time difference extraction, we can determine the forma-
tion dip angle, as well as the development of fractures and micro faults. Conventional
calculations of hydrate saturation and permeability are then performed. Following this, we
extract acoustic and transverse wave time differences, conduct element energy spectrum
extraction and Sigma processing, and analyze nuclear magnetic data to assess porosity and
permeability. An accurate analysis of the ELAN lithology model is based on the element
capture energy spectrum, and hydrate saturation is calculated using a combination of
density and nuclear magnetic data. This approach not only allows for the identification of
the mineral category and dry weight of the formation but also enables precise calculations
of hydrate saturation and permeability, thereby enhancing the accuracy of the results.

3.2.2. Seismic Interpretation and Inversion

This study utilized the Geoframe software (2012) to interpret three-dimensional seismic
data. Based on the characteristic that the top interface of hydrates produces a positive
reflection while the top interface of gas layers generates a negative reflection, the top and
bottom interfaces of two sets of sand layers and faults within the ore body were identified.
By employing post-stack impedance and pre-stack AVO inversion, the distribution range
of hydrates and free gases was clearly delineated.

3.2.3. Geologic Modeling

The geological characteristics of the seabed within the study area are as follows: in
this region, only two wells, identified as W2 and W4, exhibit features that suggest the
presence of a three-phase zone. In order to enhance the accuracy of the model representing
the three-phase coexistence zone, this study employed a deterministic modeling approach
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that integrates the dense sampling characteristics of seismic and well data in both vertical
and horizontal dimensions.

(1) The logging data from wells W1 to W9 have been subjected to correction processes.
A band-pass filtering technique has been applied to reduce errors in the logging
data, followed by environmental corrections. In sections lacking a density curve, a
phase-controlled density prediction method has been utilized to estimate the density
curve for subsequent calibration with seismic data [36].

(2) A deep time conversion of the logging data has been executed, wherein non-equidistant
logging data in the time domain have been interpolated to generate an equidistant
curve. Following this resampling, a time sampling reflection coefficient sequence that
corresponds with the seismic data has been derived.

(3) A sand body distribution model has been developed through geostatistical methods,
integrating lithological data derived from well information and seismic inversion.

(4) The morphological plane model of the three-phase coexistence zone has been estab-
lished within the study area. Section interpretation has been employed to mitigate the
influence of intricate geological conditions on model accuracy. A total of 105 sections
have been examined throughout the three-phase zone, leading to the development of
porosity and saturation models for hydrate and free gas.

4. Results
4.1. Well-Seismic Interpretation and Calibration of Three-Phase Coexistence Zone

In the reservoir evaluation map for well W2, the analyzed interval spans from 1899.1 to
1902.3 m. Within this interval, there is an observed increase in resistivity, a decrease in
P-wave transit time, a significant reduction in nuclear magnetic porosity, a decline in
neutron measurements, a slight decrease in density, an inversion in neutron density, and
a reduction in sigma gamma values. Based on a comprehensive analysis, it is concluded
that this layer represents a zone of coexisting hydrate and gas. The thickness of this layer
is measured at 3.2 m, with an average effective porosity of 43.7%. The average hydrate
saturation, as determined by the resistivity method, is calculated to be 54.6%, while the gas
saturation is estimated at 16.0% (Figure 5a).

The detailed reservoir evaluation of the W4 well indicates that within the depth
range of 1919.5 to 1924.3 m, there is an observed increase in resistivity, a slight decrease in
nuclear magnetic resonance, a reduction in neutron measurements, and a minor increase in
density. This comprehensive analysis suggests the presence of a layer characterized by the
coexistence of hydrates and gas, with a total thickness of 4.8 m and an average effective
porosity of 44.8%. Furthermore, the average saturation of hydrates and gas, as determined
by the resistivity method, is calculated to be 72.5%, while the average permeability is
assessed at 161.7 millidarcies (mD) (Figure 5b).

At present, the research domain in this area encompasses nine drilling wells. The
results obtained from wave impedance inversion employing a traditional hard constraint
are illustrated in Figure 6a [37].

As depicted in Figure 6b, the inversion results delineate a distinct three-phase coexis-
tence zone of hydrates situated on the plane that demarcates hydrates from the associated
gas. The hydrate layer manifests as a ring, positioned at the periphery of the associated gas.
The yellow color denotes moderate hydrate saturation, whereas red indicates high hydrate
saturation. In Region 1, the impedance slice transitions from red to yellow, signifying a
decrease in hydrate quantity. Region 2 demonstrates a further reduction in impedance,
while Region 3 is characterized by low impedance. The three-phase coexistence zone is
located between curves 1 and 2, with its southwestern boundary being approximately
600 m wider than the eastern and northern boundaries, which are about 400 m narrower.
Within the three-phase zone, hydrates are arranged in a wedge-like configuration, with gas
situated beneath and hydrates positioned above.
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Figure 5. Comprehensive evaluation diagram of logging reservoir. Diagram (a) shows well W2, and

diagram (b) shows well W4. Blue represents hydrate, red represents free gas, and yellow represents
the three-phase zone.

Figure 7 illustrates the average velocity measured on the plane at the upper interface of
the hydrate over a period of 15 milliseconds. The hydrate exhibits a pronounced high-value
anomaly, with the hydrate layer attaining a maximum thickness of approximately 10 m
and being relatively thin, predominantly concentrated in the southeastern and southern
regions. The western section of the hydrate layer is comparatively thinner. An analysis of
the lowest velocity over a 20 ms interval downward along the hydrate’s upper interface
reveals a low velocity anomaly, indicative of gas bearing anomalies. The fault appears to
exert a significant influence on the gas layer, characterized by a thicker lower wall and
a thinner hanging wall. The sand body exhibits a relatively uniform distribution of gas
layers, although a reduction in gas layer thickness is observed within the three-phase zone.
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Figure 6. (a) Three-phase coexistence zone hydrate impedance profiles; (b) three-phase coexistence
zone free gas impedance profiles; (c) 15 ms average wave impedance section above and below the
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Figure 7. (a) Hydrate layer velocity slicing; (b) Thickness distribution of hydrate layer; (c) Associated
gas layer velocity slicing; (d) Thickness distribution of associated gas layer.

4.2. Structure Model

A three-dimensional geological model of the three-phase coexistence zone was created.
The three-phase zone model contains nine wells, with an average spacing of approximately
1 km between them. The three-phase zone model is spatially distributed in an elliptical
shape oriented northeast-southwest, measuring about 4 km by 2.5 km (Figure 8a). The
vertical logging data spans roughly 100 m. A detailed seismic data interpretation reveals
six layers and one fault at the top and bottom interfaces of two sets of sand layers, as well
as the upper and lower hosting rock interfaces. Hydrate and free gas are primarily in
the first set of sand bodies. A significant fault trending east-west is present in the region
(Figure 8b). The fault model illustrates the spatial characteristics of fault distribution,
highlighting the displacement of strata and the variations among different fault blocks.
Following the outlined procedures, the fault shape was repeatedly adjusted and validated
to ensure it accurately reflects the actual conditions and effectively describes its distribution
characteristics in three-dimensional space.
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Figure 8. (a) Sand body planar structural features; (b) Sand body fault trend map.

4.3. Fine Interpretation

The sand body illustrated in Figure 8a primarily divides the strata into two minor
zones, designated as Sand1 and Sand2. The three-phase zone, predominantly situated
within the Sand1, exhibits an average thickness of approximately 8 m and is characterized
by a structural elevated at the center and decreasing towards the peripheries. Utilizing an
interactive interpretation approach that integrates both plane and section views, a total of
105 profiles are evaluated from left to right (Figures 9 and 10a) [38]. Four of these profiles
have been selected for in-depth discussion. The W2 and W4 wells, which are situated
within the three-phase zone, function as critical control points for this analysis. Each well
is linked to a corresponding profile that is interpreted in a unique manner (Figure 10b).

600 800 1000m '

Figure 9. Distribution of three-phase zones and well locations within the study area.
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Figure 10. Seismic profile characteristics and layer interpretation. (a) A-A’ seismic profile; (b) Seismic
profile of W2-W4 well; (c) Section 19; (d) Section 61; (e) Section 66; (f) Section 83.

Section 19 is oriented in a north-south direction, as illustrated in Figures 9 and
10c. This section exhibits five distinct layers of stratification within the three-phase zone,
which is further categorized into five separate layers. The central layer is defined by an
equal distribution model, with its lower boundary interfacing with free gas and its upper
boundary in contact with hydrates.

A manual analysis of Section 61 and Section 66, trending from southeast to northwest,
indicates that the front of this section displays a downward dip that is nearly parallel to the
upper layer of the three-phase zone, a phenomenon attributed to geological constraints
(Figure 10d,e).

Likewise, the upper boundary of Section 83, which trends from west to east, shows a
downward slope along its trajectory until it reaches the boundary of the section (Figure 10f).

The internal strata of the three-phase coexistence zone are categorized into five discrete
sublayers, arranged vertically from the base to the apex [25]. Figure 9 provides a detailed
representation of the structural configuration of these sublayers within the three-phase
zone. It is noteworthy that within these sublayers, there is a progressive increase in hydrate
saturation from the lower to the upper sections (Figure 11a—c), whereas free gas saturation
demonstrates a concomitant decrease (Figure 11d—f).
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4.4. Attribute Model

To construct models of porosity and saturation, as illustrated in Figure 12, it is essential
to utilize variogram analysis based on well data. This process requires the careful selection
of suitable parameters for range and azimuth, in addition to integrating seismic calibration
results as a supplementary constraint.

Porosity[m3/m3 Hydrate saturation Gas saturation

Figure 12. (a) Porosity model; (b) hydrate saturation model; (c) free gas saturation model.

The porosity model indicates that the spatial distribution of free gas within the study
area is more limited compared to that of hydrate. Notably, there is an increase in porosity
values in the upper section of Sand1, which may be attributed to the mass transport deposit
(MTD) situated above Sandl, as illustrated in Figure 13a. In contrast, the porosity values
within Sand1 exhibit relative uniformity, as depicted in the corresponding well profile in
Figure 13a.

The hydrate saturation model reveals that areas of elevated hydrate saturation are
predominantly located outside the three-phase zone, forming a “C” shaped distribution,
as demonstrated in Figure 12b. The free gas saturation model indicates that the free gas
present in the three-phase coexistence zone is characterized by high saturation levels, with
a significant concentration of free gas found in the central region of the study area, as
shown in Figure 12c. The A-A well profile presented in Figure 12¢ indicates that well 07
exhibits the highest free gas saturation, which may be correlated with its location at the
center of the gas chimney.
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Figure 13. (a) Porosity model A-A’ connected well profile; (b) hydrate saturation model A-A’
connected well profile; (c) free gas saturation model A-A’ connected well profile.

5. Discussion
5.1. Error Analysis

The structural model is constructed using a methodology based on the corner grid system.
This approach considers the spatial distribution of wells within the study area, the trends in
geological structures, and the specific requirements associated with oilfield development. To
improve the quality of the planar grid, a resolution of 10 m x 10 m is employed, with trend
lines integrated as needed. In terms of vertical mesh generation, an average mesh accuracy of
0.5 m is attained, culminating in the creation of a total of 35,000 meshes.

5.1.1. Verification of Distribution Patterns

The three-dimensional distribution of hydrate demonstrates a notable alignment
with the trends identified in wave impedance data. Specifically, the hydrate thickness
is approximately 8 m in the western region, 5 m in the central region, and 3 m in the
eastern region. Figure 14b depicts the three-dimensional structure of a minor layer within
the three-phase zone, while Figure 14c,d provide three-dimensional structural maps from
various perspectives within the three-phase coexistence zone of the study area.

5.1.2. Verification of Spatial Distribution of Parameters

Due to the limited number of control well points intersecting the three-phase zone
in the hydrate study area, some discrepancies were observed in the distribution of model
data, coarsening data, and original data. Nevertheless, the model effectively captures the
regions of high porosity and high saturation, as evidenced by the seismic profile, indicating
the general credibility of the model.

In comparing the models generated through three distinct modeling methodologies,
values within the same model were selected for analysis. The comparison revealed that
the saturation data derived from the deterministic complex morphological geological
modeling method aligns closely with the variation range of the well data. In contrast, the
porosity values obtained through Kriging interpolation and sequential Gaussian modeling
exhibited more significant fluctuations. Figure 15. This analysis demonstrates that the
three-dimensional multiscale model developed via deterministic complex morphological
geological modeling is largely congruent with the prevailing geological understanding and
actual logging data. Furthermore, the results substantiate the superiority of hierarchical
modeling over models derived solely from a singular modeling approach.
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Figure 14. Comparison of hydrate forms. (a) Wave impedance slice map of the study area; (b) three-
phase coexistence zone model small layer structure diagram; (c) top view of 3D model of three-phase
coexistence area; (d) bottom view of 3D model of three-phase coexistence area.
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saturation probability distribution established by 3 modeling methods; (c) comparison of porosity data
established by 3 modeling methods; (d) histograms of porosity probability distribution established
by 3 modeling methods.
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5.2. Geological Implications

The detailed depiction of the internal morphology and resource distribution patterns
of the ore body provides a solid foundation for future production and development ac-
tivities, such as the construction and advancement of horizontal wells. This modeling
study has further clarified the reservoir formation pattern in the QDN area. Unlike the
vertical distribution of hydrates and free gas observed in the Shenhu research area of the
South China Sea, the hydrates and free gas in the QDN basin are distributed horizontally.
As deep gas sources rise to high-permeability sand layers, the lateral migration speed
increases, causing the free gas to gradually transform into hydrates as the pressure and
temperature change. There is a three-phase coexistence zone of free gas and water between
the two phases.

6. Conclusions

This article presents a high-precision model of three-phase coexistence zones by
integrating detailed earthquake interpretation, deterministic complex shape modeling, and
multiple data fusion techniques. Compared to previous studies, this approach has achieved
significant advancements in data processing, spatial modeling, and result verification,
offering new insights and methodologies for future hydrate development research. The
geological modeling technique for three-phase coexistence zones proposed in this study
demonstrates notable improvements and innovations over existing research. Unlike earlier
studies that primarily concentrated on single-phase modeling—such as individual natural
gas hydrates or free gas layers—the deterministic complex landform modeling method
employed in this paper more accurately captures the spatial morphology of three-phase
coexistence zones. This modeling framework not only synthesizes seismic and logging data
but also incorporates detailed seismic interpretation and statistical geological methods,
thereby addressing the limitations of traditional approaches in modeling complex three-
phase systems.
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Abstract: The Dongsha area, a key region in the northern South China Sea (SCS), features both
diffusive deep and seepage shallow gas hydrate reservoirs. Utilizing sediment samples from gas
hydrate reservoirs and adjacent layers at sites W08 and W16 in the Dongsha area, this study aims
to uncover the sediment property differences between deep and shallow gas hydrate reservoirs
and their impact on gas hydrate accumulation through grain size, X-ray diffraction, and specific
surface area (SSA) analyses. The findings classify the study intervals into four distinct layers: shallow
non-gas hydrate layer (shallow-NGHL), shallow gas hydrate reservoir (shallow-GHR), deep non-gas
hydrate layer (deep-NGHL), and deep gas hydrate reservoir (deep-GHR). In the clayey silt sediment
reservoirs, grain size has a minor influence on gas hydrate reservoirs. Both shallow and deep NGHLs,
characterized by high smectite content and SSA, possess a complex structure that impedes gas and
fluid migration and offers limited potential reservoir space. Consequently, both shallow and deep
NGHLs function as sealing beds. The deep GHR, having low smectite content and SSA, exhibits a
strong capacity for gas and fluid migration and greater potential reservoir space. As a result, sediment
properties significantly influence the deep GHR. Seepage primarily controls the shallow GHR.

Keywords: gas hydrate; accumulation mechanism; gas hydrate reservoir; sediment properties;
Dongsha area

1. Introduction

Gas hydrates are increasingly recognized as a promising clean energy alternative to
traditional fossil fuels, due to their abundant reserves and high thermal efficiency [1-3].
Meanwhile, the environmental impacts and geohazards resulting from gas hydrate decom-
position are increasingly the focus of research [4-7]. Gas hydrate reservoirs are located
globally in permafrost and marine sediments, including the Malik in Canada [8], the
Qilian Mountains in western China [9], the Alaminos Canyon [10], the Cascadia subduc-
tion zone [11], the Hikurangi Margin of New Zealand [12], the northern South China Sea
(SCS) [13], the Nankai Trough [14], the Ulleung Basin [15], and the Krishna-Godavari
Basin [16]. Most gas hydrates globally are found in seafloor sediments. However, the
northern SCS’s gas hydrates are found in clayey silt, a sediment significantly finer than
the well-studied sandy gas hydrate reservoirs [13,17,18]. Most of offshore gas hydrates are
located in fine-grained sediments [10,19]. Successful trial productions in the northern SCS
during 2017 and 2020 demonstrated the feasibility of recovering and utilizing gas hydrate
resources in fine-grained sediments [13,20,21]. Nevertheless, further research is required
on the theory of gas hydrate accumulation in fine-grained sediment reservoirs.
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The Dongsha area is a critical zone for gas hydrate exploration in the northern SCS.
Geophysical techniques, including seismic and logging data analysis, have characterized
gas hydrate reservoirs in the Dongsha area [22-25]. Several studies have synthesized
diverse gas hydrate accumulation models on a macroscale [25-28]. In the Dongsha area,
there are two types of gas hydrate reservoirs: deep (below approximately 60 m below the
seafloor [mbsf]) and shallow (within approximately 25 mbsf). High-flux methane seepage
predominantly influences shallow reservoirs, while low-flux methane diffusion primarily
governs deep reservoirs [26]. At the macroscale, methane flux and migration pathways,
including fractures and gas chimneys, dictate gas hydrate accumulation. However, the de-
terminants and mechanisms behind gas hydrate accumulation at the microscale, especially
in fine-grained reservoirs, are still not well understood. Prior research has demonstrated
that sediment properties influence gas hydrate accumulation. Generally, an increase in
coarse-grained components within sediments positively impacts gas hydrate accumula-
tion [3,14,29-31]. However, research in the Shenhu area of the northern SCS revealed that
sediment properties” influence on gas hydrates in fine-grained sediment reservoirs differs
from their impact in sandy gas hydrate reservoirs. The controlling effect of grain size on
gas hydrate accumulation is weaker than that of sedimentary processes or mineral compo-
sition [32,33]. The Dongsha area, proximate to the Shenhu region, exhibits a more complex
gas hydrate occurrence compared with Shenhu [28]. Numerous studies have focused on
the gas resources [34], distribution of gas hydrate reservoirs [17,24,35], and morphology
of gas hydrates in the Dongsha area [17]. In the Dongsha area, the canyon sedimentary
system and sediment waves play a crucial role in controlling gas hydrate accumulation on a
macro scale [23,36]. Analysis of geophysical and geochemical data reveals that the process
of gas hydrate accumulation in the Dongsha area is complex, involving multiple stages of
formation and decomposition [25,37]. Consequently, sediment properties potentially exert
significant influence on gas hydrate accumulation. However, detailed studies on the impact
of sediment properties on gas hydrate control in the Dongsha area are scarce, and the
variations in sediment properties between deep and shallow gas hydrate reservoirs have
not been documented. Identifying potential differences in sediment properties between
deep and shallow gas hydrate reservoirs, along with understanding the control mecha-
nisms of sediment properties on gas hydrate accumulation, could be crucial for refining the
microscale gas hydrate accumulation model.

In 2013, the Guangzhou Marine Geological Survey’s second gas hydrate expedition
(GMGS-2) began in the Dongsha area, leading to the discovery of high-quality gas hydrate
layers at multiple locations [17,33,35]. During GMGS-2, cores were collected from the
gas hydrate reservoir and adjacent sediment layers across multiple sites. The collected
cores spanned both deep and shallow gas hydrate reservoirs in the Dongsha area [17].
Analyzing sediment properties differences, such as grain size, mineral composition, and
biological content, between deep and shallow gas hydrate reservoirs, we identified key
factors influencing gas hydrate enrichment and clarified the unique accumulation patterns
of deep and shallow gas hydrates at the microscale.

2. Geological Setting

The SCS is one of the largest marginal seas in the western Pacific Ocean. Located
in a transitional zone, the northern slope of the SCS connects quasi-passive and active
continental margins [2]. This region features a complex geological structure, containing
several large and medium-sized Cenozoic sedimentary basins with deposition thicknesses
over 10,000 m [23]. In the northern SCS, sedimentation rates for late Pleistocene and
Holocene strata range from 17.9 to 19.6 cm/ka and 9.6 to 14.6 cm/Kka, respectively, at water
depths of 200 to 3400 m and temperatures of 2 to 5 °C [23]. The rapid deposition rates,
combined with favorable temperature and pressure conditions, promote the formation of
gas hydrates [35].

The Dongsha area is in the eastern part of the Pearl River Mouth Basin, mainly located
near the central uplift area of the Taixinan Basin, where the water depth gradually increases
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from 600 m to more than 2100 m (Figure 1a). The seabed topography of the GMGS?2 in the
Dongsha area is complex, with extensive occurrences of submarine ridges, canyons, and
landslides. Faults and diapirs in the Dongsha area are highly active and can be divided
into three types: inherent faults, minor normal faults that appear in the upper part of
large gas chimneys, and strike—slip faults in deep water [35]. Gas chimneys have been
widely observed in the Dongsha area, particularly on submarine ridges [17,23,24,35]. Faults

and gas chimneys are important channels for upward fluid migration in the Dongsha
area [17,23,25].
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Figure 1. Geological map of the study area: (a) depicts the geological and water depth of the northern
slope of the SCS (modified by [38]); (b) shows an enlarged view of the black box in (a), highlighting
the GMGS?2 drilling area (modified by [17]).
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Logging data were obtained from 13 GMGS2 sites, with 8 indicating gas hydrate pres-
ence. Gas hydrate samples were collected through coring at sites W05, W07, W08, W09, and
W16 (Figure 1b) [24,35]. In the Dongsha area, gas hydrates predominantly appear in mas-
sive, layered, vein-like, tubercular, and dispersed forms [17,23]. Gas hydrates in the study
area were found in both deep (below ~60 mbsf) and shallow (within ~25 mbsf) reservoirs.
The study area exhibited both dispersed and leaked gas hydrates. The gas hydrate-bearing
layer reaches a maximum thickness of 32 m, with saturation levels exceeding 50% [17,35].
Sites W08 and W16 featured both deep and shallow gas hydrate reservoirs, in contrast with
other sites in the study area, which had only one reservoir type [17]. Consequently, this
study focused on sites W08 and W16 as key sites (Figure 1b).

3. Materials and Methods
3.1. Sites and Samples

The water depths at sites W08 and W16 were 801 m and 871 m, respectively. At
site W08, shallow gas hydrates appeared 8-24 mbsf, mainly exhibiting massive, layered,
vein-like, and tubercular forms. Deep gas hydrates appeared at 61-95 mbsf and were
mainly massive (Figure 2a). Furthermore, some authigenic carbonate minerals have been
found near the seabed and in the ~60 mbsf sediment layers [17]. At site W16, shallow
gas hydrates appeared at 10-24 mbsf and mainly exhibited a tubercular form. Deep gas
hydrates appeared at 182-206 mbsf and mainly exhibited dispersed and vein-like forms
(Figure 2b) [17,38].
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Figure 2. Column of sites W08 (a) and W16 (b). Due to the data limitations, gas hydrate saturation
between 22 and 186 mbsf in site W16 are not obtained in this study. The left column displays the
LWD resistivity values, represented by black curves. The middle columns represent lithology, plotted
according to the fractions of sand, silt, and clay in the sediments. The right columns show GH (gas
hydrate) saturation levels calculated using chlorinity (light purple triangles), pressure core (pink
squares), and LWD resistivity values (red curves). The ‘Interval & Sample’ column indicates the
study units and their respective sampling depths, marked by black arrows.
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To delineate the differences more accurately between gas hydrate reservoirs and non-
gas hydrate layers, this study extensively sampled sediments from both the hydrate-bearing
layers and the adjacent non-hydrate layers. In the present study, 10 and 27 samples were
collected from sites W08 and W16, respectively (Table 1 and Figure 2). A total of 37 samples
were used for grain-size measurements, X-ray diffraction (XRD), and specific surface area
(SSA) tests.

Table 1. The sample list of sites W08 and W16.

No. Site Sample Depth (mbsf) No. Site Sample Depth (mbsf)
1 W08-1 44 20 W16-10 46.35
2 W08-2 45 21 W16-11 60.7
3 W08-3 5 22 W16-12 783
4 W08-4 8 23 W16-13 86.1
5 WO08-5 182 24 W16-14 95.5
6 wos W08-6 205 25 W16-15 99
7 WO08-7 234 26 W16-16 109.3
8 WO08-8 61.6 27 W16-17 1337
9 W08-9 85.7 28 W16-18 146.35
10 W08-10 93.7 29 Wi W16-19 148
1 Wi16-1 7.75 30 W16-20 155.3
12 W16-2 9.35 31 Wi6-21 160.5
13 W16-3 1.8 32 W16-22 165.35
14 W16-4 12.85 33 W16-23 1795
15 W16 W16-5 16 34 W16-24 181.65
16 W16-6 17.35 35 W16-25 193.35
17 W16-7 25 36 W16-26 193.41
18 W16-8 27 37 W16-27 205.3
19 W16-9 03

3.2. Grain-Size Measurements

Grain-size measurement methods followed the protocols outlined by [33,39]. A total
of 37 samples were evenly divided into two groups for grain-size analysis. Each group
underwent a distinct preprocessing method: either A-type or B-type. In the A-type prepro-
cessing method, approximately 1 g of sediment was weighed and exposed to 10 mL of 15%
hydrogen peroxide (H,O;) for 24 h to eliminate organic matter. Subsequently, 10 mL of 20%
hydrochloric acid (HCI) was added for another 24 h to remove inorganic carbon. The sam-
ple was then treated with 10 mL of 2-M sodium carbonate (Na;CO3) in a hot bath at 85 °C
for 5 h to dissolve biological opal. Afterward, the sample was rinsed thrice with distilled
water to eliminate residual Na,COj. Following the removal of the supernatant, 10 mL of
5.1% sodium hexametaphosphate (NasP,O7 10H,0) was introduced as a dispersing agent
before conducting the grain-size analysis. Conversely, the B-type preprocessing method
retains all components within the sample. Therefore, it involves only the final step of the
A-type method, which is the addition of 10 mL of 5.1% NasP,O; 10H;O. Grain-size data
derived from various preprocessing methods possess distinct geological implications [33].
The A-type preprocessing method, which removes organic matter, inorganic carbon, and
biological opal, allows the grain-size data to reflect the hydrodynamic conditions more
accurately during deposition. This is because biological components and organic matter
primarily originate from the sedimentation and transformation of organisms’ post-mortem,
rather than from hydrodynamic transport [18,33,40]. However, the B-type preprocessing
method, which preserves all components within the sample, enables the grain-size data to
represent the conditions conducive more effectively to gas hydrate formation.

After preprocessing, grain sizes were measured using a Marvin Mastersizer 3000 laser
diffraction particle size analyzer. The calculation of sorting, kurtosis, and skewness was
performed using the McManus method [41]. The analysis was conducted at the Beijing
International Center for Gas Hydrates, Peking University, and the Key Laboratory of
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Polar Geology and Marine Mineral Resources, Ministry of Education, China University of
Geosciences (Beijing).

3.3. X-ray Diffraction

XRD data for both whole rock and clay fractions were obtained using a D8 Advance
instrument (Bruker Corp., Karlsruhe, Germany). The XRD analysis was performed in
accordance with the methodologies below.

Sediment samples, with a dry weight exceeding 5 g, were dried at 45 °C for 24 h
in a drying cabinet prior to analysis. For clay-size fraction XRD analysis, samples were
ground to 200 mesh and both organic and calcareous components were removed. Fractions
smaller than 2 um were separated using centrifugation, in accordance with Stock’s Law.
Subsequently, the clay component was combined with pure water to prepare aliquots for
air-drying and ethylene glycol treatment prior to measurement [42,43]. The diffractometer,
operating with a Cu K-alpha radiation source (A = 0.154 nm) at 40 kV and 30 mA, was
utilized. Scanning was conducted at a rate of 2° per minute over a range of 3° to 65°.
Quantification of the results was achieved using Rockquan 2016 and ClayQuan 2016
software. The XRD analysis was carried out at the Micro Structure Analytical Laboratory,
Peking University.

3.4. Specific Surface Area

SSA measurements were conducted with Quadrasorb EVO and Quantachrome Nova
Station. The SSA was determined according to the method described by [33], utilizing the
Brunauer-Emmet-Teller (BET) equation [44] for calculation. The SSA analysis was per-
formed at the Institute of Analysis and Testing, Beijing Academy of Science and Technology.

4. Results
4.1. Lithology

The lithologies of sites W08 and W16 are the same, dominated by clayey silt (Figure 2).
The grain-size data showed that the sand fraction in the 10 sediment samples from site
W08 ranged from 0.11 to 9.60%, with an average of 2.30%. The silt fraction ranged from
63.75 to 73.18%, averaging 68.80%. The clay fraction ranged from 24.81 to 32.77%, averaging
28.90%. The grain-size data showed that the sand fraction in the 27 sediment samples
from site W16 ranged from 0 to 2.71%, with an average of 0.95%. The silt fraction ranged
from 65.36 to 73.79%, averaging 69.26%. The clay fraction ranged from 35.30 to 34.22%,
averaging 29.80%.

4.2. Vertical Distribution of Gas Hydrate

According to previous research and cruise reports, the gas hydrate saturation of shal-
low and deep reservoirs at site W08 is estimated to be 10-14% and up to 33%, respectively,
by the degassing of the pressure core (Figure 2a) [17]. Logging-while-drilling (LWD) data
showed that the gas hydrate saturations of shallow and deep reservoirs at site W16 are
~42% and up to 50%, respectively (Figure 2b) [17,45].

4.3. Grain-Size Parameters
4.3.1. A-Type Preprocessing Method

Grain-size analysis using the A-type preprocessing method revealed that the median
particle size of the 10 sediment samples from site W08 varied between 6.55 and 7.19 ®
(10.67 and 6.85 pm), averaging 6.84 ® (8.73 pm). Sediment sorting values ranged from
1.22 to 1.48, with a mean of 1.37. Kurtosis values for the sediments spanned from 0.03 to
0.17, averaging 0.06. Sediment skewness varied from 0.92 to 1.17, with an average value of
1.02 (Figure 3a).
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Figure 3. Column of grain-size parameters (median grain size, sorting, kurtosis, and skewness) of
sites W08 (a) and W16 (b). Red triangles and dashed lines represent grain-size parameters from
A-type preprocessing method samples and their vertical trends. Blue “X” marks and dashed lines
indicate grain-size parameters from B-type preprocessing method samples and their vertical trends.

Analysis using the A-type preprocessing method indicated that the median particle
size of the 27 sediment samples from site W16 ranged from 6.45 to 7.37 & (11.44 and
6.05 pm), with an average of 6.97 ® (7.98 um). Sorting values for the sediments ranged
from 1.30 to 1.59, with a mean of 1.43. Kurtosis of the sediments was between —0.04 and
0.18, averaging 0.06. Skewness for the sediments was in the range of 0.93 to 1.13, with an
average value of 1.02 (Figure 3b).

4.3.2. B-Type Preprocessing Method

Grain-size analysis, utilizing the B-type preprocessing method, revealed that the
median particle size of the 10 sediment samples from site W08 varied between 6.57 and
7.25 @ (10.53 and 6.57 um), averaging 6.99 ® (7.87 um). Sediment sorting values ranged
from 1.47 to 1.99, with a mean of 1.63. Kurtosis values for the sediments spanned from
—0.05 to 0.15, averaging 0.05. Sediment skewness varied between 0.94 and 1.09, with an
average value of 1.02 (Figure 3a).

Analysis of grain size, conducted with the B-type preprocessing method, indicated
that the median particle size for the 27 sediment samples from site W16 was between
6.87 and 7.37 @ (8.55 and 6.05 um), with an average of 7.09 @ (7.34 um). Sorting values for
the sediments were between 1.40 and 1.70, with a mean of 1.56. Kurtosis for the sediments
ranged from —0.01 to 0.11, averaging 0.07. Skewness of the sediments varied from 0.97 to
1.09, with an average value of 1.02 (Figure 3b).
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4.4. Mineral Components

Whole-rock XRD analysis of the 37 samples from sites W08 and W16 revealed a
predominance of quartz, feldspar, carbonates, and clay minerals, complemented by minor
amounts of pyrite and gypsum (Figure 4). Quartz content in the 10 samples from site W08
varied between 23% and 41%, averaging 36.6%. Feldspar content ranged from 12% to 20%,
with an average of 15.8%. Carbonate content ranged from 6% to 40%, averaging 11.5%.
Clay mineral content varied from 20% to 36%, with an average of 31.7% (Figure 4a). In
the 27 samples from site W16, quartz content ranged from 3% to 42%, averaging 37.8%.
Feldspar content in these samples ranged from 15% to 22%, with an average of 16.8%.
Carbonate content in these samples varied from 9% to 13%, averaging 10.5%. Clay mineral
content in these samples ranged from 28% to 38%, with an average of 32.7% (Figure 4b).
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Figure 4. Column of whole rock minerals components and SSA from sites W08 (a) and W16 (b). Black
lines show the proportions of minerals (quartz, feldspar, carbonate, or clay) in the whole rock,
alongside SSA values.

XRD analysis of the clay fraction revealed that the 37 samples from sites W08 and
W16 predominantly contained smectite, illite, kaolinite, and chlorite (Figure 5). In the
10 samples from site W08, smectite content varied between 29% and 42%, averaging 36.5%.
Illite content ranged from 48% to 54%, with a mean of 50.7%. Kaolinite content was between
4% and 6%, with an average of 5.1%. Kaolinite content was between 4% and 6%, with an
average of 5.1%. For the 27 samples from site W16, smectite content ranged between 32%
and 46%, with an average of 39.5%. Illite content in these samples ranged from 47% to 54%,
with an average of 48.9%. Kaolinite content varied between 3% and 7%, averaging 4.8%.
Chlorite content was found to be between 4% and 11%, with an average of 6.8% (Figure 5b).
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the percentages of clay minerals (smectite, illite, kaolinite, chlorite) in the total clay mineral content.
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4.5. Specific Surface Area

Clay mineral content in these samples ranged from 28% to 38%, with an average of
32.7% (Figure 4b). The SSA of the 10 samples collected from site W08 varied between
6.94 and 18.82 m? /g, averaging 15.23 m?/g. The SSA of the 27 samples from site W16
ranged from 14.89 to 20.44 m? /g, with a mean value of 17.61 m?/g.

5. Discussion
5.1. Characteristics of Deep and Shallow Gas Hydrate Reservoirs

Gas hydrate enrichment levels are commonly assessed through resistivity logs, Cl-
anomalies in pore water, and pressure core degassing [33,46—48]. Resistivity logs serve
as the most straightforward and reliable indicators for identifying gas hydrate-rich lay-
ers, which typically exhibit high resistivity values [46,48,49]. At site W08, the intervals
between 0-8 and 24-61 mbsf displayed low resistivity values, indicating an absence of gas
hydrates during drilling [17]. Significant increases in resistivity were observed at 824 and
61-95 mbsf at site W08, accompanied by CI™ anomalies in pore water and degassing in
pressure core samples, suggesting gas hydrate presence in these intervals (Figure 2a) [35].
The distribution patterns of gas hydrates at site W16 mirror those observed at site WO08. At
site W16, intervals of 0-10 mbsf and 24-182 mbsf exhibited low resistivity without any gas
hydrate detection. Significant increases in resistivity at 10-24 and 182-206 mbsf at site W16
were noted, with gas hydrates identified during drilling operations (Figure 2b) [17,35].

Previous studies have found that gas hydrates in shallow layers mostly fill fractures
in [17]. Generally, the seepage of high-flux methane controls the gas hydrate in shallow
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layers, and the fluid migration channel is mainly a fault or gas chimney. The gas sources
are the decomposition of gas hydrates in deep layers and the direct upward seepage of
deep biological and thermal gases [28]. The gas hydrates in the deep layers were mainly
dispersed and in some massive forms. Dispersed gas hydrates are formed under the
control of low-flux methane diffusion [17]. Research in the Shenhu area in the northern
SCS indicates that massive gas hydrates in the deep layer may also be formed by low-flux
methane diffusion [33,50]. Therefore, the research intervals of sites W08 and W16 can be
categorized into four units: shallow and deep non-gas hydrate layers (shallow-NGHL and
deep-NGHL) and shallow and deep gas hydrate reservoirs (shallow-GHR and deep-GHR)
(Table 2 and Figure 2). The shallow and deep GHRs were controlled by seepage and
diffusion, respectively, and the gas hydrate saturation of the deep GHRs was higher than
that of the shallow GHRs (Figure 2).

Table 2. Classification of the study intervals at sites W08 and W1eé.

Intervals Site Depth Range (mbsf) Maximum Gas Hydrate Saturation (%) *
Shallow non-gas hydrate layers (NGHL) x(l)g 00:180 -
Shallow gas hydrate reservoirs (GHR) w?z 180:2;4 }éjﬁ
Deep non-gas hydrate layers (NGHL) “;vvgg 2%14:16812 -
Deep gas hydrate reservoirs (GHR) VWV(l)z 12;:3(5) 6 ggz;z

* The data of gas hydrate saturation were obtained from [17,35].

5.2. Influence of the Lithology and Sedimentary Process

The grain-size data obtained through the B-type preprocessing method reflect the
sediments’ original geometric parameters during gas hydrate accumulation [33]. These
data facilitate the lithological analysis of the study intervals at sites W08 and W16.

In the study interval, the sediments mainly consisted of clayey silt. There were
no differences in lithology between the different units (Figure 6). The silt fraction was
dominant, followed by the clay fraction. The sand fraction was rare (Figure 7). The
differences in sand, silt, and clay fractions among the different units in the study intervals
were not significant (Figure 7). The average sand fraction in the deep GHR was slightly
higher, which was caused by the abnormally high sandy components in some samples.
According to [17,51], there were many bioclasts at ~90 mbsf at site W08 and the grain size
of these bioclasts is generally large, causing an increase in the sandy fraction.

The absence of lithological differentiation suggests that the sedimentary processes
within the study intervals were likely straightforward and stable. Grain-size data, obtained
through the A-type preprocessing method, are utilized to characterize sedimentary pro-
cesses. The A-type preprocessing method eliminates organic matter, inorganic carbon,
and biogenic opal. Minerals in the sediments, post-preprocessing and excluding some
authigenic minerals, are transported and deposited through sedimentary processes. The
grain size of these minerals aids in reconstructing the sedimentary processes [18,39,52].

There was a significant positive correlation between the median grain size and silt
fraction, which indicated that the silt fraction was the primary particle size of the sediments
transported during the sedimentary process (Figure 8a). The median grain size did not
correlate with the sorting, skewness, or kurtosis (Figure 8b—d). There were no differences
between the units in the study intervals, suggesting that the differences in sedimentary
processes between the different units were very weak (Figure 8b—d).
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As depicted in Figure 9, sediment data distribution within the study intervals aligns
with the C-M baseline, suggesting gravity-driven processes dominated the study area.
Research indicates that fine-grained turbidite layers result from sediment sliding along pa-
leochannels [18,53-55]. Numerous studies demonstrate that fine-grained turbidite layers fa-
cilitate gas hydrate accumulation, a finding consistent across the Dongsha area [18,33,55,56].
However, the sedimentary processes of both deep and shallow GHRs, as well as between
GHRs and NGHLs, showed no significant differences, suggesting the presence of microscale
factors influencing gas hydrate enrichment in the study area.

]' OOO: @ shallow-NGHL M shallow-GHR
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Figure 9. C-M diagram of sediments from sites W08 and W16.

5.3. Influence of Grain Size

Grain-size data obtained through B-type preprocessing are instrumental in analyz-
ing gas hydrate accumulation. Statistical analysis of grain-size parameters revealed no
significant differences in median particle size, skewness, and kurtosis across the study
intervals (Figure 10a,c,d). The deep GHR exhibited a slightly coarser median particle size
(Figure 10a) and poorer sorting (Figure 10b) compared with other units, aligning with
its higher sand fraction. The most notable difference between group A and B samples’
grain-size parameters was in sorting, especially within the deep-GHR (Figures 3 and 11a).
The key distinction in preprocessing between group A and B samples lies in the preserva-
tion of organic matter, inorganic carbon, and biogenic opal. A clear positive correlation
was observed between sorting differences and carbonate mineral content. The abundance
of foraminiferal fossils in the Dongsha area suggests that foraminifera are the primary
contributors to the poor sorting observed in the deep GHR. Prior research has shown that
foraminifera, characterized by their chambered structure, are typically classified within the
sandy fraction. Consequently, the high abundance of foraminifera is positively correlated
with gas hydrate accumulation [17,33,40], potentially elucidating the enrichment of gas
hydrates in the deep GHR.

In general, the difference in grain-size parameters between the GHRs and NGHLs
is not significant, especially because the significance of grain-size parameters for shallow
GHRs is weak. The sorting of the deep GHR is poor, reflecting the effect of foraminifera on
the gas hydrate reservoir.
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5.4. Influence of Mineral Components

Mineral components are another potential factor affecting gas hydrate accumulation.
The quartz and feldspar contents were similar in different units of the study interval
(Figure 12a,b). The carbonate mineral content was similar in the shallow-NGHL, shallow-
GHR, and deep-NGHL and was relatively high in the deep-GHR (Figure 12c). This is
because some samples in the deep-GHR have high foraminiferal abundance, which is
consistent with the results of SEM, grain-size measurement, and lithology analysis. The clay
mineral contents in the shallow-NGHL, shallow-GHR, and deep-NGHL were significantly
higher than those in the deep-GHR (Figure 12d).
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To further reveal the influence of clay minerals on gas hydrate accumulation, XRD
analysis of the clay fraction was performed. During the study period, smectite and illite
were the dominant types of clay minerals, accounting for more than 80% of all clay min-
erals. Thus, changes in the smectite and illite contents were the focus of this study. The
smectite content in the shallow- and deep-GHRs was significantly lower than that in the
shallow- and deep-NGHLs (Figure 12e), whereas the opposite was true for the illite content
(Figure 12f). In the GHR, the smectite in the deep-GHR is lower than that in the shallow-
GHR (Figure 12e), and the content of illite showed the opposite trend (Figure 12f). The
kaolinite and chlorite contents were lower and similar in the different units of the study
interval (Figure 12g,h). The difference in mineral components indicates that clay minerals,
especially smectite, control the gas hydrate enrichment. Previous studies have indicated
that the complex structure of smectite reduces its permeability and restricts fluid migration.
The strong adsorption of free gas restricts gas migration [57-59]. To characterize the com-
plexity of the sediment structure, we analyzed the SSA data of the samples. The results
showed that the SSA of the deep-GHR was significantly lower than that of the shallow-
NGHL, shallow-GHR, and deep-NGHL (Figure 12i). The SSA of the shallow-GHR is like
that of the shallow- and deep-NGHLs (Figure 12i) because, although the shallow-GHR has
less smectite content, the overall clay mineral content is not low (Figure 5). Further analysis
of the correlation between SSA and mineral content showed that the correlation between
the felsic mineral content (quartz and feldspar) and SSA was not significant (Figure 13a).
In contrast, the content of all clay minerals and the content of smectite in the clay minerals
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were positively correlated with the SSA (Figure 13b,c). The smectite content in the whole
rock was significantly and positively correlated with the SSA (Figure 13d). The correlation
analysis indicated that clay minerals, especially smectite, controlled the SSA.
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Figure 13. Dispersion diagrams showing the relationship between minerals components and SSA.
(a) is the correlation between the total content of quartz and feldspar and SSA; (b) is the correlation
between the content of clay minerals and SSA; (c) is the correlation between the content of smectite in
clay minerals and SSA; (d) is the correlation between the content of smectite in whole rock and SSA.

SSA serves as a robust indicator for assessing the deep-GHR, reflecting changes in
sediment mineral composition. Specifically, smectite and other clay minerals hinder gas
hydrate accumulation. A reduced smectite content in deep GHRs promotes gas hydrate
accumulation. Clay minerals in shallow GHRs exert less influence on gas hydrate accu-
mulation compared with those in deep GHRs. However, the abundant clay minerals and
smectite in NGHLs above both deep and shallow GHRs could serve as a seal, aiding in the
preservation of underlying gas hydrates.

Additionally, some studies suggest that the stronger binding of water in the smectite
decreases the formation efficiency of gas hydrates [60,61], contributing to the poor accu-
mulation in smectite-rich layers. Furthermore, the complex microstructure of the I/S, as
indicated by the mineral composition and SSA of sediments, influences the enrichment of
gas hydrates. The complex microstructure of the smectite strongly adsorbs gas and fluids,
and the vertical overlap between smectite-rich and low smectite content layers likely plays
a crucial role in the distribution of high-quality gas hydrate reservoirs.

5.5. Constraints of Sediment Properties on Deep and Shallow Gas Hydrate Reservoirs

The sediment property data in the study interval indicate that mineral components
may be key factors controlling gas hydrate accumulation in fine-grained sediments. In
the Dongsha area, gas and fluid migrate along the gas chimney and fault to the gas
hydrate stabilization zone (Figure 14a). In the deep-GHR, the smectite content was low,
and the foraminiferal abundance was high. The sediment layer of the deep GHR had
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high permeability and a larger intergranular pore space, which improved the reservoir
space and migration of gas and fluid conditions (Figure 14d). The deep NGHL had high
smectite content. The sediment layer of the deep NGHL has a complex structure, poor
permeability, and strong adsorption of gas, which makes it difficult for gas and fluid
to migrate (Figure 14c). Thus, the vertical superposition of the deep-GHR and NGHL
forms a “lithological trap” conducive to gas hydrate accumulation. When environmental
changes lead to an increased methane flux from gas hydrate decomposition or gas chimneys
and faults exist, gas and fluid can break through the sealing of the deep NGHL and
continue to migrate upward [17,38,62]. With the release of pressure, the gas and fluid
were blocked again when they migrated to the shallow NGHL and formed a shallow
GHR (Figure 14b) [17,35]. Breakthroughs in deep-NGHL sealing require a pathway or
overpressure release to impale the overlying layer. Thus, the shallow GHR is more clearly
controlled by tectonism, in which gas hydrates are mostly found in fractures with vein-like
and tubercular forms (Figure 14b). The control of the sediment properties in the shallow
GHR was weaker than that in the deep GHR.
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Figure 14. Gas hydrate enrichment patterns in the deep and shallow layer. The geomorphic of the
Dongsha area is drawn according to [35], and the vertical scale of the deposition layers is enlarged.
(a) gas hydrate enrichment patterns in macroscale; (b) gas and fluid migration in the NGHL; (c) gas
hydrate enrichment in the shallow GHR; (d) gas hydrate enrichment in the deep GHR.

6. Conclusions

Gas hydrate reservoirs in the Dongsha region are classified into deep and shallow
types. The deep reservoirs are primarily influenced by diffusion, whereas the shallow ones
are affected by seepage. Both types are located within fine-grained sediments.

Grain-size parameters exert a minor influence on gas hydrate accumulation, whereas
mineral composition, especially an increase in clay minerals like smectite, significantly
impacts gas hydrate accumulation in fine-grained sediments, generally hindering it. The
specific surface area of sediments, primarily determined by the content of clay minerals such
as smectite, plays a crucial role in gas hydrate accumulation in deep diffusion reservoirs; a
lower specific surface area is indicative of more favorable conditions.

Sediment properties exert limited control on gas hydrate accumulation in shallow
seepage reservoirs. Tectonism primarily controls gas hydrate accumulation in shallow
seepage reservoirs. However, the overlying reservoir with high smectite content acts as
a seal, enhancing gas hydrate accumulation in shallow seepages. The deep diffusion gas
hydrate reservoir, characterized by low smectite and high foraminiferal content, offers
migration pathways and reservoir space. The overlying layer of the deep diffusion reservoir,
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rich in smectite, effectively impedes gas and fluid migration. The reservoir, with a high-
smectite upper layer and a low-smectite lower layer, forms an optimal environment for gas
hydrate accumulation.

Elucidating the influence of mineral composition, grain size, and sedimentary pro-
cesses on gas hydrate accumulation aids in understanding the distribution patterns of gas
hydrate reservoirs and supports further exploration and development efforts. Additionally,
this analysis provides valuable insights into the laws governing gas hydrate accumulation
in fine-grained sediments.
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Abstract: A stratigraphic complex composed of mass transport deposits (MTDs), where the gas
occurrence allows for the formation of a gas chimney and pipe structure, is identified based on
seismic interpretation in the QiongDongNan area of the northern South China Sea. During the Fifth
Gas Hydrate Drilling Expedition of the Guangzhou Marine Geological Survey, this type of complex
morphology that has close interaction with local gas hydrate (GH) distribution was eventually
confirmed. A flow-reaction model is built to explore the spatial-temporal matching evolution process
of massive GH reservoirs since 30 kyr before the present (BP). Five time snapshots, including 30, 20,
10, and 5 kyr BP, as well as the present, have been selected to exhibit key strata-evolving information.
The results of in situ tensile estimation imply fracturing emergence occurs mostly at 5 kyr BP. Six other
environmental scenarios and three cases of paleo-hydrate existence have been compared. The results
almost coincide with field GH distribution below the bottom MTD from drilling reports, and state
layer fracturing behaviors always feed and probably propagate in shallow sediments. It can be
concluded that this complex system with 10% pre-existing hydrates results in the exact distribution
and occurrence in local fine-grained silty clay layers adjacent to upper MTDs.

Keywords: QiongDongNan slope area; methane hydrate-bearing sediments; gas chimney; mass
transport deposit; evolution dynamics; fracturing criterion

1. Introduction

Gas hydrate (GH) is an ice-like nonstoichiometric crystalline solid formed of water
and methane. Natural GH can be found on the seabed, in ocean sediments, in deep lake
sediments, as well as in the permafrost regions. The amount of carbon potentially trapped
in natural hydrate-bearing deposits may be between 3 x 10'° to 1 x 10'® m3, which makes
them of major interest as a potential energy resource [1,2]. The presence and occurrence
of GH in oceanic continental slope areas have attracted extensive attention and particular
interest for the sake of energy potential, marine geohazards, and climate change issues [3,4].

A seismically imaged gas chimney is a type of stratigraphic sedimentary and hydraulic
area where vertical seismic reflection profiles generally indicate that seafloor geological
structures in this layer possess excellent transport capacity for upward gas-bearing fluids,

J. Mar. Sci. Eng. 2024, 12, 834. https://doi.org/10.3390/jmse12050834 121 https:/ /www.mdpi.com/journal /jmse



J. Mar. Sci. Eng. 2024, 12, 834

and also lots of methane gas is trapped in conduit pores [5-7]. It ordinarily extends several
strata sequences, provides an effective aisle for functionally connecting deep hydrocarbon
sources with the shallow bottom boundary of the local gas hydrate stability zone (HSZ), and
conveys these multiphase fluids into the seafloor surface through affiliated pipe structures
on many occasions [8,9]. Hovland and Sommerville (1985) reported the identification of
gas-charged sediments and the characteristics of two natural gas seepages in the North Sea,
which suggested a gas-liquid mixture fluid seepage caused the pockmark development [10].
After that, the impacts of seabed pockmarks associated with gas chimneys on offshore
construction and gas hydrate occurrence have been extensively investigated by Hovland
and collaborators [11,12]. In passive continental marginal slope regions, diverse deposition
activities along the down-slope direction promote shear stress to exceed the shear strength
and subsequently cause sedimentary failure, thus generating another laterally extended
complicated structure of mass transport deposits (MTDs) [13,14].

Plentiful biogenic methane produced from shallow organic matter and thermogenic
methane produced by deep source rocks cross together through a main gas chimney area
and enter into shallow seabed deposits, contributing to the formation of complex structural
seepage GH reservoirs in a suitable thermodynamic environment [15-17]. If the fluent
pipe structure is disturbed or even stabbed across by MTDs, the upward flow of methane-
bearing fluids is blocked by a sudden decrease in layer permeability and is thus inclined
to stop and remain in local layers to form abundant GHs with various occurrence states.
Subsequently, pore pressure below gradually increases, and hydraulic failure is likely to
occur. Therefore, gas chimneys and local MTD systems play a key role in the dynamic
migration, occurrence, and accumulation of GH reservoirs [18-20]. These activities are
presumed to have occurred in many gas chimney-hydrate geological systems from time to
time with geologic and environmental impacts [21].

Combining the visible distribution states of GH from the drilling core samples, we
discovered that the accumulation type of GH reservoirs in the QiongDongNan Basin
(QODNB) area of the northwestern South China Sea (SCS) (Figure 1a), to some extent, is
similar to other typical marine reservoirs, such as the Ulleung basin in South Korea and
the Krishna-Godavari (KG) basin in India [22,23]. The GH system in the QiongDongNan
(QDN) area is deemed to have the same distribution and accumulation traits described
above. Previous gas and oil resource exploration surveys have identified large-scale gas
chimney morphotypes in the target sediments by analyzing high-resolution seismic sec-
tions. The large range of low-frequency chaotic seismic reflection area, which is obviously
different from the surrounding stratigraphy, indicates the presence of abundant gas. The
boundary of this chimney scope was confined by the termination of the blanking reflection.
The instantaneous frequency and some of the internal events can clearly reveal the fluid
pathway of gas chimney and pipe structure. Bottom simulating reflector (BSR) characteris-
tics usually appear at the top of these shapes, and fluid leakage channels show a pull-up
trace of seismic indications reaching the seafloor [24-26]. During the Fifth Gas Hydrate
Drilling Expedition of the Guangzhou Marine Geological Survey (GMGS5) expedition,
visible GH crystals recovered from drilling cores mainly show various features such as
massive, laminates, nodules and veins massive, layers, nodules, and veins (sites W07, 08,
and 09). GHs cement into fractured clay is the dominant phase in fine-grain silty sediments
and have a concentrated distribution [27,28].
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Figure 1. General geographic information and geological interpretation of the study area: (a) location
of QDN area, (b) seafloor slope topography at GMSS5 drilling sites, (c) local seawater bathymetry
contours, and (d) comprehensive stratigraphic histogram.

In recent years, remarkable progress has been made in understanding how local
seismic chimneys and MTDs control fluid migration and determine the growth patterns
of GH reservoirs from geologic, geochemical, and geophysical studies according to field
investigation and the drilling core analysis results of GMGS5 [29,30]. In this study, we
analyze GH reaction kinetics into the frame of a spatio-temporal dynamic evolution scale

123



J. Mar. Sci. Eng. 2024, 12, 834

in a well constrained geological background. We considered that the evolution process
of GH reservoirs is also controlled by environmental factors such as seafloor deposition,
eustatic sea-level change, and organic gas supply. We use a flow-reaction model to explore
how the interactions of sedimentary properties, fluid qualities, and reaction kinetics can
lead to the current occurrence and distribution of GHs. We also focus on the growth and
characteristics of fracture pathways in sediments within HSZ and how it propagates over
GH content.

2. Geological Setting

The GMGS5 investigation area is located in the central channel of the upper slope
of the QDN basin, adjacent to the Xisha Trough to the northeast (Figure 1b,c). Since the
Neogene, the QDN basin has been in a post-rift thermal subsidence tectonic evolution
stage. Wide-spreading Miocene (Huangliu formation), Pliocene (Yinggehai formation),
and Quaternary (Ledong formation) marine sedimentary sequences formed in this period
(Figure 1d). Since then, the local high deposition rate has led to the maximum sedimentary
accumulation thickness along slope surface stretches about several kilometers [31-34]. The
detrital sediments of the Holocene and Pleistocene age have a sand content of more than
50%. Elastoplastic unconsolidated argillaceous particles fill into skeleton matrixes. They
serve as effective barriers to stop fluid from further smoothing upward seepage and provide
sufficient space for GH storage. Previous exploration revealed that deep hydrocarbon
source rocks developed below the Huangliu formation and have entered the mature
hydrocarbon threshold. The thermal evolution degree of organic matter is in the range of a
mature and high mature light oil and gas window, which has the geological conditions of
forming thermogenic gas. Moreover, the strata above the Huangliu formation are within the
formation condition of biogenic gas because most of the source rocks developed in the low
mature-immature stage [35-38]. Intensive biogenic gas manifestation occur in petroleum
drilling boreholes, especially those shallower than 2300 m below seafloor (mbsf). Both coal-
measure mudstone (which generates thermogenic methane) and marine mud shale (which
produces biogenic methane extensively) are potential source rocks here. The measured
carbon isotope of methane is —43.65-39.92%. the mixture origin of gas source [30].

Alarge number of gas chimneys are found in the study area, with a prevalent northeast
direction. The acoustic blanking area is mushroom-shaped with the appearance status of
a small lower part and a large upper part [24,39,40]. Most of these structures are firmly
associated with the structures of faults and fractures [41]. Almost all gas chimneys here
vertically extended from a T3 to T1 sequence, and their tops can be up to 200-150 mbsf
gauging from two-way travel time [36]. Through characterizing the weak amplitude and
chaotic seismic sections, three sets of MTD since the Late Quaternary have been confirmed
above T1 interface, and laterally stretch across gas chimneys. With a high amplitude and
reversed polarity, BSR here tends to sit above gas chimneys and just below the third MTD.
Its wave impedance difference between the upper and lower layers is large and also shows
a blank zone, indicating that probably abundant free gas is available within this study
seabed [29,42].

3. Data and Methods
3.1. GHs in Site W08

The 2D seismic profile and instantaneous frequency profile collected in the GMGS5
expedition have been carefully inspected. From the characteristics of the BSRs, logging
while drillings (LWDs), and lithologic coring results, the site W08 can be deemed as a
representative well of this complex system because it is located exactly above the gas
chimney section (Figure 2a,b). The deep seismic chimney is estimated to originate from
3 Ma BP. It is elliptic plane-shaped and has a diameter of several kilometers. The upward
hydrocarbon fluids are reckoned to pass through this section and reach the T1 interface.
The top of this seismic chimney shows the BSR occurrence and nearly coincides with the
bottom of MTD3. A shallow fluid pipe shape in the seismic profile is observed, which has a
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Two-way Travel Time (ms)

diameter of 180 m. It is columnar and calculated to be merely 0.5 Ma years old. This pipe is
located just above the gas chimney area. Fluids will likely escape to the seafloor through it
because the dome and pockmarks on the local seafloor that surface from remotely operated
vehicle (ROV) observation indicate signs of fluid activity. Local high sedimentation rates
since the early Pliocene easily trigger disequilibrium pore compression and bring about
the overpressure outcome. In many situations, the fluid flow is mainly driven by the pore
overpressure [24,40]. The lithology of the MTD3 here has a 20-50% clay content which
is inferred to be older than 0.5 Ma BP. GHs in drilling core images mainly appear messy
and discontinuous, and they grow in the fractures within MTD3. With strata stress and
thermodynamic condition change, the performance of gas-driven hydraulic fracturing is
presumed to occur extensively in this GH system.
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Figure 2. The structural configuration of site W08: (a) local seismic section, (b) zoomed seismic
profile, and (c) three sets of MTD in LWD curves and their bottoms (MTD1-59, MTD2-112, and
MTD3-157 mbsf).

3.2. Sea-Level Change and Deposition

The depth of seawater bottom in the GMGS5 investigation zone ranges from 1600 to
1800 m below sea level (mbsl). The deepest bottom boundary where GH core samples are
drilled out is 237 mbsf. Nearly all GH layers occur above T1 interface (Figure 2b,c). The
basin subsides since the Quaternary are roughly steady, and the sedimentary evolution is
mainly controlled by the eustatic sea level change which is closely related to the Last Glacial
Cycles that ended about 15,000 years ago. The detrital input is brought into the marginal sea
by paleo-rivers [43]. Since seabed position changes can be calculated according to relative
sea level and deposition rate vsq (cm/kyr) (Figure 3a), the temperature and hydrostatic
pressure at the bottom of the seawater are determined accordingly (Figure 3b). The recent
rise in sea level in the area begins at about 30 kyr BP from historical inversion.
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Figure 3. Local depositional conditions including: (a) sea level and sedimentation rate [44],
(b) pressure and temperature change at seabed surface, (c) fitting on in situ porosity, and (d) methane
concentration from drilling core test and phase lines in different situations (I-liquid, h-GH, and
a-gas phase).

The distribution of deposit particle sizes and the skeleton in the seabed are often
chaotic, and in particular, they suffer from the MTD influence. The measured local porosity
distribution is plotted in Figure 3c. In order to simplify the treatment on the anomalistic
sedimentary layers, initial porosity ¢ in deposits without GH existence is gauged by field
data and its expression with depth z (mbsf):

¢0(z) = 0.29 + (Prop — 0.29) x exp(—0.00505z) (R* = 0.2046), 1)
where porosity at the sedimentary surface ¢rop is 0.62. After GH forms in porous soil, we
assume that the alteration of new porosity ¢y, is suitable:

¢n(z) = ¢o(z) x (1=5y), 2)

where Sy, is GH saturation.

3.3. Methane in Pore Water

Through calculating the phase equilibrium curves of methane in liquid and gas states
under local thermodynamic conditions [45-47], we compared how in situ GH is vertically
distributed at GMGS5 site W08 (Figure 3d). It can be seen that methane supplies below
HSZ bottom and even in the low part of HSZ are pretty abundant, so the current free gas is
likely to be plentiful in these zones. We also inferred that maybe the GH reaction is still
ongoing, while the methane gas in the middle and upper sections is completely converted
into hydrates. The consequence is that merely GH and liquid water are preserved in local
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pores. According to the data from degassing cores [29], the initial methane concentration
ngiss (Mmol/kg) in pores is quantified as:

Ngiss = exp(4.17 +0.007 x z — 5.18 x 1076 x 2?). (3)

3.4. Sedimentary Soil-Water Properties

We continue to adopt traditional normalized relating content to gauge sedimentary
soil-water characteristics curves (SWCC), which is [48,49] as follows:

S+ 8¢ —Sji — S

= 4
SE 1_Sli_8gl‘ 7 ( )

where Se is effective fluid saturation; S; and Sg are liquid and gas saturation, respectively; Sj;
and Sg; are initial irreducible liquid and gas saturation, and here Sg; is always 0. Irreducible
liquid water Sj; is considered to be controlled by clay content x. and ¢y, as [50]:

Si; = 0.326x.%%1% +0.0262/ . ©)

The saturation-dependent relative permeability for gas kg and liquid ky phases can
be defined by Corey’s model:

24371

ki = (SE) Ty (©)

and 247
krg = (1—8¢)% x [1—(Se) ™ |, ?)

where the pore size profile exponent 7t is 7.3 in this simulation [51]. As the pressure
difference between pore gas Py (MPa) and liquid phases Py (MPa), capillary pressure P¢
(kPa) is defined by pore entry pressure Py, (kPa):

Pe =Py — P = Py, x S 1/, 8)

where w is another Brooks—Corey parameter. The demarcation on capillary drainage and
the imbibition curves of shallow seabed sediments has been reasonably introduced by
Daigle et al. (2020) [52] when tracing how gas-driven tensile fractures in marine hydrate-
bearing layers. We use the same measurement to show the influence of clay fractions x,
which are:

Py, = exp[6.59(1 — ¢y, + Sii)xc — 2.76], 9)

and
w = exp(1.64x. —0.921). (10)

The clay fraction scope in its seabed soil is 25-60%. When setting the layer porosity to
be minimum 0.3 and maximum 0.7, the scope of the corresponding Sj; ranges from 0.2781
to 0.3788.

3.5. Hydraulic Conductivity in Gas Chimney

Compared with the sedimentary transportation quality of fluids in other parts of
northern SCS [53], we can use an exponential expression to depict the strata intrinsic
permeability ki, (mD) after GH existence in the QDN area as:

kp = ko(1—8)°, (11)

where ky (mD) is layer instinct permeability without GH existence. Based on the above
description of the chimney-hydrate system, we set two different permeability values to
reflect MTD influence. Within the 0-180 mbsf section, the permeability kj is reckoned as
2 mD. Below 180 mbsf, it is just within the gas chimney area and its value is 200 mD [30,36].
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3.6. Tensile Strength Estimation

We also abide by the assumption that tensile failure can only occur when pore pressure
steps across the resultant of minimum principle stress and the tensile strength of seabed
soil together [52,54]. The final force difference criterion term S, (MPa) in this work is:

SUZPC+PI—TSP—O';,>O. (12)

The vertical stress oy (MPa) and horizontal stress ¢}, (MPa) can be linked according to
Poisson’s ratio in the QDN area, and the expression is:

U'h_Pli 1%
oow—DP 1—v

> 0.8. (13)

The sub-seafloor o is simplified as o = p,gz, and here the bulk sedimentary density
pp is 1910 kg/ m?3. The tensile strength Tsp (MPa) is determined as:

1
Tsp _ _E « 10[76.36+2.45><log10(0.86><Vp71172)] % [mi _ \/m], (]4)

where the Hoek-Brown constant ; is 4, and compressional wave velocity V}, (m/s) at site
W08 can be retrieved from the in situ logging curve as:

V, = 2.47 x z + 1470. (15)

3.7. GH layer Formation Dynamics

From the comprehensive perspectives of gas source, kinetic reaction, fluid migration
pathway, HSZ alteration, MTDs, and sedimentary soil properties, we established a one-
dimensional dynamic evolution model, which is in line with the previous geological
background, to demonstrate the accumulation process of hydrate-bearing sediments and
put specific parsing steps and corresponding expressions in the Appendix A of this paper.

When the seawater depth is larger than 500 mbsl, the relationship of temperature at
the seafloor surface T (°C) with the depth L, (mbsl) is [55]:

T.s = exp{[2.0339 — In(L,,/1000)] /1.3361} (16)

The local temperature T (°C) in sediments is determined by geothermal gradient T4
(°C/m) and T (°C), which is:
Tse = Tgp + 2z X Ty. (17)

All the parameter values in this basic simulation scene are listed in the following
Table 1.

Table 1. Parameters used for deducing the basic scenario here.

Parameters Values
Methane flux (kg:m=2-yr—1): gm 0.25
Water flux (kg-m~2-yr=1): gy 0
Geothermal heat (mW-yr—2): ge 80
Sedimentary rate (cm/kyr): vs 19
Kinetic coefficient (mol-m~3-MPa~!-yr~1): ¢ 0.3
Total evolution time (kyr): ¢ 30

Density (kg/m>): ps, pw, P50, Ph

Molar mass (g/mol): 1w, fm, 1Tn

Viscosity (Pa-s): py, pig

Diffusivity (m2/s): Di™, D

Initial salinity: Xjp®

Fraction of clay particle volume: x.
Geothermal gradient (°C/m): Ty

Heat conductivity (W-m LK 1): A, Ay A, Ag
Specific heat (]~kg’1 K N:C, G, Gy, Cg

2650, 1025, 0.7 (standard temperature and pressure), 912
18, 16, 124

1.3 x1073,1.5 x 10~°

1.3 x1072,1.0 x 10~?

0.033

0.3

102

1.2,0.58,0.53, 0.05

2.2 x 103,4.2 x 103,2.1 x 103,3 x 103
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4. Results
4.1. Evolution Process

The old seafloor depth at 30 kyr BP is calculated at1790 mbsl in the light of the current
sea level position. The earliest HSZ bottom boundary is 147 mbsf at that time. After the
sedimentary process piles up, porewater pressure in accumulated sediments increases
slightly to 0.0101 MPa/m, related to hydrostatic pressure 0.01 MP/m [56-58]. To better
exhibit how this complex system consisting of a gas chimney, GH, pipe, and MTDs evolves,
the following six key controlling factors, including strata pressure, temperature, capillary
pressure, phase saturations, permeability, and salinity were chosen to represent system
characteristics, as they can provide enough insightful strata information. Table 1 tells the
basic thermodynamic and hydraulic environment about this complex GH system. Both the
initial gas and hydrate content are 0 in this basic scene.

Five moments including four divided times (30, 20, 10, and 5 kyr BP), and the present,
are selected to show the system evolution at that time. In Figure 4a, the positive pressure
change is set as the difference between sedimentary pore pressure and seawater hydrostatic
pressure if there is no deposition activity. Similarly, in Figure 4b, positive temperature
change is defined as the difference between sedimentary temperature and seawater tem-
perature if there are no sediments. Both of them verify the previous judgment that the
depth of the local seafloor position increases from 30 to 5 kyr BP and then decreases a
bit until now. GH is calculated to accumulate considerably within the lower part of HSZ
and the maximum saturation of GH from model simulation can reach 47% (Figure 4c). It
can be seen that both the GH distribution close to the HSZ bottom area and its peak of
saturation coincide with the drilling data very well. Simulation results reveal that free gas
will gradually gather at the top zone of the gas chimney, which is also the bottom zone
of HSZ and MTD3. The current gas saturation is 20.3%, to possibly provoke BSR signs.
Our results also demonstrate that GH and free gas can hardly coexist in pores, according
to the strata setting of the gas chimney quality. The alternation of salinity and capillary
pressure has a strong positive correlation with GH saturation, while permeability displays a
wholly negative correlation (Figure 4d—f). These phenomena are consistent with the general
cognition of marine GH sediments. Overall, the flow-reaction process, strata features, and
the combination of related key parameter values perfectly explain how gas chimneys and
MTD determine the dynamic evolution and final occurrence of GH systems.
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Figure 4. The evolution state of: (a) the change of pressure difference, (b) the change of temperature
difference, (c) gas and hydrate content, (d) pore salinity, (e) capillary pressure, and (f) permeability, at
five moments 30, 20, 10, 5 and 0 kyr BP.
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1500

4.2. Force Disequilibrium

The distribution of sedimentary stress and strength and corresponding force balance in
this geological system attracted widespread attention in the academic community. Whether
strata hydraulic fracturing occurs in clay-dominated fine-grained layers and how cracks
are created by pore overpressure propagating in coarse-grained turbidities are essential
to understanding GH existence and occurrence. Based on the stress and strength analysis
in Equations (12)—(15), we calculated their values at these five moments in Figure 5a. The
results show that the local tensile strength gradually decreases from the largest value at
30 kyr BP to the minimum at 5 kyr BP. After that, it increases rapidly. The current tensile
strength is the same as that at 10 kyr BP. Meanwhile, the results of the criterion term,
Sy, indicate that except for the bottom area of the studied strata at the beginning time of
30 kyr BP, the phenomenon of tensile fracture will always occur (Figure 5b). The strata are
most likely to break at 5 kyr BP, and the existence of GH can greatly improve the possibility
of fracturing behavior in the strata. GH saturation has an observably positive change with
the term S.

1600

1700

1800

1900

2000

T v T v T v T v T v 1500 — T T g T T
a Unit: ka BP ] . b l
30 . 1840
] RS
E 1600 - © e P Ea i
! e . &
| 1es0{_ 7
i = . i i
= 1700 1 1000 P ,
'g I 1920}~ i
e { /.‘
= . .
. S 1800 | ; E
o . .
(=] 1
|
- 1900 i — < et E
o
. - ..v:'/
1 e
=i
T ¥ T v T ¥ T g T ¥ 2000 T T T T T T T T T
-3 0 3 6 9 12 15 <3 0 3 6 9 12

The tensile strength (MPa) Different change of S, (MPa)
Figure 5. The evolution state of: (a) tensile strength, and (b) fracturing criterion term Sy at these
five moments.

4.3. Different Sedimentary Conditions

Local gas supply, kinetic reaction, and permeability are three decisive variables in
our model to simulate this GH system. We designed six other geological scenarios that
can represent possible combinations of strata and fluid environments to cultivate diverse
occurrences of hydrate-bearing sediments (Table 2). We presented the differences between
the results of free gas, GH, and fracturing criterion term in these six scenarios and the
previous basic condition (Figure 6a,b).

Table 2. Six possible geological scenarios for GH generation that may occur in the QDN area.

. Gas Flux Kinetic Coefficient . P.e rmeab'lllty
Scenarios a1 _ 1.1 (in Chimney, in MTDs)
(kgm~2.yr-1) (mol'm—3-MPa—1.yr—1)
(mD)

1 0.25 0.3 20,000, 2000

2 0.025 0.03 200, 2

3 2.5 0.03 200, 2

4 25 0.003 200, 20

5 250 0.03 200, 2

6 2500 0.03 2000, 2
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Figure 6. The differences of: (a) free gas, (b) GH, and (c) the criterion term Sy between the respective
results of these six scenes and the previous basic condition.

Scenario 1 represents extremely high permeability in the gas chimney and the upper
strata. The results show that the GH distribution range is nearly the same, but the saturation
peak can only reach 15%. The gas peak can be up to 85%, and its distribution range is
wider. GH and free gas can coexist in the HSZ. Scenario 2 shows less gas supply and
kinetic reaction coefficient. The content of hydrates and free gas both decline dramatically.
Scenario 3 shows a larger gas supply and a smaller reaction coefficient. The results indicate
that the distribution of GH is wider. The highest position can reach about 95 mbsf, but
the GH peak which shifts upward can only reach 23%. The free gas content is the same,
but the peak position is also shifted higher. Scenario 4 represents a higher gas supply
and the slowest reaction coefficient, while the upper sedimentary permeability increases.
The results show that although the hydrate and free gas are more widely distributed, the
contents of them are very low. Scenario 5 represents a higher gas supply and a slower
kinetic reaction coefficient. The results show that although the hydrate distribution range
is wide and the peak is high enough, there is also a wide range of free gas content in the
HSZ with a peak value of 23%. Scenario 6 represents the largest gas supply, a smaller
reaction coefficient, and a larger layer permeability in the gas chimney. GHs can fill the
entire HSZ where sporadic free gas exists in the pores. By calculating these six fracturing
criterion terms Sy, all the values are positive, indicating that fracturing will form or occur
(Figure 6¢). Meanwhile, the greater the hydrate content, the more likely that hydraulic
fracturing will happen.

4.4. Palaeo-GH Existence

There is also a possibility that a certain amount of GH has already existed in the
original HSZ before 30 kyr BP. With the rather big shift of the HSZ bottom boundary, the
GH in the lower part decomposes until it vanishes, while the upper part remains there.
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We set the three initial hydrate contents as 5% (casel), 10% (case2), and 15% (case3) to
investigate the evolution process since 30 kyr BP. Similarly, we employ the difference of GH,
free gas and fracturing criterion term S, between these three cases and the corresponding
value in the basic case. From the results, it can be seen that free gas contents also increase
accordingly (Figure 7a). GH peaks at the HSZ bottom in the three cases can reach 53%,
57% and 59%, respectively. The possibility of a second peak is 9%, 19%, and 31% at
about 105 mbsf where they nearly coincide with MTD2 bottom in Figure 7b. The criterion
term curves are still positive, indicating that strata fracture will develop in these settings
(Figure 7c). Furthermore, the higher the hydrate content, the more intensive the fracture
behavior. On the whole, it is believed that the initial GH saturation of 10% is nearly perfect
and more in line with the current observation about the GH existence close to MTD2 and
MTD3 from drilling logging.
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Figure 7. The difference of: (a) free gas, (b) GH, and (c) criterion term Sy with the corresponding value
in the basic environment in three cases when initial GH saturation is 5%, 10%, and 15%, respectively.

5. Discussion
5.1. Petrophysical Variations

Except for the heterogeneity of sedimentary layers, other lithological variations of
mixtures in the marine subsurface, including pore shape and connection, particle size distri-
bution, and clay contents, exert strong impacts on fluid transport ability and the stiffness of
skeleton endmembers. In our model, although the uniform lithology assumption is used to
gauge this deposition-flow-reaction process, different values of the intrinsic permeability in
separate gas chimneys and pipe zones have been set to roughly reflect the real lithological
situation. One of the two uncertainties lies in the usage of the empirical parameters of
SWCC properties in Equations (5)—(11). In our simulation, the general values of sedimen-
tary factors are adopted, which define the drainage-imbibition performance of seabed
soils. Another is the failure criterion to judge distinct Mohr—Coulomb hydraulic fracturing.
We do not elaborate on the scopes of Poisson’s ratio, clay content, and the Hoek-Brown
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constant here, because they are the mean values and can explain most ordinary cases in
our research deposits.

5.2. Difference of MTDs

In our mode, we do not set any property discrepancies among the three MTDs. The
simulation focus is on the lowest MTD3 because it almost marks both the bottom of HSZ
and the top of BSR and dominates the unsaturated fluid flow qualities when passing
into upper pipe space. Whether or not the overpressure created by upward fluids in
gas chimneys gathering beneath MTD3 incites the pipe development via the hydraulic
fracturing manner is still controversial. Undoubtedly, the latest emergence period of MTD2
and MTD?3 is much earlier than 30 kyr BP because the calculated age of authigenic carbonate
rocks at 52.1 mbsf is 0.53 Ma. The authigenic carbonate concretions lying along 3 mbsf
level here are estimated to have formed at 3 kyr BP. The shallowest MTD1 is most likely
to horizontally insert into the pipe structure. This activity impeded the upward fluid
flowwhich just escaped from low MTD2 within the 30 kyr period. That is, multi-stage GH
formation might have happened and led to the different occurrences of GHs among MTD1,
MTD2, and MTD3 depth layers.

5.3. Multiple Accumulation Assumption

The analysis of paleo-GH existence suggests the great possibility that a multi-stage
accumulation activity may have occurred. Rapid sedimentation together with sea level
variations, landslides, and turbidity currents inevitably induces the simultaneous reaction
of GH. The GH formation in the upper and middle layers of the sedimentary layer and
decomposition in the lower part occurred [57,59]. Huge thick unconsolidated sedimentary
seabed breeds and traps large amounts of methane-rich overpressure pore fluids. The
mechanical disturbance in early MTD propagation easily triggered the internal rupture
of the underlying muddy clay layer and prompted previously isolated pores to connect.
The overpressure fluids subsequently penetrated the gas chimney channel, episodically
migrated upward, and formed a hydrate-rich layer. After the MTD extension was com-
pleted, decreased permeability caused covered layers to serve as a sealing cap. These
upward-migrating fluids were impeded. They had to gather largely at the bottom area
of the MTDs and develop laterally. Local excellent GH resource sweet-spot layers with a
certain thickness and depth were generated in this situation. This effect will be weakened
with the temporal and spatial distribution sequence of the MTDs from bottom to top. From
the difference in hydrate distribution at site W8, the oldest MTD3 has a GH abundance of
up to 50%, and the second oldest MTD2 can also reach 20%. This phenomenon illustrates
the rationality of our multiple accumulation speculations. Compared with other high-
saturation hydrate reservoirs in oceanic hot reservoirs, such as the Alaminos Canyon in
the Gulf of Mexico [60], Ulleung Basin, and the KG Basin offshore Kakinada, their drilling
results are often firmly related to the MTD existence. Perhaps it provides a new point of
view for hydrate resource exploration optimization.

6. Conclusions

The GH reservoirs firmly associated with gas chimney, pipe structure, and MTDs have
been detected in GMGSS5 investigation in the QDN area. How this gas chimney—hydrate
geological system evolves and why GH-bearing sediments display the current distribution
and occurrence attracts strong interest in probing its dynamic operation mechanism. Be-
cause site W08 shows representative system features, it is selected to elucidate the impact
of environmental and geological factors, including sea-level change, sedimentation activity,
soil-water qualities in and out of the gas chimney area, and MTDs on the evolution process.
Through analyzing reasonable deposition-flow-reaction mode matching the local spatio-
temporal geological background since 30 kyr BP, six key strata factors at five evolving
moments are obtained. The sedimentary tensile fracture and occur at 5 kyr BP. Moreover,
the evolution performance of this complex system in six other designed geological settings
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is compared, and the possibility of three-content palaeo-GH occurrences before 30 kyr ago
is discussed. Finally, we found that about 10% pre-existing GH seems to have the exact
distribution and occurrence in fine-grained clayey silt layers adjacent to MTD2 and MTD3.
However, how the overpressure created by gas-bearing fluid accumulating at the top of gas
chimneys splits the overlying MTD strata and triggers the development of a large number
of internal fractures within these layers has not yet been resolved.
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Appendix A. A Flow-Reaction Model

We conceived this gas chimney-hydrate compound geological system as a multi-
phase transportation process in porous sediments, which includes three phases (h, 1 and
a) and four components (h, water-w, methane-m, and salt-s). Firstly, GH kinetic reac-
tion 7, (mol-m3-yr~!) can be expressed as the gradient difference consequence of the
fugacity under the local thermodynamic condition f (MPa) and equilibrium condition feq
(MPa), respectively:

= 6o eXp[_T(TTe - TTq)]‘Ph(f — feq), (A1)

where  (mol-m~—3-MPa~! -yr’l) is the kinetic coefficient of GH reaction; AE, /R is 9752.73 K;
Teq (K) is the equilibrium temperature. The corresponding water 7,y (mol-m~3-yr—!) and
methane 7, (mol-m~—3-yr~!) have the following relations:

rw = 5.76 X 1y, (A2)

and
T'm =1} (A3)
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It is assumed that methane is immersed into pore gas and liquid, as follows:

K
_nghPTX (VPg — pg8)
%[¢(Pgsg+Plle;ﬂ)]+v’ ¢

J A4
ok k5 (VP — pig)X]! — gD}V X! (a4
= —Nmtm + V. qm
Similar to the water component, we have:
J w kyi w
St POISIXIT V- | =piks (VP = pig) XI'| = =1l + V- G- (A5)
The current salinity X;° is merely defined by initial liquid saturation Sjy and initial
salinity Xjp®:
X§ = SSI—ZOXZSO. (A6)

The expression of GH is as follows:

0
57 (@Snon) = 1nrne (A7)

In the above equations, p« (kg/ m?®) (k = a,1,h) is the phase density; X;™, X;V, and X;*
are the mass fractions of methane, water, and salt in pore water; 7; is mole mass (i = m, w,
h); ux (Pa-s) (k = a, 1) is phase viscosity; g is 9.8 N/kg; t (yr) is time; D;™ and D;® (m?/s) are
diffusion coefficients of methane and salt in liquids; g; (kg-m~2-yr~1!) is component flux
(i=m,w).

The total heat energy balance is:

[(1 = ¢n)rCr + P1(0nCinSn + p1C1S1 + gCgSg)] e + [Copgitg + Cropuy] %

, (A8)
= %{[(1 — @) Ar + Pr(SpAy + Sghg + SiAy)) e } +Qn+V-qe

where C (]-kg’l K Hand Ay (W-m1.K™1) (k=1 h,1, and a) are phase-specific heat and
heat conductivity, respectively; ge is local heat flow (mW/m?). Darcy velocity of phases 1
(k =1, a) are:

k
Ug = —y—= (VPg —pg3), (A9)
Mg
and '
uy = —khy—’;(vpz - p18)- (A10)

Finally, the latent heat of GH in reaction Qy, Jm3.s1)is:

Qp = ypty X (446.12 x 10% — 132.638 x Tse). (A11)
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Abstract: Clarifying the mechanical characteristics of gas hydrate-bearing sediments (GHBS) from a
mechanical perspective is crucial for ensuring the long-term, safe, and efficient extraction of natural
gas hydrates. In this study, seabed soft clay from the northern South China Sea was utilized to
prepare clayey silt samples, aligning with gradation curves related to hydrate extraction projects
in the Shenhu area of the South China Sea. Utilizing the high-pressure low-temperature hydrate
triaxial testing system (ETAS), twelve sets of triaxial shear tests were conducted. The results highlight
that increases in hydrate saturation and confining pressure significantly enhance GHBS’ strength
and stiffness, with more pronounced volume expansion observed during shearing. These tests have
elucidated the mechanical responses of GHBS. Subsequently, empirical formulas were developed to
characterize their properties under varying conditions. Additionally, based on the experimental data,
the micro-mechanisms of GHBS were analyzed, suggesting that hydrates notably contribute to the
filling and cementing effects in GHBS, with these effects varying with changes in hydrate saturation
and confining pressure. This study contributes to a deeper understanding of the fundamental
mechanical properties of GHBS.

Keywords: gas hydrate-bearing sediments; triaxial shear test; mechanical properties; empirical
formulas; seabed soft clay; South China Sea

1. Introduction

Gas hydrate-bearing sediments (GHBS) are deep-sea sedimentary bodies that contain
natural gas hydrates. These hydrates are cage-like crystalline compounds formed from
natural gas and water under high-pressure and low-temperature conditions, predomi-
nantly comprising methane [1]. They are widely described in geological records [2], and
are extensively found in terrestrial permafrost regions, along continental margins, and in
the deep-sea abyssal plains [3]. The discovery of natural gas hydrate deposits in numer-
ous countries [4,5] signifies their potential as a new energy source, especially given the
declining availability of traditional hydrocarbons. However, GHBS are subject to stringent
stability requirements. Environmental changes or human activities that induce minor
shifts in soil pressure or temperature can destabilize these hydrates, leading to gas release.
Such events can drastically alter the soil’s mechanical behavior, affecting characteristics
like compressibility [6], failure features [7], and the strength and stiffness of the soil [8].
These changes can precipitate extensive marine geological disasters, exacerbate the green-
house effect [9], and harm the marine ecosystem [10], thereby posing significant risks to
hydrate exploitation and environmental safety. Consequently, investigating the mechanical
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properties of GHBS is vital for understanding their deformation responses to ensure the
sustainable and safe extraction of natural gas hydrates.

In situ mechanical testing is deemed the most reliable approach to ensure accuracy.
Winters et al. [11,12] examined the physical properties of GHBS from various locations,
including the North Slope of Alaska, Mackenzie Delta, and regions off the east coast of
India and the Andaman Islands, using techniques such as infrared imaging, acoustic testing,
thermal conductivity, resistivity testing, and shear strength assessments. Japan’s “Tokai-oki
to Kumano-nada Project” in 2004 [13] involved drilling up to 250-400 m below the seabed
and employed a pressure-temperature corer (PTCS) for sampling. Bondarenko et al. [14]
identified the optimal conditions for natural gas hydrate deposits in the Black Sea at depths
of 500-750 m (8-9 °C, 20 MPa) and summarized their characteristics. However, due to
the unique conditions required for hydrate storage, deep-sea in situ mechanical testing is
costly. Consequently, most current research on GHBS involves synthesizing hydrates in
labs and analyzing their mechanical properties. Methods like triaxial shear tests [15,16],
one-dimensional consolidation tests [17], and analogous material tests [18] simulate various
hydrate saturations, particle types, and temperature and pressure conditions in studying
the behavior of GHBS. These experiments yield crucial insights but also have limitations,
such as difficulty in replicating natural high-pressure, low-temperature conditions and
differences in microstructure and properties between synthetic and natural GHBS samples.
Therefore, while lab tests offer valuable perspectives on the mechanical properties of GHBS,
their results should be interpreted with caution and complemented by other research
approaches for a fuller understanding.

In this study, surface soil from the northeastern South China Sea was gathered to
investigate the mechanical properties of silty fine sandy GHBS using configured sandy
soil. We focused on the quantitative relationships between the mechanical properties,
strength, and stiffness of GHBS, leading to the development of empirical equations. Finally,
we analyzed the unique mechanical characteristics of GHBS and discussed the hydrates’
mechanisms of action.

2. Experimental Study of GHBS
2.1. Material and Test Equipment

In August 2017, we procured surface soil samples from a natural gas hydrate deposit
in the northern region of the South China Sea. This effort was supported by the third leg of
the shared voyage initiative sponsored by the National Science Foundation Committee in
the northeastern South China Sea and Luzon Strait. The sampling occurred at the YD2-04
station (115°16.407' E, 19°57.056’ N), located at a depth of 1077 m. The sample comprised
soft clay, as depicted in Figure 1.
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Figure 1. Preparation of argillaceous silt.
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Figure 1 illustrates the natural gas hydrate deposit in the South China Sea of China [19,20].
Previously, two pilot mining projects [21] demonstrated that the primary reservoir soil
in the South China Sea’s hydrate deposit area is silty mud. Due to sample limitations in
quantity and volume, our study primarily utilizes the particle size and mineral composition
analysis data from Liu et al. [22] on sediments post-hydrate decomposition in the Shenhu
area of the South China Sea. We synthesized silty mud, combining high-purity quartz sand
with the obtained soft clay. Initially, we cleaned and dried the quartz sand, then separated
particles into different sizes using a vibrating sieve, as shown in Figure 2a. Based on Liu
et al. [22], we determined an 8% clay content and incorporated it into the residual soil

sample from prior tests. The final composition of the prepared silty mud after thorough
mixing is presented in Figure 2b.

g s}‘

(a) Screened quartz sand (b) Prepared silty mud

Figure 2. Details the preparation process of silty mud.

Figure 3 displays the grading curve, while Table 1 compares the grading indices of
the experimental materials from Liu et al. [22] and our study. This comparison indicates a
close resemblance between the prepared silty mud and the particle grading of the mining
area’s reservoir soil, aligning well with the grading characteristics of the South China Sea
mining area’s reservoir soil. Beyond the metrics listed in Table 1, the silty mud prepared

in our study exhibited a specific gravity of 2.6590, with maximum and minimum porosity
ratios of 1.2117 and 0.7693, respectively.
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Figure 3. Experimental material grading curve [22].
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Table 1. Grading index.

Material dm/um d30/pm d50/pm dg()/p.m Cu = d60/d10 Cc = d%ol(dlo . d60)

[22] 0.0430 0.1012 0.21479 0.2932 6.8198 0.8123
This study 0.0299 0.0768 0.1737 0.2360 7.8824 0.8349

Our experimental setup utilized the high-pressure low-temperature hydrate triaxial
testing system (ETAS system) produced by Europa and America Geotechnical Company.
Figure 4a illustrates the physical assembly of the system, while its schematic is provided
in Figure 4b. For experimental safety, the CHy gas tank was housed in an explosion-proof
cabinet and complemented with flammable gas concentration detection and communication
devices, including a handheld flammable gas concentration detector.

(a) ETAS system physical diagram (b) ETAS system schematic

Figure 4. Physical and schematic diagrams of the ETAS system. 1—pressure chamber; 2—standard
controller (32 MPa/200 mL); 3—axial loading (100 kN); 4—water bath (—20 °C~65 °C); 5—oil
pump; 6—gas detector; 7—explosion-proof cabinet; 8—gas alarm communication instrument;
9—displacement sensor; 10—silicon oil; 11—temperature sensor; 12—methane gas.

The ETAS system comprises an axial loading system, a stainless steel high-pressure
triaxial pressure chamber, a water bath, two standard controllers, and other essential
components and spare parts. The axial loading system, motor servo-controlled with a 100
kN range and a precision of 0.1% of the full scale, facilitates pressure control either manually
or via GDSLAB (v2) software. Manual operation offers speed selection, enabling easy
specimen-load sensor contact. The axial load is exerted externally; the pressure chamber,
crafted from high-strength stainless steel, can withstand up to 32 MPa. Silicone oil is
pumped into the chamber to control the confining pressure. The water bath, maintaining the
chamber’s liquid medium temperature, ranges from —20 °C to 65 °C, with a temperature
sensor at the sample base’s interface providing real-time feedback. The two standard
pressure-volume controllers operate within a 32 MPa/200 mL range with a 0.1% full
range/volume accuracy. The pressure transmission mediums can be gas, liquid, or a
mixture, with the confining pressure controller utilizing silicone oil and the back pressure
controller using methane gas. Qingdao Ludong Gas Co., Ltd. (Qingdao, China) supplied
the methane, with a factory pressure of 10 £ 0.5 MPa and a purity of 99.999%.

2.2. Specimen Preparation

The formation of hydrates necessitates specific thermobaric conditions, requiring both
the temperature and pressure to be situated within the confines of the phase equilibrium
curve. This curve is mathematically represented as:

In(1000peq) = 38.98 — 8533.8/ Teq (1)
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where peq denotes the critical equilibrium pressure for the stability of natural hydrates (in
Pascals), and Teq represents the critical equilibrium temperature for the stability of natural
hydrates (in Kelvins).

Converting peq and Teq from Equation (1) into MPa and °C, respectively, yields the
phase equilibrium curve for natural gas hydrates, depicted in Figure 5. The point (Teq, peq)
must reside within the shaded region of this curve. The lines and arrows in the figure trace
the hydrate formation pathway utilized in this study. Figure 6 illustrates a schematic of
the gas channel structure, facilitating the preparation of geotechnical samples infused with
energy sources through controlled valve and pipeline manipulation.

For sample preparation using the excess gas method, a matrix sample with prede-
termined water content was initially prepared, followed by the introduction of an excess
of methane. The required mass of water was calculated based on the chemical equation
governing the formation of natural gas hydrates, represented as:

CH4 + 1’1H20 <~ CH4 . I‘leO (2)

Here, n is the reaction stoichiometry, typically ranging between 5 and 6 [23], and can
be approximated as 5.75 [24,25].

Assuming a sample volume of V, with a matrix sample porosity of n, hydrate satura-
tion denoted as Sy, and a hydrate density (pp,) of 0.91 g/cm?, the mass of water required

can be derived as:
207

mMy,0 = @”‘/Shph 3)

To prepare GHBS samples, dried clayey silt was placed in a tray. The water mass,
exclusive of gas, was computed using Equation (3). This water was then added to a sprayer
and carefully sprayed into the material while simultaneously mixing with a spoon. The
mixture was then wrapped in cling film and left to rest for 24 h, ensuring uniform water
distribution, before proceeding with GHBS sample preparation.

I 2 L} ]
Skeleton grain
[ - Freeze-thaw water

L - Ice
- Gas hydrate

10

--NTP

Figure 5. Phase equilibrium curve and hydrate formation path.

Utilizing ice meltwater as the water source for hydrate sediments, a method proven
to expedite hydrate formation, has been validated by multiple studies. For instance,
Takeya et al. [26] and Chen et al. [27] observed that freeze—thaw cycles considerably reduce
the hydrate formation induction period. Hyodo et al. [28] and Khlebnikov et al. [29] em-
ployed meltwater from ice as the water source in energy layers, significantly enhancing the
rate of natural gas hydrate formation. This study adopts similar methodologies, employing
controlled temperature and valve adjustments to generate meltwater from ice and manage
the direction of methane gas flow, thereby facilitating rapid and stable hydrate synthesis.
The specific experimental procedures are as follows:
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(1) Initiate the oil pump to fill the pressure chamber with silicone oil, applying a
confining pressure of 200 kPa. Connect the water bath to the pressure chamber and activate
it, achieving the conditions at point A in Figure 5 (—15 °C, 20 kPa). Commence sample
freezing, maintaining this state for 6 h.

(2) Upon completion of freezing, open the gas tank and channels L, and Ly (Figure 6),
where L is attached to a 2 L gasbag. Monitor the pore pressure readings and adjust the
gas tank’s pressure relief valve to maintain pore pressure around 20 kPa, ensuring the
gas flow rate is controlled to prevent sample disturbance. This process allows methane to
thoroughly flush the sample, displacing the internal air. When the volume of the gasbag is
maximized, indicating complete displacement, close the Ly channel.

(3) Proceed with thawing by heating, aligning with point B in Figure 5 (1 °C, 20 kPa).
Keep channels Ly and Lg open to ensure the even distribution of meltwater and gas
pressure within the sample.

(4) Induce hydrate formation by adjusting the temperature and pressure to match
point C in Figure 5 (1 °C, 4 MPa), while concurrently raising the confining pressure to
5 MPa. To maintain steady back pressure, open the L¢ channel connected to the back
pressure controller, keeping channels L, and Lg open to maintain a consistent 4 MPa
pressure at both the top and bottom of the sample. Continue this process for a minimum
of 48 h, ensuring adequate hydrate formation time and sufficient gas volume during the
formation phase. After 48 h, close the gas tank, keep only the Lc channel open, and use the
back pressure controller to continue stabilizing the pressure for over 10 h. Once the back
pressure controller volume remains largely unchanged, it can be concluded that no further
hydrate formation will occur, signifying the completion of GHBS sample preparation.

(5) Follow the experimental plan for subsequent procedures, including consolidation,
shearing, and other test stages.

(6) Post experiment, close all channels, attach a flowmeter to the Ly channel, and
gradually open the L valve. The gas released by the decomposition of hydrates within the
GHBS is collected in the gasbag through the flowmeter.

Figure 6. Schematic of pipeline channels during GHBS sample preparation.

2.3. Test Scheme

This study examines two variables across 12 sets of consolidation and drained tests:
effective confining stress and hydrate saturation, detailed in Table 2. The effective confining
stresses (03') were set at three levels: 1 MPa, 3 MPa, and 5 MPa. For each level of effective
confining stress, three different hydrate saturations were established: 10%, 20%, and 30%.

In the course of the experiment, the pore pressure was consistently maintained at
4 MPa, as indicated in Figure 5. Consequently, the total confining pressures were estab-
lished at 5 MPa, 7 MPa, and 9 MPa, respectively.
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Table 2. Test Scheme.

Number Hydrate Saturation (Sy,, %) Effective Confining Stress (c3/, MPa)
GHBS01 0,10, 20, 30 1
GHBS03 0,10, 20, 30 3
GHBS05 0,10, 20, 30 5

3. Results and Interpretation
3.1. Stress—Strain Relationship

Figure 7 presents the stress—strain curve at Sy, = 0, where samples devoid of hydrates
demonstrate characteristics akin to loose or medium dense sand, uniformly exhibiting strain
hardening without noticeable peak strength. This suggests that GHBS, in the absence of
hydrates, share similarities with typical soil types. However, hydrate saturation markedly
influences the mechanical properties of GHBS. Figure 8, representing Sy, = 10%, continues
to display strain hardening. Under identical axial strains, the deviatoric stress is notably
higher than that in Figure 7, especially under the confining pressures of 3 MPa and 5 MPa.
It was observed that at a confining pressure of 1 MPa and Sy, = 10%, the GHBS maintained
stable deviatoric stress at an axial strain of 8%, attributable to hydrates enhancing the
compactness of the GHBS, which in turn strengthens particle frictional interactions and

facilitates the earlier attainment of peak strength.
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Figure 7. Stress—strain curve (Sy, = 0).
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Figure 8. Stress—strain curve (Sy, = 10%).
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In Figure 9, at S, = 20%, under a 1 MPa confining pressure, it can be seen that peak
strength is achieved at an axial strain of 3%, and at a 3 MPa confining pressure, the curve
nears peak strength at an axial strain of 15%. This behavior is attributed to hydrates en-
hancing the frictional properties within GHBS particles, while increased confining pressure
additionally boosts GHBS compactness. This indicates the dual contribution of hydrate
saturation and confining pressure to GHBS strength.
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Figure 9. Stress—strain curve (Sy, = 20%).

Figure 10, corresponding to Sy, = 30%, aligns with Figures 7-9 in that increased
confining pressure leads to higher deviatoric stress. Notably, the curve shape differs: the
initial stiffness of the sample sets is more pronounced, and at 1 MPa confining pressure,
the curve exhibits strain softening. Moreover, hydrates contribute additional strength to
GHBS, but this strength diminishes more swiftly under lower confining pressures (1 MPa),
resulting in strain softening. This elucidates two impacts of hydrates: the filling effect,
where greater Sy, enhances initial stiffness and shear strength, and the cementing effect,
where hydrates alter a GHBS's internal structure, boosting its additional strength.
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Figure 10. Stress—strain curve (Sy, = 30%).
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3.2. Volumetric Strain

Figure 11 illustrates the volumetric strain curve of silty fine sand without hydrates,
where under various 03’ conditions, a consistent pattern of shear shrinkage is observed. As
o3 intensifies, the restraint imposed on the sample strengthens. This enhanced confining
pressure tightens particle contacts, demanding greater frictional resistance to facilitate
particle rotation and sliding, thus leading to increased volume shrinkage during shearing.
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Figure 11. Volumetric Strain Curve (Sy, = 0).

For GHBS at S, = 10%, the volumetric strain curve shown in Figure 9 markedly
contrasts with Figure 12. At 03’ = 5 MPa, the shear shrinkage in GHBS is considerably
lower than in non-hydrate-bearing silty fine sand. At 3’ values of 1 MPa and 3 MPa, GHBS
exhibits behavior akin to dense sand, where shear dilation escalates with decreasing o3’
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Figure 12. Volumetric strain curve (S, = 10%).

Figure 13 depicts the volumetric strain curve for GHBS at Sy, = 20%. A comparison
with Figure 8 (S = 0) and Figure 9 (S, = 10%) reveals that with increasing S, GHBS
exhibits reduced shear shrinkage and augmented shear dilation, indicating that hydrates
enhance the shear dilation characteristics of GHBS. The presence of hydrates in GHBS
increases soil compactness, effectively altering GHBS grading. This grading shift impacts
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the internal structure of the particles and their spatial arrangement, leading to varied
volumetric responses under identical stress paths.
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Figure 13. Volumetric strain curve (S, = 20%).

Additionally, the shear dilation observed in Figures 12 and 13 predominantly occurred
under the lower confining pressures of 03’ = 1 MPa and 3 MPa. This is attributed to the
reduced constraining effect of confining pressure on GHBS. Under shear stress, internal
soil particles within GHBS undergo rotation and flipping, resulting in shear dilation
deformation. This phenomenon is more pronounced under conditions of lower confining
pressure and higher hydrate particle content. Concurrently, the relative motion among
particles weakens the additional strength of GHBS, leading to a softening effect. This is
corroborated by the experimental data shown in Figure 8 (03’ = 1 MPa, Sy, = 30%), which
indicate that GHBS shear dilation becomes more pronounced with increasing 3" and Sy,.

Figure 14 presents the volumetric strain at Sy, = 30%, where the GHBS consistently
demonstrate shear dilation. Higher hydrate content increases the likelihood and extent of
particle inter-rotation and movement, thereby accentuating the shear dilation properties.
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Figure 14. Volumetric strain curve (Sy, = 30%).
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7/ MPa

4. Discussion
4.1. Shear Strength and Peak Strength

We analyzed the strength of clayey silt GHBS based on the previous test data. The
so-called strength is the shear strength of materials. The function that characterizes the
failure conditions of materials is called the strength criterion. Among many strength criteria,
the Mohr—Coulomb criterion (M-C criterion) is the most widely applied in engineering
practice because of its simplicity, practicality, and simple parameter acquisition [30]. The
M-C criterion states that when the ratio of shear stress to normal stress on the shear plane
of a material reaches the maximum, the material will yield and collapse. The M-C criterion
can be expressed as:

T=c+0'tan(g) (4)

where T is the shear strength, that is, the shear stress on the failure surface; ¢’ is the normal
stress on the failure surface; c is the cohesion; and ¢ is the friction angle.

Taking the value corresponding to the axial strain &, = 15% as the failure strength
value, according to the data shown in Figures 7-10, we drew the corresponding Mohr circle
to obtain the common tangent; that is, the strength envelope, the slope, and intercept of the
envelope. The shear strength index of GHBS under the M-C criterion can be obtained by
applying Equation (4), as shown in Figure 15.

According to the data in Figure 15, the quantitative relationship between ¢ and ¢ can
be obtained as shown in Figure 16. The expression can be recorded as:

{c = (—3.725% +167.10Sh) pa

¢ = (17.20 +0.225,)° ®)

where p, is atmospheric pressure, which can be simply taken as 0.1 MPa.
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Figure 15. Mohr circle of GHBS.

When substituting Equation (5) into Equation (4) to obtain the strength of GHBS
described by the M-C criterion, it can be seen that the friction angle ¢ rises continuously
with the increase in Sy, but the increase is small. The cohesion ¢ has a parabolic relationship
with Sy, and when Sy, is small, ¢ rises gradually. However, when Sy, increases to a certain
extent, c begins to decrease.
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Figure 16. Relationship curve between shear strength and hydrate saturation. (a) Cohesion and Sy;
(b) friction angle and Sy,.

Figure 17 shows the peak strength of the 12 sets of trials, plotted in three dimensions.
It is apparent that the peak intensity o}, exhibits a monotonically rising relationship with
both Sy, and ¢3’, and the slope rises with increasing Sy, and ¢3’. This means that both Sy,
and 03’ contribute to the peak strength.
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Figure 17. Initial tangent modulus of GHBS and effective confining stress.

The empirical equation used for fitting to obtain the peak strength is as follows:
/
0o = Snpa (78.78 + 19.13;3) +28.560% + 00 ©)
a

where 0 is the peak strength of the specimen without hydrate.

4.2. Initial Stiffness

In order to describe the mechanical properties of GHBS quantitatively, it was observed
that GHBS exhibited strain hardening, and the Duncan—-Chang model (D-C model) was
used to describe this type of soil. The D-C model notates the stress—strain curve as:

€a
a+ be,

q= @)
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in which

a = 1/E1
{bZRf/fif ®)

where q is the deviator stress, MPa; a and b are the fitting parameters; E; is the initial tangent
modulus, MPa; K¢ is the damage ratio; and g is the shear stress at failure, MPa.

Using Equations (7) and (8) to fit the experimental data, the damage ratio R¢ of 0.85
was obtained. The initial tangential stiffness E; of GHBS under different initial conditions
is shown in Table 3 and Figure 18. From Figure 18, it can be seen that E; has a good linear
relationship with Sy, and o3’ has basically no effect on the slope, but 03’ determines the
intercept of the curve, i.e., Ejp. This can be uniformly notated as:

E; = 851.62S,pa + Eio )

where 851.62 is the proportional coefficient and Ejy is the initial stiffness of the sample
without hydrate, MPa, as shown in Table 3.

Table 3. Initial tangent modulus E; (MPa) of GHBS.
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Figure 18. Initial tangent modulus of GHBS and effective confining stress.

4.3. Discussion of Mechanism

Using the interactions between the microscopic particles of GHBS, the patterns of
variation in their macroscopic mechanical properties can be better described. Many scholars
have investigated the microstructure of GHBS using techniques such as CT and SEM. CT
can observe the process of hydrate formation and decomposition in GHBS and identify
the pore structure of the sediment [31,32]; the current observations show that hydrates
are not uniformly distributed in GHBS and are usually concentrated in the center of the
particle pores. The mode of assignment changes during formation, and hydrates may
appear in various states, such as filling and connection, at the same moment. The filling
mode dominates in the early phase of formation, where hydrates are suspended in the pore
space, multiple modes coexist in the middle phase of generation; and the connection and
cementation modes dominate in the late phase of generation [33]. Observations made using
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a Scanning Electron Microscope (SEM) revealed that at temperatures as low as —180 °C,
hydrates initially begin to adhere to soil particles. As the concentration of hydrates increases,
they progressively envelop the soil particles, a process illustrated in Figure 19 [34]. During
the generation of GHBS in this study, the temperature was meticulously maintained at 1 °C.
This ensured the absence of ice grains, thereby isolating hydrates as the sole influencer on
the structural integrity of the GHBS.

Figure 19. SEM images of GHBS [34]. (a) S, = 0; (b) S, = 30%; (c) Sy, = 50%.

Based on these observation results and the empirical formula given in this paper, our
analysis shows that:

(1) The internal friction angle reflects the frictional resistance between microscopic
particles, while cohesion indicates their cementation capability. An increase in Sy, leads to
an initial rise and subsequent fall in cohesion, with a continuous increase in the internal
friction angle, suggesting an enhancement in particle cementation and friction capabilities
during early hydrate formation.

(2) The formation of hydrates densifies the soil skeleton of GHBS, leading to a tighter
particle arrangement and increased resistance to particle rotation and dislocation, as shown
in Figure 20a. This results in an overall increase in stiffness and strength.

(3) As the hydrate content increases, as seen in Figure 20b, the formation of a cementa-
tion structure envelops soil particles, as depicted in Figure 20c, restricting their deformation
and sliding, and providing additional strength. This process enhances the rigidity and
strength of GHBS. At higher Sy, levels, the formation and accumulation of hydrates can
expel soil particles, leading to an uneven distribution of the cementation structure, which
may initially be damaged during shearing, causing a decrease in cohesion as illustrated in
Figure 20d.
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Figure 20. Microscopic mechanism of the mechanical properties of GHBS. (a) The initial phase of
hydrate formation; (b) the filling of hydrate in pores; (c) the formation of the cemented structure;
(d) the shearing of GHBS.

To sum up, hydrate has two effects on GHBS: filling and cementing. These two effects
together lead to changes in the density, stiffness, and strength of GHBS.
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5. Conclusions

This study conducted detailed experimental tests and analyses on clayey silt-type
gas hydrate-bearing sediments (GHBS), thoroughly investigating the role of hydrates in
GHBS. We discovered that the filling and cementing effects of hydrates not only alter the
density and structure of GHBS but also significantly enhance its stiffness and strength. With
increasing hydrate saturation, GHBS exhibits a marked trend towards densification and
mechanical property improvement, especially in the early stages of formation, where these
effects substantially boost inter-particle friction and cementation capabilities. Our findings
offer new insights into the mechanisms by which hydrates influence GHBS" mechanical
properties, which is crucial for future research in related fields. Additionally, the developed
experimental methods and empirical formulas provide essential quantitative tools for
analyzing GHBS’ mechanical characteristics, laying a solid foundation for engineering
applications and further studies.
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Abstract: Stepwise depressurization is an important depressurization strategy in the development
of natural gas hydrates. This work numerically analyzes the effects of different depressurization
gradients and constant pressure durations on gas and water production during stepwise depressur-
ization extraction with a vertical well in the Shenhu Sea area hydrate reservoir of the South China
Sea. The results indicate that stepwise depressurization can reduce water production and raise the
gas-to-water ratio in the early stages of production while ensuring cumulative gas output. When
the vertical well is deployed at the model’s center with a completion length of 70 m and a constant
pressure duration of 10 days, a depressurization gradient of 0.5 MPa, stepwise depressurization by
6 MPa, and continuous production for one year is achieved. Compared with direct depressurization,
its cumulative gas production is 2.966 x 10° ST m3, which only decreases by 2.94%. However, it
maintains a higher gas-to-water ratio in the early stages of production. Considering factors such as en-
gineering operability, cumulative gas output, and gas-to-water ratio, it is recommended to use a small
pressure gradient and a medium constant pressure stabilization time for stepwise depressurization
Stepwise depressurization can maintain a high gas-to-water ratio while ensuring gas production and
reducing water production can alleviate sand production problems and improve economic efficiency.
The understanding gained from this work has reference value for the development of similar hydrate
reservoirs worldwide.

Keywords: natural gas hydrate; vertical well; stepwise depressurization; numerical simulation;
TOUGH+HYDRATE

1. Introduction

Sustainable development of the global economy and technology relies on a stable
energy supply. Currently, going green and low-carbon is the main direction for global
energy structure adjustment, and there is an urgent need to develop clean energy. Nat-
ural gas hydrates (NGHs) are widely distributed in the permafrost and marine conti-
nental shelf. Its industrial exploitation may effectively promote global energy structure
adjustment [1-7]. Japan and China’s offshore NGH testing production projects confirm
the technological superiority of the depressurization method for NGH extraction [8-11].
However, the average daily gas output remains far below the commercial development
standard of 50 x 10* m3®/d [2]. Therefore, many scholars focus on how to significantly
increase production capacity and achieve effective recovery of NGHs, such as Too et al.,
2018, who confirmed the possibility of forming artificial fractures in synthetic methane
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hydrate-bearing sand, which provides an opportunity for the efficient development of
NGH [12]. Nair et al., 2018 conducted experimental studies on the dissociation behavior
of hydrates in clay hydrate reservoirs using depressurization, thermal stimulation, and
combination methods, and the results showed that the combination method had the best
effect [13]. Aghajari et al., 2019 found that methane production during NGH exploitation is
highly correlated with reservoir porosity and permeability, while the dissociation rate is
positively correlated with depressurization and inversely correlated with reservoir temper-
ature [14]. Vedachalam et al., 2020 believe that synchronous depressurization of 40 wells
can achieve commercial exploitation of NGH in the Krishna Godavari Basin of India [15].
Terzariol et al., 2021 found that there is a synergistic depressurization effect between wells
when multiple wells are synchronously depressurized, and its efficiency is higher than
that of an equal number of independent working wells [16]. Wu et al., 2021 reviewed the
relevant work and concluded that adopting different production well designs—such as
horizontal wells, complex structure wells, etc., combined with varying strategies of depres-
surization and using different stimulation methods such as in situ heating or hot water
injection, reservoir hydraulic fracturing, or near wellbore reservoir reconstruction—can
significantly improve production capacity [17]. Optimizing the depressurization method is
a noteworthy approach [18].

In recent years, efforts have been put into research on NGH development with the
stepwise depressurization strategy. Phillips et al., 2019 experimentally studied the dis-
sociation characteristics of hydrates with stepwise depressurization. In reservoirs with
high salinity and saturation, salt diffusion and heat transfer slow down the dissociation
of hydrates [19]. Yin et al., 2020 conducted a depressurization experiment in hydrate sedi-
ments and found that the water production rate grew linearly with the depressurization
rate [20]. Zhao et al., 2020 found that dividing direct depressurization into several stages
can accelerate hydrate decomposition [21]. Guo et al., 2020 conducted a set of experiments
and found that stepwise depressurization helps alleviate initial water production; the fine
pressure gradient during the high-yield water stage can increase the gas production rate to
31%, and the cumulative water production depends on the degree of depressurization [22].
Ravesh et al., 2019 studied the dissociation behavior of methane hydrates in porous media
using single-step and multi-stage depressurization in a 25 L reactor and found that multi-
stage depressurization can improve the gas recovery rate [23]. Yoon et al., 2021 conducted
a numerical study on the geomechanical response of gas hydrate deposits in the Ulleung
Basin of the Korea East Sea with various depressurization schemes and found that the
productivity is similar among different depressurization schemes, with periodic depressur-
ization schemes having relatively small subsidence [24]. Li et al., 2021 found that stepwise
depressurization helps to increase the integrated gas-to-water ratio and avoid a significant
decrease in reservoir temperature [25]. Yin et al., 2022 established a multi-field coupling
model and investigated horizontal well depressurization’s gas production behavior. The
results show that stepwise and cyclic depressurization can improve production capacity to
varying degrees [26]. Wang et al., 2022 proposed an optimized simulation model based on
the reservoir characteristics of the Shenhu Sea area and analyzed the impact of seepage
characteristics caused by stepwise depressurization on hydrate extraction. The results
indicate that relative gas permeability and porosity are key parameters affecting hydrate
production [27]. Yin et al., 2022 found that the optimal duration of constant pressure for
single-stage depressurization is 5-10 days. The optimal depressurization gradient for
long-term stable production is 0.2 MPa/d [28]. Xue et al., 2023 conducted a numerical
analysis of the gas production behavior of vertical wells with stepwise depressurization.
The results show that the gas production increased by more than 10% [29]. Ge et al., 2023
proposed combining the hydrate dissociation model with a genetic algorithm to optimize
the stepwise depressurization strategy. Research has found that increasing depressurization
steps is detrimental to exploitation efficiency [30]. Wang et al., 2023 numerically analyzed
the production behavior of stepwise depressurization extraction of NGH with a horizontal
well. The results showed a significant decrease in water production [31]. Various studies in

156



J. Mar. Sci. Eng. 2024, 12,1169

recent years likewise contribute relevant information and context on gas hydrate stability,
destabilization, and changes to temperature and/or pressure influencing this hydrate
stability (e.g., Biastoch et al., 2011; Burton et al., 2020; Kim and Zhang, 2022; Burton &
Dafov, 2023) [32-35].

The insights gained from the above research on the stepwise depressurization strategy
provide valuable theoretical references for practical application. Multi-well or group well
exploitation is an important development direction for the commercial development of
natural gas hydrates, and the vertical well is one of the important basic well types [17].
Currently, there is limited research on the stepwise depressurization of NGH reservoirs
in the Shenhu Sea area with vertical wells. In this work, we established an ideal model of
NGH reservoirs based on China’s first offshore NGH testing data, numerically studied the
gas production behavior and reservoir physical characteristics” evolution of vertical well
stepwise depressurization, and focused on the effects of depressurization gradients and
constant pressure durations on gas production behavior.

2. Methodology
2.1. Simulation Code

TOUGH+HYDRATE V1.0 can simulate various exploitation methods such as depres-
surization, thermal stimulation, and inhibitors, focusing on well-scale or reservoir-scale
simulation (instead of basin-scale simulation, e.g., Pifiero et al., 2016; Burton, 2022) [36-38].
The accuracy of the code has been verified through laboratory and field testing [39-43].
Specifically, the equilibrium model was adopted to simulate the stepwise depressurization
by a vertical well [44]. This work assumes that sand production is controllable, Darcy’s law
is effective, and the geological media does not deform. The main control equations for the
simulation code are as follows [36]:

%/andV - /rnFK-ndl" + fvgtav 5

Here, M* is the mass accumulation term, F* is the Darcy flux vector, and g* is the
source/sink term. Vj;, I'y, x, and t represent the grid volume (m3), grid surface area (mz),
components, and time (s), respectively, whereas V and I' are volume (m3) and surface area
(m?), respectively.

2.2. Model Construction

The SHSC4 well in the Shenhu Sea area was selected for the simulations (Figure 1) [45].
The NGH reservoir at this site belongs to Class 1-type, which consists of three parts: the
gas hydrate-bearing layer (GHBL, contains water and hydrates, with thicknesses of 35 m);
the three-phase layer (TPL, contains water, free gas and hydrates, with thicknesses of 15 m);
and the free gas layer (FGL, contains water and free gas, with thicknesses of 27 m) [10,46,47].
A multi-layer reservoir model with a size of 500 x 500 x 137 m was constructed under the
x-y-z coordinate system, as shown in Figure 2a. Ten simulation cases were simulated to
assess the stepwise depressurization with different depressurization parameters, including
a 70 m long vertical wellbore deployed at the center of the model (model’s —21 and —91 m).
Table 1 gives the detailed parameters for these cases.

The model is discretized into 23 x 23 x 81 grids in (X, y, z), with a total of 42,849 grids
(Figure 2b). Specifically, corresponding to the radius of 0.1 m of the wellbore, the grid size
of the wellbore in the x-y plane is 0.2 m x 0.2 m. To properly capture heat conduction,
hydrate dissociation, and fluid flow, the vertical grid sizes of the GHBL, TPL, and FGL in
the model were set to be 1.0 m.
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Figure 1. SHSC4 well location map (adapted from Reference [45]).
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Table 1. The detailed settings of simulation cases.

Scenarios

Production Pressure Difference
Regulation Process (MPa)

Depressurization Gradient (MPa)

Constant Pressure Duration (Day)

Case 01-DD-Ref
Case 02-SD1-20d
Case 03-SD1-10d
Case 04-SD1-05d
Case 05-SD2-20d
Case 06-SD2-10d
Case 07-SD2-05d
Case 08-SD3-20d
Case 09-SD3-10d
Case 10-SD3-05d

6.0
3.0—3.5—4.0—4.5—5.0—5.5—6.0
3.0—+3.5—4.0—4.5—5.0—-5.5—6.0
3.0—+3.5—4.0—4.5—5.0—+5.5—6.0

3.0—4.0—5.0—6.0

3.0—4.0—5.0—6.0

3.0—4.0—5.0—6.0
3.0—+4.5—6.0
3.0—+4.5—6.0
3.0—+4.5—6.0

None
0.5
0.5
0.5
1.0
1.0
1.0
15
1.5
15

None
20
10

5
20
10

5
20
10

5

Note: DD is direct depressurization; SD is stepwise depressurization.

2.3. Model Initialization and Boundary Conditions
The model is divided into three subdomains: the GHBL, TPL, and FGL. The top

and bottom of the TPL are considered as the boundaries of the hydrate interface (i.e., the
three-phase conditions for the coexistence of hydrates, gas, and water). Each subdomain is
simulated separately to determine the initial pressure, temperature, and saturation steady-
state conditions; during the process, the heat flux between each subdomain is adjusted by
fine-tuning the geothermal gradient. When the heat flux of the contact surface between the
three subdomains remains consistent, the combination is performed to complete model
initialization, as shown in Figure 3 [48-53].
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Figure 2. Model schematic diagram: (a) Well design. (b) Mesh discretization.

During the simulation process, the wellbore is considered the internal boundary, and
fixed or stepwise production pressure differences are given to the wellbore grids according
to different simulation cases. The wellbore grid is treated as a pseudo-porous medium with
a porosity and permeability of 1 and 10,000 D, respectively [54]. The parameters for the
reservoir and model are shown in Tables 2 and 3, respectively.
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Figure 3. Initial conditions of the model.
Table 2. Parameters of the reservoir.
Layer Parameter Value and Unit
Thickness 30 m
OB [55-59] Porosity 0.30
Initial permeability 2.0 mD
Thickness 35m
Porosity 0.35
GHBL [10,56-59] Initial permeability 2.9 mD
Initial hydrate saturation Extracted from logging curve
Thickness 15m
Porosity 0.33
TPL [10,56-59] Initial permeability 1.5 mD
Initial hydrate saturation Extracted from logging curve
Thickness 27 m
Porosity 0.32
FGL [10,56-59] Initial permeability 74 mD
Initial free gas saturation Extracted from logging curve
Thickness 30 m
UB [55-59] Porosity 0.30
Initial permeability 2.0mD
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Table 3. Parameters of the model.

Parameter Value and Unit
Wellbore radius [56-59] 0.1m
Salinity [56-59] 3.5%
Grain density [56-59] 2600 kg/m?>
Geothermal gradient [56-59] 43.653 °C/km
Gas composition [56-59] 100% CHy
Grain specific heat [56-59] 1000 ]~kg_1 K1
Dry thermal conductivity [56-59] 1.0 W-m~1.K!
Wet thermal conductivity [56-59] 31W-m L.K!
P = —P [(S*)fl/)\_l]li)\
Capillary pressure model [56-59] cap = 70 !
g+ — _(Sa=Sira)
(SmxA 7SirA)
Smxa (Mmaximum water saturation) 1
A (porosity distribution index) 0.45
Py (initial capillary pressure) 104 Pa
- .y Kia =1(Sa = Sira)/ (1 = S )™,
Relative permeability model [56-59] K = [(Sc — Se) /(1 — Spp)J°C
nA (aqueous phase permeability reduction index) 3.5
nG (gas phase permeability reduction index) 2.5
Siyc (residual gas saturation) 0.03

2.4. Model Validation

Based on China’s first offshore NGH testing data, a vertical wellbore was deployed
at the model’s center with a completion length of 70 m [10,56-59]. Under the production
pressure difference of 3 MPa, a 60-day gas production fitting was conducted to verify

the model’s accuracy [10,56-59]. As shown in Figure 4, the fitting results are within the
acceptable range.

401
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Figure 4. On-site gas production fitting.

3. Results and Analysis
3.1. Gas and Water Production

Two simulation cases were set up to compare the evolution characteristics of gas and
water production behavior and reservoir physical properties between direct and stepwise
depressurization: Case 01, which has direct depressurization by 6 MPa and continuous
production for one year; Case 03, which has a constant pressure duration of 10 days, a
depressurization gradient of 0.5 MPa, stepwise depressurization by 6 MPa, and continuous
production for one year. From the gas production rate (Qg) curves and cumulative gas
production (V) curves in Figure 5a,b, it can be seen that Q. of Case 01 reached its maximum
value at the beginning, then slowly decreased to about 0.7 x 10* ST m3/d, and the V,
reached 3.056 x 10° ST m?. Direct and significant depressurization can quickly reduce
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reservoir pore pressure, promote rapid dissociation of hydrates, and rapidly decrease
reservoir temperature. The huge pressure difference can cause the fluid to flow too quickly
to the wellbore, which can easily lead to sand production problems. Usually, the seepage
and heat transfer processes in the reservoir are slower than pressure propagation; so,
significant depressurization cannot effectively exert the depressurization effect. The Qg
curve of Case 03 showed a stepwise increase followed by a gradual decrease within the
initial 70 days of production and tended to be consistent with Case 01 around 135 days.
The Vg reached 2.966 x 10° ST m?, only a decrease of 2.94% compared to Case 01. Stepwise
depressurization divides the significant depressurization into several small cycles with a
small depressurization gradient, and the peak value of Qg is much smaller than the direct
depressurization, and a small depressurization gradient is beneficial for sand production
control. Different from the above results, Xue et al., 2023 numerically studied natural gas
hydrate production in the Nankai Trough of Japan with a vertical well and found that
the stepwise depressurization resulted in a 10% increase in gas production compared to
direct depressurization, which is due to the differences in hydrate reservoir types [29].
From Figure 5c,d, it can be seen that the water production rate (Q,) curves of Case 03
in the early stages of production also show a stepwise increase followed by a gradual
decrease trend and tends to be consistent with Case 01 around 135 days. Compared to Case
01, Case 03 can reduce the Qy, this is similar to the research results of Wang et al., 2023
where stepwise depressurization can significantly reduce water production [31]. While
lower water production is beneficial for sand production control, throughout the entire
production cycle, Case 03 has better gas-to-water ratio (Rgy) performance compared to
Case 01, especially during the initial 120 days of production, and a higher R¢;, means better
exploitation efficiency. The analysis results indicate that stepwise depressurization has a
more significant impact on water production. This phenomenon may be related to the “gas
slippage effect” [60-62].
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Figure 5. Cont.
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Figure 5. Gas and water production: (a) Qg curves; (b) Vg curves; (c) Qq curves; and (d) Rgy curves.

3.2. Physical Properties
3.2.1. Pressure

From Figure 6, it can be observed that Case 01 and Case 03 have limited pressure
propagation in the reservoir around the TPL. This is because the permeability of the
reservoir around the TPL decreases with the formation of secondary hydrates, and the
pressure propagation range of Case 03 is smaller in the early production stage. The same
phenomenon can be observed in Case 01 and Case 03. Compared to the reservoir located in
the GHBL, the pressure propagation range of the reservoir located in the bottom free gas
layer is significantly smaller, which is caused by the gas expansion effect.

3.2.2. Temperature

From Figure 7, it can be observed that both Case 01 and Case 03 have formed low-
temperature zones in the reservoir around the wellbore. This is due to the dual effects of
hydrate dissociation in the GHBL and the Joule-Thomson effect. The Joule-Thomson effect
caused by the significant direct depressurization in Case 01 during the initial production
stage is stronger, resulting in a larger range of temperature drops in the reservoir around the
wellbore. However, stepwise depressurization avoids a rapid drop in reservoir temperature,
providing favorable conditions for later production. This phenomenon is similar to the
research results of Li et al., 2021 where stepwise depressurization helps to avoid a significant
decrease in reservoir temperature [25].

3.2.3. Hydrate and Gas Saturation

From Figure 8, it can be observed that during the initial stage of production within
60 days, Case 01 has a larger range of hydrate dissociation in the GHBL. After one year of
production, Case 01 and Case 03 both have a hydrate dissociation radius of about 2 m at the
GHBL. Affected by the strong Joule-Thomson effect, secondary hydrates were formed in the
reservoir around the wellbore at the TPL in Case 01 and Case 03. As production progressed,
the amount of the secondary hydrates gradually increased. At the end of production, the
saturation and amount of the secondary hydrates in Case 01 and Case 03 tended to be
consistent. It is worth noting that the amount of secondary hydrates formed in the TPL of
Case 03 is relatively small, which also means that the stepwise depressurization method
can help alleviate the formation of secondary hydrates in the early stages of production.
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Figure 6. Pressure evolution diagram of direct and stepwise depressurization.
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Figure 7. Temperature evolution diagram of direct and stepwise depressurization.
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Figure 8. Hydrate saturation evolution diagram of direct and stepwise depressurization.

From Figure 9, it can be observed that as the hydrate dissociation in the GHBL and the
free gas entered the wellbore in the TPL, both Case 01 and Case 03 formed gas at a relatively
high saturation zone and gas at a relatively low saturation zone in the GHBL and TPL,
respectively. In both cases, it can be observed that free gas moves upwards and downwards
along the wellbore. The closer the free gas is to the wellbore, the faster it migrates, forming
conical and inverted conical gas-bearing zones, respectively. After 120 days of production,
the dissociation of hydrates located in the upper part of the TPL was observed in both Case
01 and Case 03, resulting in local high saturation gas accumulation around the wellbore.
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Figure 9. Gas saturation evolution diagram of direct and stepwise depressurization.

4. Discussion
4.1. Effects of Depressurization Gradient

As shown in Figure 10, Case 04, Case 07, and Case 10 have the same constant pressure
duration of 5 days, with depressurization gradients of 0.5 MPa, 1.0 MPa, and 1.5 MPa,
respectively. From Figure 10b, it can be seen that under the premise of a fixed constant pres-
sure duration, the V increases with the increase in the depressurization gradient. The V,
after one year of production is 3.019, 3.039, and 3.045 x 10° ST m, respectively. Compared
with direct depressurization, it decreases by 1.21%, 0.55%, and 0.35%, respectively, and
there is no significant difference between them. As shown in Figure 10d, the Rgy, decreases
with the increase in the depressurization gradient. Throughout the entire production cycle,
Case 04 has the best R¢;, performance. Under the premise of fixed constant pressure dura-
tion and considering engineering operability, V¢, and R¢;,, Case 04 is the optimal choice
among them.
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Figure 10. Gas and water production: (a) Qg curves; (b) Vg curves; (¢) Q curves; and (d) Rey curves.

4.2. Effects of Constant Pressure Duration

As shown in Figure 11, the depressurization gradients for Case 02, Case 03, and Case
04 are all set to 0.5 MPa, and the constant pressure durations are set to 20 days, 10 days,
and 5 days, respectively. From Figure 11b, it can be seen that under the premise of a
fixed depressurization gradient, the V, decreases with the increase in constant pressure
duration. The V, after one year of production is 2.864, 2.966, and 3.019 x 10° ST m3,
respectively. Compared with direct depressurization, it decreased by 6.28%, 2.94%, and
1.21%, respectively. As shown in Figure 11d, the Rgy, increases with the increase in constant
pressure duration. Throughout the entire production cycle, Case 02 has the best Rqy
performance. Under the premise of fixed depressurization gradient and considering the V,
and Ry, Case 03 is the optimal choice among them.

4.3. Comparison of Production Performance

Figures 12 and 13 show the R¢, and V for all simulated cases, respectively. Case
02 has the best Rgyy performance, but its Vg of 2.864 x 10% ST m? is the lowest among
all stepwise depressurization cases, a decrease of 6.28% compared to Case 01. The V¢ of
3.045 x 10° ST m3 in Case 10 is the highest among all stepwise depressurization cases, with
only a decrease of 0.35% compared to Case 01, but its Rey, is the worst among all stepwise
depressurization cases. The V of Case 03 is 2.966 x 10° ST m?, which is only 2.94% lower
than Case 01. Its Rgyy ranks among the top in all stepwise depressurization cases, and it is
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Figure 12. Rgy curves with different depressurization strategies.

169



J. Mar. Sci. Eng. 2024, 12, 1169

305.60
305 L 103.92 304.53

302.29
301.95 300.94

296.62 297.37
294.48

- u I
% 290 |
28649
280
= B 0

Figure 13. V, with different depressurization strategies.

4.4. Implications and Future Recommendations

Multi-well or group well exploitation is an important development direction for
the commercial development of NGHs, and the vertical well is one of the important
basic well types. However, there is limited research on the stepwise depressurization
of NGH reservoirs in the Shenhu Sea area with vertical wells. This work is based on
SHSC4 well-logging data to establish an ideal numerical model and study the impact of
different depressurization methods on gas and water production in Shenhu Sea area’s NGH
reservoirs with a vertical well. The results show that compared to direct depressurization,
stepwise depressurization can increase the gas-to-water ratio while ensuring gas production.
Maintaining a high gas-to-water ratio during natural gas hydrate exploitation has the
following positive effects: 1. A decrease in water production can reduce the energy
consumed for lifting or pumping water in engineering, which is beneficial for improving
economic efficiency; 2. Related studies have shown that water production is an important
factor leading to sand production in reservoirs [63-66]. A decrease in water production
can alleviate sand production in reservoirs and avoid a series of engineering problems
caused by sand production, such as wear of wellbore pipelines due to sand production and
failure of sand control due to excessive sand production. This is similar to the numerical
analysis results of Yin et al., 2022 using horizontal wells to stepwise-depressurize natural
gas hydrates in the Shenhu Sea area [28]. It is recommended to use a smaller pressure
gradient and a medium constant pressure duration for stepwise depressurization in Class 1-
type hydrate reservoirs with a vertical well. This work helps us better understand the Class
1-type hydrate reservoirs and has reference value for the development of similar hydrate
reservoirs worldwide. Furthermore, this work contributes to gas hydrate, natural gas, and
petroleum system studies broadly speaking (e.g., Magoon & Dow, 1994; Burton et al., 2018,
2019; Jang et al., 2020; Almashwali et al., 2022) [67-71].

5. Conclusions

Based on the NGH testing data in the Shenhu Sea area, an ideal NGH reservoir model
of the SHSC4 well was established, and the vertical well depressurization production simu-
lation was conducted. A comprehensive analysis was made between direct and stepwise
depressurization, including gas and water production behavior, as well as the evolution
characteristics of reservoir physical properties. The sensitivity of the depressurization
gradient and constant pressure duration were analyzed, and the following conclusions can
be drawn:

(1) Stepwise depressurization can divide direct depressurization into several small
cycles with small amplitude depressurization. While ensuring V,, it can reduce water
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production and increase Rgy, in the early stages of production, which is beneficial for sand
production control; in the early stage of production, stepwise depressurization can avoid a
rapid decrease in reservoir temperature and alleviate the formation of secondary hydrates.
Compared to the depressurization gradient, the effect of constant pressure duration on V
and Ry is more significant.

(2) When the vertical well is deployed at the model’s center with a completion length
of 70 m and a constant pressure duration of 10 days, a depressurization gradient of 0.5 MPa
is used for depressurization by 6 MPa for continuous production for one year. Compared
to direct depressurization, its V¢ is 2.966 x 10° ST m3, a decrease of only 2.94%, but it
maintains a higher Rgy in the early stages of production. It is recommended to use a
small pressure gradient and a medium constant pressure stabilization time for stepwise
depressurization exploitation, which can effectively improve production efficiency.

(3) Stepwise depressurization can maintain a high gas-to-water ratio while ensuring
gas production, improving economic efficiency, and reducing water production can alleviate
sand production problems. These understandings have reference value for the development
of similar hydrate reservoirs worldwide. In the future, we will combine auxiliary heating,
near-wellbore reservoir reconstruction, hydraulic fracturing, and other methods to further
study the impact of stepwise depressurization on gas and water production in Class 1-type
hydrate reservoirs.
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Abstract: Sand production poses a significant problem for marine natural gas hydrate efficient
production. However, the bottom hole gas—-water—sand inflow pattern remains unclear, hindering
the design of standalone screen and gravel packing sand control completions. Therefore, gas—
water—sand inflow patterns were studied in horizontal and vertical wells with the two completions.
The experimental results showed that gas-water stratification occurred in horizontal and vertical
standalone screen wells. The gas—water interface changed dynamically, leading to an uneven screen
plugging, with severe plugging at the bottom and high permeability at the top. The high sand
production rate and low well deviation angle exacerbated screen plugging, resulting in a faster rising
rate of the gas—water interface. The screen plugging degree initially decreased and then increased
as the gas—water ratio increased, resulting in the corresponding variation in the gas-water interface
rising rate. Conversely, gas—water stratification did not occur in the gravel packing well because
of the pore throat formed between the packing gravels. However, the impact of gas and water led
to gravel rearrangement and the formation of erosion holes, causing sand control failure. A higher
gas—water ratio and lower packing degree could result in more severe destabilization. Therefore,
for the standalone screen completion, sand control accuracy should be designed at different levels
according to the uneven plugging degree of the screen. For the gravel packing completion, increase
the gravel density without destabilizing the hydrate reservoir, and use the coated gravel with a
cementing effect to improve the gravel layer stability. In addition, the screen sand control accuracy
inside the gravel packing layer should be designed according to the sand size to keep long-term
stable hydrate production.

Keywords: marine; natural gas hydrate; inflow pattern; standalone screen completion; gravel packing
completion; gas—water-sand; sand control accuracy

1. Introduction

The ocean contains abundant renewable and non-renewable energy. Among the
non-renewable energy sources in the ocean, natural gas hydrate (NGH) reserves are huge,
and the recoverable natural gas reserves are almost twice the proven conventional oil
and natural gas [1,2]. NGH is mainly distributed in deep sea slope areas with a water
depth greater than 300 m and in the permafrost zone on land, among which marine NGH
resources account for about 97% of the world’s total resources [3,4]. However, the efficient
development of marine NGH resources currently faces huge challenges.

The sand production problem in the process of hydrate development is one of the
greatest challenges, which seriously limits the production capacity of marine hydrate
wells [5-10]. Currently, dozens of NGH production tests have been conducted in China,
America, Japan, and Canada [11-13], mainly using vertical and horizontal wells with
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the open-hole standalone screen (SAS), open-hole gravel packing (GP), cased-hole SAS,
and cased-hole GP sand control completions (Figure 1). But most of the tests faced the
problem of sand production, which limits NGH commercial production. To date, the
longest period of hydrate production tests has only reached 60 days, and the maximum
hydrate production has only reached 2.87 x 10* m3/d [14-20], which is far lower than the
critical commercial hydrate production of 5 x 10° m3/d in the sea area [21]. To improve
the production capacity of marine NGH wells, it is urgent to solve the sand production
problem [22-25]. However, there is a contradiction between sand control and increasing
production capacity, and the use of sand control completion technology will reduce the
production capacity of hydrate wells [26,27]. Therefore, it is crucial to clarify the gas-water—
sand inflow pattern in the sand control section of marine NGH wells and reasonably design
sand control completions to maintain long-term and high NGH production.

Sea level

Figure 1. Schematic diagram of SAS and GP sand control completions.

In the past few decades, many research studies on sand control methods have been
carried out to solve the sand production problem to improve marine NGH production
and prolong the production period. In the evaluation of the sand control performance of
different types of screens, the sand retention tests were conducted with wire wrap screens,
metal sintered mesh screens, metal fiber screens, and prepacked gravel screens based on
production data of the NGH production test in the South China Sea, which found that the
permeability of screens generally showed three stages of slow decreasing, rapid increasing,
and balance [28]. They analyzed the sand control effect of four screens with 20 um, 40
pum, and 60 pm sand control accuracy and proved that the sand control in NGH reservoirs
with highly argillaceous fine sands is practicable. Further research was conducted on the
plugging mechanism and sand control effect of stainless-steel wire mesh screens, dutch
wire screens, metal sintered mesh screens, and wire wrap screens from a microscopic point
of view through sand retention tests from a micro-view [29]. The plugging pattern and
mechanism of a non-consolidated prepacked gravel screen were investigated by using new
sand retention tests, and they found that the anti-plugging ability of the screen is affected
by the packing density and gravel size simultaneously [30]. The microscopic mechanism
that influences the reservoir sand retention and retained permeability of the gravel pack
layer was also further examined and interpreted by the CFD-DEM simulations [31]. In
addition to the plugging of sand control media by sand in the hydrate reservoir, it was
proved that the sand control media was also plugged by the reformation of hydrate through
experiments [32].

In addition, in terms of the design of sand control parameters, a large number of
laboratory tests were performed on various types of wire wrap screens with 6 to 16 sand
control accuracy and premium mesh screens with 60 to 600 sand control accuracy [33]. They
proposed that the screen should be initially selected based on sand retention performance,
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with the final selection confirmed based on flow capacity. The sand control effect of the wire
wrap screen with 40 um and 100 pm sand control accuracy was investigated during the
depressurization production of hydrate indoors [34]. The results of the screen performance
showed that sand production was not visibly observed in the screen sample, and the wire
wrap screen with 100 pm had good application in sand control during hydrate reservoir
exploitation. Hydrate reservoir sand control simulations were carried out using metal
mesh screens with different pore sizes. The results showed that the design criterion of
sand control accuracy for the metal mesh screen was finally obtained as D50 = 11 x d50
(where D50 is the median grain size of the gravel, and d50 is the median grain size of
the formation sand) [35]. It was found that hydrate production was divided into three
stages: water, gas with water drops, and gas [36]. Sand production only existed in the first
two of the three stages, of which the first stage was fine sand and the second stage was
sand particles. Based on the different stages of sand production, the concept of segmented
graded sand prevention was proposed [36]. The Saucier gravel design method is mainly
used in GP completion to develop conventional oil and gas reservoirs, but it is unsuitable
for clayey silt hydrate reservoirs [37]. A new gravel sizing method was proposed for GP
sand control completion named “Hold coarse while eliminating fine particles (HC and EF
method)” for the clayey hydrate-bearing formations [38,39]. In this method, the formation
sand was divided into coarse and fine components. Then, the gravel sizes for retaining
coarse components and eliminating fine components were calculated, respectively. Finally,
the intersection of these two gravel sizes was taken as the proper gravel size.

Existing research has enhanced the understanding of sand control of marine NGH
reservoirs. At present, the research on hydrate sand control completions mainly focuses
on the sand control mechanism of different types of sand control media, the comparison
of sand control performance, and the design of sand control parameters. However, the
current hydrate well sand control completions are generally statically designed based
on parameters such as hydrate reservoir characteristics and the particle size of produced
formation sand. However, the bottom of the hydrate well is a complex gas—water—sand
three-phase fluid environment. Under the long-term flow impact of gas—water-sand,
the stability of the sand control completion system, which is the only channel for gas—
water—sand to enter the hydrate well, may change dynamically. Most of the research on
hydrate sand control completions ignores the possibility of dynamic changes in the sand
control completion system. At present, only Kaige Gao has found that the GP sand control
completion has instability [40]. With the impact of gas—-water—sand on the gravel layer, the
gravel layer will lose stability and form erosion holes, resulting in the sand control failure
of the gravel layer [40]. Inspired by his research, when designing sand control completions,
we not only focused on the formation sand characteristics of hydrate reservoirs but also
paid attention to the impact of the flow of gas—water—sand at the bottom of hydrate wells
on sand control completions. Unfortunately, there is currently a blank in the research on
the inflow pattern of gas-water—sand at the bottom of hydrate wells. The research related
to the inflow pattern of gas—-water—sand mainly focuses on the transport and deposition
law of sand particles in the test pipeline during deep-water drilling or NGH production
tests [41-44], the flow and deposition plugging law of hydrate in the deep-water wellbore,
and the prediction of the location of hydrate production in the wellbore, etc. [45-47]. The
unclear flow law of gas—water-sand at the bottom of hydrate wells limits the design of
sand control completions under long-term production conditions.

To study the dynamic change characteristics of different sand control completion
systems under the impact of long-term gas—water-sand inflow, to guide the design of
sand control completions under long-term production conditions, this paper adopts indoor
physical simulation experimental methods to study the inflow pattern of gas—-water—sand
at the bottom of hydrate wells for the SAS and GP sand control completions and analyzes
the dynamic change characteristics of the sand control performance and flow performance
of different completion systems under different flow parameters. Based on the experi-
mental results, optimal design suggestions were proposed for SAS and GP sand control
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completions to prolong the effective period of sand control completions, increase natural
gas production, and promote the commercial production of marine NGH.

2. Methodology

This paper adopts an indoor physical simulation experimental research method to
study the inflow pattern of gas-water—-sand in marine NGH vertical and horizontal wells
with SAS and GP sand control completions and proposes optimization suggestions and
inspirations for sand control completions based on the experimental results. Figure 2 shows
the specific research idea and approach.

( ‘ Gas—water—sand inflow experiments in NGH well with ‘
different sand co]mrol completions
v v
Indoor < ’ SAS sand control completion ‘ ‘ GP sand control completion ‘
experiments I I
v v v v
’ Horizontal hydrate well ‘ ‘ Vertical hydrate well ‘ ’ Horizontal hydrate well ‘ ‘ Vertical hydrate well ‘
> I ] l |
v v
‘ Gas—water—sand stratified inflow and ‘ ‘ Gas—water—-sand uniform inflow and ‘
Mechanism and uneven plugging of screen gravel layer instability
sensitive factors
research v
‘ Sensitive factor analysis of gas—water—sand inflow pattern ‘
s v
‘ Suggestions on sand control completions optimization
Proposal ¥

| To improve NGH production and extend the effective period of sand control completions

Figure 2. Flow chart of research idea and approach.

SAS and GP sand control completions are the mainstream sand control completion
methods, and horizontal and vertical wells are mainly used in the current marine hydrate
production tests in the world. Therefore, this paper conducts indoor physical experiments
on two types of hydrate wells using SAS and GP sand control completions. First, the
gas—water—sand inflow pattern in hydrate wells using the two sand control completions
and the influence of gas—water-sand inflow on the sand control completions are explored.
Then, the influencing factors of the gas—water—sand inflow pattern in the two sand con-
trol completions are studied. Finally, based on the experimental results, optimization
suggestions for sand control completions are proposed to extend the effective period of
completions, improve hydrate production, and help realize the marine NGH commercial
production.

3. Materials and Methods
3.1. Apparatus and Materials

Hydrate decomposes to form natural gas and water during the production of the
marine NGH. The strength of the hydrate reservoir decreased with the decomposition of
NGH, leading to the collapse of the reservoir and shedding to produce a large amount of
formation sand. Then, the formation of sand from the hydrate reservoir was carried by
the gas—water fluid to the bottom of the hydrate well. Figure 3 shows the inflow process
of gas—water—sand at the bottom of the hydrate well. The hydrate reservoir was divided
into collapse, dissociated, and in the hydrate zone during the hydrate reservoir production.
The gas—-water—sand from the collapse zone first inflowed into the annular between the
sand control screen and casing. Natural gas and water flowed upwards through the screen
into the tubing. Formation sand with larger particle sizes was controlled by the screen
and gradually plugged the screen, resulting in the gradual increase in formation sand
deposited at the bottom of the wellbore annulus, and the water level gradually rose to the
packer position with the plug of the screen, eventually filling the annulus. There are large
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differences in the gas-water-sand inflow patterns for hydrate horizontal and vertical wells
with SAS and GP sand control completions. Exploring the gas—water—sand inflow pattern
of hydrate wells with different completion methods is crucial to optimizing and designing
sand control completions for different types of hydrate wells.
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Figure 3. Schematic diagram of gas—water-sand inflow during the development of hydrate.

The marine hydrate well bottom inflow simulation device in this study is built to
simulate the gas—water—sand inflow process in the sand control section of the hydrate
well, which mainly consists of a screw pump, flow meter, simulated hydrate wellbore,
data acquisition system, sand sink tank, return pump, liquid storage tank, automatic sand
filler, air compressor, and so on (Figure 4a,c). The simulated hydrate wellbore is the core
component of the device with an inner diameter of 220 mm, an outer diameter of 260 mm,
and a height of 1000 mm, and it can accommodate a sand control screen with an outer
diameter of 90-200 mm and a length of 900-998 mm. Six inlets were staggered on the
well wall, and the flow outlets were located at the bottom of the wellbore. Six pressure
sensors were equally spaced on the well wall to measure the pressure at different locations
in the annulus, and four pairs of differential pressure sensors were evenly distributed at the
bottom of the well to measure the differential pressure inside and outside the sand control
screen (Figure 4b). The sand control screen was placed in the middle of the wellbore, and
the angle of deviation of the wellbore can be adjusted in the range of 0-180° by adjusting
the flip motor. The automatic sand filler realizes the automatic addition of formation sand
to the pipeline and can precisely control the rate of sand addition. In addition, the data
acquisition system can automatically collect flow, pressure, and differential pressure data
during the experiment to calculate and analyze the screen permeability changes during the
screen plug.

The NGH reservoir in the Shenhu area of the South China Sea is characterized by
shallow burial and high mud content, and it belongs to a muddy silt sand hydrate reservoir
with a mud content of 20-36% and a median grain size of 8-40 pm of which montmorillonite
content is about 38%, illite content is about 32%, and kaolinite content is about 30% [11,18].

According to the characteristics of the formation sand of the NGH reservoir in the
Shenhu area of the South China Sea, the sand with a median grain size of 17 pm and
20% mud content is compounded with quartz sand, montmorillonite, illite, and kaolinite
(Figure 5). Figure 6 shows the grain size distribution curve of the compound forma-
tion sand. In addition, to simulate the GP sand control completion, the gravel used is
40-70 mesh conventional ceramsite.
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Figure 5. The composition of compound formation sand: (a) quartz sand; (b) montmorillonite;
(c) illite; and (d) kaolinite.
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The experimental flow rates of water and gas were calculated by using the dynamic
similarity criterion to simulate the production conditions of the hydrate production test.
Based on the first hydrate production test in the Shenhu area of the South China Sea,
the experimental water flow rate was converted by the flow rate equivalence method.
According to the gas—water ratio (GWR) and gas production at different moments of the
production process, the experimental water flow rate was converted to 0.12-1.34 m3 /h.
To cover the actual production conditions, the experimental flow rate of water was set
to 1.5 m3/h, which is higher than the converted flow rate of water. The GWR under
reservoir conditions was converted by the gas volume coefficient based on experimental
temperature and pressure conditions and hydrate reservoir temperature and pressure
conditions. The experimental GWR ranges between 0.1 and 1.5 m3/m?3, converted from the
actual production GWR of hydrate wells. Therefore, the GWR in the basic experiment was
set to 0.67 m3/m3. Another three GWRs of 0, 0.13, and 0.4 m3/m?3 were set to research the
effect of hydrate well production on the inflow pattern of gas-water-sand. In addition, the
volumetric concentration of sand production (VCSP) or sand production rate in the NGH
reservoir in the Shenhu area of the South China Sea is generally in the range of 0.05-1%.
Therefore, four VCSPs (0.2%, 0.3%, 0.4%, and 0.5%) were set in this study to research the
effect of the VCSP on the gas—water—sand inflow pattern, of which the basic experimental
VCSP was 0.3%. All the experimental parameters of different sand control completion are
summarized in Table 1.

Table 1. Experimental parameters of different sand control completion.

Sand Control Deviation

3 3 0,
Number Completion Angle/® GWR/m’/m VCSP/% Factor
1 SAS 0 0.67 0.2
2 SAS 0 0.67 0.3
3 SAS 0 0.67 0.4 vesp
4 SAS 0 0.67 0.5
5 SAS 0 0 0.3
6 SAS 0 0.13 03
7 SAS 0 0.4 03 GWR
8 SAS 0 0.67 0.3
9 SAS 15 0.67 0.3
10 SAS 30 0.67 0.3
1 SAS 45 0.67 0.3 Deviation
12 SAS 60 0.67 0.3 angle
13 SAS 75 0.67 03
14 SAS 90 0.67 0.3
15 GP 0 0.67 03
16 GP 90 0.9 03
17 GP 90 18 03 GWR
18 GP 90 27 0.3

3.2. Procedure and Methods

During the production of marine hydrate wells, hydrate may be reformatted in the
hydrate reservoir near the wellbore and enter the wellbore along with the formation sand
under the carrying of natural gas and water. However, the method of inhibitor or hot brine
injection is generally used in the test production process to avoid hydrate reformation
and prevent hydrate from plugging the sand control screen. Therefore, it is reasonable to
disregard the hydrate dissociation and reformation process in this experiment and only
simulate the inflow of gas—water-sand in the sand control section of the hydrate well. The
experimental procedures include the following steps:
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(1) Put the screen into the simulated wellbore and pack the gravel into the annular
between the screen and casing, connect the experimental device, and check the air
tightness of the device.

(2) Add the compound formation sand to the automatic sand filler, and fill the liquid
storage tank with water.

(3) Open the screw pump to pump water into the pipeline, and check the sealing of the
device.

(4) Set the target water and gas flow rate, adjust the VCSP, realize the mixing of gas,
water, and sand through the gas—water mixer, turn on the screw pump, and return
the pump to start the experiment.

(5) Collect the flow and pressure data in real time through the data acquisition system to
calculate the permeability of the screen and gravel packing layer, record the height of
the gas—water interface in the wellbore annular by a camera, and collect and measure
the volume of the sand deposited in the annulus at the end of the experiment.

The flow pattern of gas—water-sand in the annulus of the sand control section of
marine hydrate wells mainly includes the transition law of gas—water interface height,
the deposition law of formation sand, and the changes in the structure of the gravel
packing layer. To analyze the dynamic transition law of the gas—water interface, the
decrease and rising rate of the gas—water interface height were proposed for characterization
(Equations (1) and (2)). Considering the influence of the size of the wellbore and the screen
on the dynamic change law of the gas—water interface in the annulus of the screen and
casing, the gas—water interface height firstly performs a dimensionless (the ratio of the gas—
water interface height to the annulus diameter) to make the experimentally obtained results
universal. And then calculate the dimensionless gas—water interface height variation
rate. In addition, a deposition volume ratio was proposed for the characterization to
analyze the deposition pattern of formation sand in the annulus of the sand control well
section (Equation (3)).

N @
AlB
where Vp is the falling rate of the gas—water interface height, s~1; Hy is the initial gas—
water interface height in the annulus, m; Hp is the lowest gas—water interface height in the
annulus, m; Dy is the size of the annulus between screen and casing, m; and T is the time
when the height of the gas—water interface in the annulus reaches its lowest position, s.

Hc — Hpg

Vyg=—C 7B
N Da(Tc — Tg)

@

where V7 is the rising rate of the gas—water interface height, s~!; Hc is the highest gas—
water interface height in the annulus, m; and T¢ is the time when the height of the gas—water
interface in the annulus reaches its maximum position, s.

Rsy = 7 ®)
where Rgy is the deposition volume ratio, dimensionless; V; is the total volume of the
formation sand added during the experiment, mL; and Vj is the volume of the formation
sand deposited in the annulus of the wellbore after the experiment, ml.

The permeability was calculated by Darcy’s formula using pressure and flow rate data
to analyze the plug situation of the screen and gravel packing layer after the experiments.
To maintain steady flow conditions to maintain the accuracy of the above parameter
calculations, constant water and gas flow rates were maintained during the experiments
through the use of variable frequency pumps and gas flow controllers. Because of the
interference of electrical and magnetic signals, there are some slight fluctuations in both
liquid and gas flow rates, but, overall, they are stable. The steady flow conditions ensure
the accuracy of the above parameter calculations.
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4. Results
4.1. Inflow Pattern in SAS Completion
4.1.1. Situation of Vertical SAS Well

(1) Gas—water interface

Figure 7 shows that gas—water stratification occurs in the annulus of the screen and
casing in the NGH vertical well with SAS completion when the formation sand is carried
by the water and gas into the wellbore and flows in the sand control well section. The gas
is in the upper layer, and the water and sand are in the lower layer, with the water being
the main sand-carrying phase. Various regions of the screen were gradually plugged as the
experiment progressed, resulting in a dynamic transition in the height of the gas—water
interface and the sand deposition in the bottom of the well.

Figure 7. Dynamic variation in gas—water interface at different stages: (a) initial stage without sand
addition; (b) initial plugging stage; and (c) final plugging stage.

Interestingly, experimental results show that the height of the gas—water interface
decreases first and then increases with the screen plugging in some experimental conditions.
Figure 8 shows that the variation law of the gas—water interface is significantly affected
by the GWR. The annulus only contains gas and liquid without a sand addition at the
beginning of the experiment. The resistance of the water and gas phase through the screen
is equal, resulting in a dynamic balance of the gas—water interface and a constant initial
height of the gas—water interface. A larger GWR strengthens the compression effect of the
gas on the liquid, resulting in a lower initial height of the gas—water interface.
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Figure 8. Variation in gas—water interface in different GWR conditions.
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However, the balance state of the gas—water interface is destroyed because of gradual
screen plugging when adding formation sand into the well, which leads to variation in
gas and liquid flow resistance. Figure 8 shows that the height of the gas—water interface
decreases and then increases when there is a high GWR. The rise and fall of the gas-water
interface depends on the magnitude of the relative resistance of gas and water to passing
through the screen. The gas flow resistance exceeds the water flow resistance with the
plugging of the screen, requiring a larger flow space for gas flow. This action results in a fall
of the gas—water interface, which weakens the degree of screen plugging and reduces gas
flow resistance. However, the water requires more space to flow if the gas flow resistance
is lower than that of water, resulting in a rise in the gas—water interface in the wellbore
annulus. The compression of the gas in the water is weak when the GWR is low, resulting
in a high initial gas—water interface. The water flow resistance was greater than the gas
flow resistance with the plugging of the screen. The gas—water interface gradually rises,
and there is no fall phenomenon of the gas—water interface during the experiment.

(2) Influencing factors

During NGH reservoir development, factors such as the VCSP in the NGH reservoir,
production conditions (GWR), and the NGH well type significantly affect the degree of
screen plugging, which in turn affects the inflow law of gas—water-sand in the sand control
section of NGH well.

Figure 9 shows that the falling and rising rates of the gas-water interface are positively
correlated with the VCSP, which both increase gradually with the increase in the VCSP.
The quantity of formation sand entering the wellbore also increases as the VCSP increases,
which increases the probability of formation sand deposition on the screen surface and may
easily lead to screen plugging.
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Figure 9. Variation rate of gas—water interface under different VCSP.

In the falling stage of the gas—water interface, the flow resistance of gas through the
screen is greater than that of water through the screen. The high VCSP exacerbates the
screen plugging. Consequently, an increase in the VCSP will result in an increase in the
gas flow resistance through the screen, which will lead to a corresponding increase in the
rate of gas—water interface decrease. In the rising stage of the gas—water interface, the
flow resistance of water through the screen is larger than that of gas. The higher the VCSP
is, the more space is needed for water to flow, which leads to a larger rate of gas—water
interface increase.

In addition, Figure 9 also shows that higher VCSP hydrate reservoirs can exacerbate
the deposition of formation sand in the annulus of the screen and casing in the hydrate well.
Sand burial may occur in a hydrate well under prolonged production conditions, severely
reducing gas production. Therefore, while ensuring that the screen has better sand control
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performance, the appropriate relaxation of sand control precision should be considered
to avoid a sand burial phenomenon when designing the sand prevention parameters for
hydrate reservoirs with a high VCSP.

The area and degree of screen plugging change with the variation in the gas—water
interface. Figure 10 shows the relationship between the VCSP and screen permeability
during gas-water-sand inflow. The screen permeability begins to decline earlier as the
VCSP increases. The higher the VCSP, the more formation sand enters the wellbore at the
same time, which leads to the easier plugging of the screen and the easier loss of screen
permeability. Therefore, the VCSP is also a factor to be considered in the design of sand
control parameters for hydrate reservoirs because the VCSP significantly affects the sand
control effect of the screen. The accuracy of sand control should be appropriately reduced
so that the screen can maintain high permeability performance for hydrate reservoirs with
high sand concentration, which contributes to improving the hydrate well production.
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Figure 10. The curve of screen permeability variation with the VCSP.

When the gas-water-sand flows in the wellbore, the perturbing effect of the gas affects
the variation in the gas-water interface and the formation sand deposition. Figure 11
shows the relationship between the GWR and the variation rate of the gas—water interface
and the formation sand deposition. There is no gas—water stratification in the absence of
gas injection into the wellbore. The gas-to-liquid compression is enhanced as the GWR
increases, resulting in a larger falling rate of gas—water interface height. However, in
the rising stage of gas—water interface height, the rising rate of the gas—water interface
decreases first and then increases with the increase in GWR. The gas perturbation can lift
part of the screen plugging when in a low GWR, reduce the sand deposition rate, and
reduce the flow resistance of water through the screen, thus reducing the rising rate of the
gas—water interface height. However, the gas—water interface rising rate will not always
decrease with the increase in GWR. When the GWR is large, the gas carrying the sand effect
gradually enhanced, resulting in strengthening the screen plugging degree and increasing
the sand deposition rate and water flow resistance through the screen, which leads to
increasing the gas—water interface rising rate.

A reasonable GWR can help to reduce screen plugging, and Figure 12 illustrates
the relationship between the GWR and screen permeability. When the fluid entering the
wellbore contains only formation sand and water, the screen is the first to plug, resulting in
a permeability decrease in the screen. It takes longer for the screen permeability to decrease
as the gas is injected, indicating that gas injection does have the effect of unplugging the
screen. However, it is not the case that a higher GWR necessarily results in a more effective
unplugging effect. Because, under the conditions of a GWR of 0.40 and 0.67, the time
for permeability to decrease is 2450 s and 1600 s, respectively. Compared with the two
conditions, under the condition of the GWR of 0.67, the screen is more likely to be plugged,
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resulting in an earlier decrease in permeability. When the ratio of gas to water reaches
a certain threshold, the sand-carrying effect of the gas gradually intensifies, resulting in
a gradual accumulation of formation sand on the surface of the screen, which leads to
increased screen plugging and a greater loss of screen permeability. Therefore, controlling
a reasonable hydrate production can help to improve the permeability performance of the
screen tube, thereby increasing the hydrate production in actual NGH production tests.
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Figure 11. Variation in gas-water interface in different GWR conditions.
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Figure 12. Variation in gas—water interface in different GWR conditions.

The pattern of gas-water—sand inflow varies significantly in different types of hydrate
wells. Figure 13 shows the relationship between the deviation angle and variation rate
of the gas—water interface and sand deposition ratio. Six deviation angles representing
six types of hydrate wells were studied in this article. Both the gas-water interface rising
rate and the gas—water interface falling rate decrease with the increase in the deviation
angle, and the sand deposition rate increases with the rise in the deviation angle. As
for the vertical hydrate well (deviation angle 0°), the screens located in the water phase
are uniformly plugged by the formation sand. When the deviation angle increases, the
formation sand is easily deposited at the bottom of the wellbore under the influence of
gravity, resulting in the lower region of the screen maintaining a higher permeability and
the overall degree of plugging of the screen being weakened. Therefore, the flow resistance
of water through the screen decreases with the increase in the deviation angle in the rising
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stage of the gas—water interface, resulting in the rising rate of the gas—water interface
decreasing with the rise in the deviation angle.
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Figure 13. Variation in gas—water interface in different well deviation angle conditions.

The difference in the degree of screen plugging when gas—water—sand inflows in
different types of hydrate wells is shown in Figure 14. The screen in a vertical well (at a
30° deviation angle) has the earliest decrease in permeability, indicating that the screen
is most prone to plugging when the hydrate well is vertical. Theoretically, an increase
in the deviation angle will cause the formation sand to be deposited at the bottom of the
wellbore under the influence of gravity, reducing the degree of screen plugging. The larger
the deviation angle, the weaker the degree of screen plugging. However, this is not the
case in the experimental results. When the deviation angle is less than 30°, the decrease
time of screen permeability gradually becomes longer with the increase in the deviation
angle. However, the time becomes shorter with the increase in the deviation angle when
the deviation angle is greater than 30°. This result suggests that there is a critical deviation
angle in the range of 30-45°, which can weaken the degree of screen plugging, but the
specific deviation angle needs further research.
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Figure 14. Variation in gas—water interface in different well deviation angle conditions.
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4.1.2. Gas-Water-Sand Inflow in Horizontal SAS Well

For the horizontal NGH well with SAS completion, the same gas—water stratification
phenomenon occurs when the gas—-water-sand inflow enters the wellbore, with the gas
located in the upper space of the wellbore, the liquid in the lower space of the wellbore,
and the formation sand distributed in the water (Figure 15). During the flow of gas and
water—sand in the wellbore, the lower part of the screen tube is first blocked by formation
sand, which then leads to a gradual increase in the gas—water interface.

Figure 15. Gas-water stratification phenomenon: (a) macro view; and (b) zoom-in view.

For the horizontal and vertical NGH wells with SAS completion, although gas—water
stratification occurs in both wells, the height of the gas—water interface in the wellbore
shows a different pattern of variation. Figure 16 shows the varying law of the gas—water
interface in a horizontal well. In horizontal wells with SAS completion, with the plugging
of the screen, the height of the gas—water interface gradually rises until the liquid fills
the annulus of the wellbore, and the height of the gas—water interface does not show any
decreasing phenomenon. Because of the influence of gravity, the formation sand is not easy
to be deposited on the surface of the lower part of the screen, which leads to the screen
located in the water part of the screen being not easily clogged. Throughout the experiment,
the liquid flow resistance is always greater than the gas flow resistance, resulting in a
gradual increase in the height of the gas—water interface.
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Figure 16. Varying law of gas—water interface in a horizontal well.

To further investigate the correlation between the screen plugging process and the
gas—water interface change process, calculate and analyze the change rule of the screen
permeability in the experimental process (Figure 17). The initial permeability of the screen
is 0.33 D. When the experiment reaches 2817 s, the blockage of the screen begins to intensify,
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the pressure difference inside and outside the screen begins to increase, and the permeability
begins to decrease. The phenomenon of phased changes in pressure and screen permeability
was similarly demonstrated in other studies [30,48]. Figures 16 and 17 also show that, in
the early stage of the experiment (0-2817 s), the height of the gas—water interface remained
stable when the screen tube was not blocked. When the experiment progressed to 2817 s,
the height of the gas—water interface began to rise after the screen tube was blocked, and
the liquid eventually filled the annulus. The height of the gas-water interface reached its
maximum value, and the final permeability of the screen tube was 0.013 D.
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Figure 17. Varying law of screen permeability and pressure difference.

4.1.3. Mechanism of Gas—Water Interface Transition

When no sand is added at the beginning of the experiment, the height of the gas—water
interface in the annulus remains unchanged. The relative resistance of liquid and gas
passing through the screen is equal, and the gas—water interface is in dynamic equilibrium
(Figure 18a,d). When the relative resistance of gas flow is greater than that of liquid flow,
gas flow requires more flow space. The gas in the upper space of the wellbore annulus
compresses the liquid, causing the height of the gas—water interface to begin to decrease
(Figure 18b,e). When the relative resistance of gas flow is smaller than that of liquid flow,
liquid flow requires a larger flow space, and the height of the gas—water interface in the
wellbore annulus begins to rise (Figure 18¢,f). When the GWR is low, the compression of
the gas in the liquid is weak, resulting in a high initial gas—water interface. In the process
of screen plugging, the liquid flow resistance has been greater than the gas flow resistance.
The gas—water interface gradually increases as the experiment progresses, and there is no
phenomenon of the gas-water interface decreasing during the experiment.

In horizontal wells with SAS completion, with the plugging of the screen, the height
of the gas—water interface gradually rises until the liquid fills the annulus of the wellbore,
and the height of the gas—water interface does not show any decreasing phenomenon
(Figure 19). Because of the influence of gravity, the formation sand is not easily deposited
on the surface of the lower part of the screen, which leads to the screen located in the water
part of the screen being not easily clogged. Throughout the experiment, the liquid flow
resistance is always greater than the gas flow resistance, resulting in a gradual increase in
the height of the gas—water interface.
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Figure 18. Schematic diagram of the mechanism of gas-water interface transition in the vertical well:
(a,d) unplugged stage; (b,e) initial plugging stage; and (c,f) final plugging stage.
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Figure 19. Diagram of the mechanism of gas—water interface transition in the horizontal well.

4.2. Inflow Pattern Analysis of GP Well
4.2.1. Uniform Inflow Pattern

The screen and casing annulus of the hydrate well with GP completion are packed with
40-70 mesh conventional ceramsite, resulting in a different gas—water-sand inflow pattern
compared with SAS completion. Figure 20 shows the gas—water—sand inflow pattern in
hydrate wells with GP completion. The gas-water-sand inflows uniformly both in the
vertical and horizontal wells, and there is no gas—water stratification flow phenomenon.
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Figure 20. The uniform inflow of gas-water in vertical and horizontal wells with GP completion:
(a) vertical well with GP completion; (b) horizontal well with GP completion.

Because of the 40-70 mesh conventional ceramsite filling in the wellbore, the gas—
water-sand inflow pattern in the gravel layer was not photographed. Therefore, a schematic
diagram was drawn to visualize the gas—water—sand inflow pattern in the NGH well with
GP completion, as shown in Figure 21. Compared with the SAS completion, the gravels in
the GP completion form a porous 3D structure, which reduces the flow area of gas—water—
sand and leads to the rapid filling of water into the pores between the gravels, and the
gas-water—sand flows uniformly in the gravel layer without gas—water stratification. When
the gas—water—sand flows uniformly in the gravel layer, the gas is mainly in the form of
bubbles in the gravel layer, and the fine sand gradually enters the inside of the screen
through the gravel layer, and the coarse sand gradually invades and remains in the inside
of the gravel layer.
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Figure 21. Schematic diagram of uniform inflow of gas—water—sand in GP completion: (a) macro
view; and (b) zoom-in view.
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4.2.2. Erosion Failure of Packed Gravel

Although gas—water stratification did not occur in the GP completion, it is interesting
to note that the gravel layer structure was progressively damaged, and an erosion hole was
formed as the gas—water—sand flowed in the gravel layer (Figure 22a).

Figure 22. Formation and extension of erosion hole in the gravel layer: (a) formation of erosion hole;
and (b) expansion of hole leads to screen exposure.

The formation sand is controlled on the outside of the gravel layer at the location of
high gravel packing degree. However, the gravel layer is destabilized and reorganized by
the impact of gas and water, and a hole is formed at the location of low gravel packing
degree. Once an erosion hole is formed in a gravel layer, the gravel packing degree near the
erosion hole decreases sharply. The volume (depth) of the erosion hole gradually increases
under the continuous impact of air and water, weakening the sand control effect of the
gravel layer. With the expansion of the erosion hole, the deficit volume of the gravel layer
gradually increases, which gradually leads to the exposure of the screen inside the gravel
layer (Figure 22b). Then, the gas—-water—sand passes through the screen directly, and the
sand control performance of the gravel layer decreases sharply.

The GWR significantly affects the formation of erosion holes in the gravel layer. Three
GWRs (0.9, 1.8 and 2.7 m3/m3) were researched in this article. Figure 23 shows the
relationship between the GWR and erosion hole in the gravel layer. It can be observed
that an increase in the GWR results in a corresponding increase in the non-uniform inflow
velocity of the gas—water—sand, which enhances the impact on the gravel filling layer and
results in a more serious gravel destabilization and larger formation of erosion holes.

Figure 23. Variation in erosion hole in the gravel layer with GWR: (a) GWR is 0.9 m3/m3; (b) GWR is
1.8 m3/m3; and (c) GWR is 2.7 m3/m?.

The phenomenon of erosion holes in the instability of gravel layers was also confirmed
in the studies of some scholars. The effect of gravel packing degree on the stability of the
gravel layer was studied. Figure 24 shows the relationship between the gravel packing
degree and the shape and depth of the erosion hole in the gravel layer. When using
40-70 mesh conventional ceramsite for experiments, the results show that the formation
of erosion holes in the gravel layer is inevitable, even in the case of 100% packing degree
(Figure 24a). Figure 24b also shows that the erosion holes gradually expanded and even
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broke through the gravel layer to the outer wall of the screen with a decrease in the packing
degree [40].
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Figure 24. The shape and depth of the erosion hole of the gravel layer with different packing degrees:
(a) the shape of the erosion hole; (b) the depth of the erosion hole. Reproduced from [40], with
permission from North China Petroleum Administration Bureau/2018.

However, it is impossible to guarantee a 100% packing degree of gravel during the
actual hydrate well development process. Furthermore, the presence of a high-speed
inflow hotspot in the whole hydrate well will exacerbate the destabilization and damage
of the gravel layer, which will lead to the sand control failure of the gravel layer. The
screen should play a key role in controlling sand when the gravel layer fails. Therefore,
when designing the GP completion, the sand control accuracy of the screen should be
based on the principle that the screen directly controls the formation sand, rather than just
supporting the gravel layer.

4.2.3. Plugging Performance

Figure 25 shows the variation in gravel layer permeability from unplugging to the
destabilized state under different GWRs. When the gas—water-sand flows in the gravel
layer, at the beginning of the experiment, the fine sand passes through the gravel layer
directly (Unplugging stage). The gravel layer was gradually plugged, resulting in a decrease
in the permeability of the gravel layer with the continuous intrusion of formation sand
in the gravel layer (Plugging stage). The resistance to the flow of gas and water through
the gravel layer increases after the plugging of the gravel layer. The gravel is displaced to
form an erosion under the impact of gas and water, resulting in a gradual increase in the
permeability of the gravel layer (Erosion hole formation stage).

The permeability of gravel layers at different stages under different GWRSs, the rate of
permeability loss, and the rate of permeability recovery after the formation of the erosion
hole are summarized in Table 2. Table 2 shows that the permeability of the gravel layer after
plugging is higher with the increase in GWR. Because the gas has a certain unplugging
effect, the formation sand that enters the inside of the gravel layer is easily discharged
under the disturbing effect of the gas. Therefore, the lower the permeability loss rate of the
gravel layer as the GWR increases. However, the impact of gas and water on the gravel
layer is strengthened as the GWR increases. A high GWR accelerates the formation of
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erosion holes in the gravel layer and intensifies the degree of erosion damage, leading to
an increase in the permeability of the gravel layer and a weakening of the sand control
performance. As the GWR increases, the recovery rate of permeability of the gravel layer
rises (Figure 26), while the sand control performance of the gravel layer declines.
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Figure 25. The curve of gravel permeability variation with the GWR.

Table 2. Permeability of gravel layer at different stages under different GWR.

Initial Plugging Permeability with
3/m3 o, o,
GWR/(m”"/m®) Permeability/D Permeability/D Erosion Hole/D Recovery Rate/% Loss Rate/%
0.9 9.723 0.132 2.539 1823.48 98.64
1.8 9.719 0.154 3.196 1975.32 98.42
2.7 9.727 0.279 5.936 2027.60 97.13
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Figure 26. Variation in gravel layer permeability loss and recovery rates with GWR.

4.3. Optimization of Completion

Under the long-term marine NGH production, the sand control performance of differ-
ent sand control completions changes dynamically under the impact of gas—water-sand
inflow, which limits the development and utilization of marine NGH energy. These findings
above about the inflow pattern of gas—water-sand in the sand control section of marine hy-
drate wells with different completions provide good inspiration for optimizing the design
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of completions for different types of marine NGH wells. Figure 27 shows an optimization
diagram of different sand control completion methods.
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Figure 27. Optimization diagram of different sand control completions.

For vertical and horizontal wells with SAS completion, the gas—water stratification
during the inflow of gas—water—sand in the wellbore leads to non-uniform plugging of
the screen. After a long time of production of the hydrate well, the screen located in the
water phase is plugged seriously, while the screen located in the gas phase maintains high
permeability. However, the current SAS sand control completion for hydrate wells does
not differentiate the sand control accuracy of the screen according to the difference in
the plugging degree at different positions of the screen but adopts a unified sand control
accuracy as a whole, which is costly and limits the increase in hydrate well production.

Therefore, for hydrate wells with SAS completion, it is recommended that the sand
control screen is optimized to have two different sand control accuracies for the upper and
lower parts of the screen, taking into account the non-uniform plugging phenomenon of the
screen. The lower screen plays the role of sand control with high sand control accuracy. The
upper screen is designed with a low sand control accuracy to enhance the gas conductivity,
which contributes to improving the hydrate production.

Regarding the GP completion, the gravel layer destabilizes and forms an erosion hole
at the high-speed inflow hotspots of the NGH reservoir, resulting in the exposure of the
screen inside the gravel layer and the sand control failure of the gravel layer. Maintaining
the stability of the gravel layer is beneficial to prolonging the validity of the GP completion.
However, in the current hydrate production tests using GP sand control completion, to
avoid high packing pressure from damaging the hydrate reservoir, lightweight ceramsite is
used for gravel packing [49,50]. However, the low-density lightweight ceramsite will lead
to a decrease in the gravel packing degree, which will sharply weaken the stability of the
gravel packing layer.

Therefore, for hydrate wells with GP completion, the density of gravel should be
increased as much as possible under the premise of ensuring the stability of the NGH
reservoir. In addition, the coated ceramic with cementing effects can enhance the strength
of the gravel layer to improve the stability of the gravel layer. Once the gravel layer is
damaged, the screen inside the gravel layer will be the last sand control barrier of the GP
completion. However, when designing the sand control accuracy of the screen in the GP
completion, it is generally designed based on the ability to support gravel, and the sand
control effect of the screen is not considered. The reasonable design of the sand control
accuracy of the screen inside the gravel layer is conducive to prolonging the validity of the
GP completion. Therefore, when designing the sand control accuracy of the screen, it is not
only necessary to consider the supporting gravel, but also, more importantly, it should be
considered that the screen can directly control the formation sand.
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5. Discussion

The bottom of the marine NGH well is a complex three-phase fluid environment of
gas, water, and sand. Complex fluids cause dynamic changes in different sand control
completion systems. For SAS and GP sand control completion systems, the phenomena
of uneven plugging of screens caused by gas—water stratified flow and the erosion failure
of gravel layers caused by gas—water—sand impact observed in indoor experiments are
objective. Because indoor physical experiments are affected by many factors such as
experimental operators [51,52], signal interference, experimental time, and device scale, the
laws of gas—water interface change, gravel layer instability may not be accurate, and the
analysis metrics may have certain errors. Before the experiment, we conducted multiple
test experiments to reduce the deviation caused by the signal interference and experimental
device. During the experiment, we did not change the experimental operators to eliminate
the deviation caused by the operators. In addition, outliers with large fluctuations caused
by different factors were removed without affecting the regularity of the curves. The scale
of indoor experiments is also a key factor that affects whether the experimental results can
be applied to the actual field. Because indoor experiments cannot completely restore the
actual field conditions, in indoor experimental research, based on the structural parameters
of the experimental device and the actual hydrate well, the flow rate equivalent method
is used to simulate the actual field production conditions, which enhances the correlation
between indoor experimental results and the actual field. Therefore, the sand control
completion optimization method based on experimental phenomena and experimental
laws has a certain guiding significance for the actual field.

The gravel size optimization method proposed for GP sand control completion is
different from the traditional gravel size design based only on the role of supporting
screens [40,53] and is technically easier to achieve. In addition, many research studies have
been conducted on how to improve the gravel-packing effect and avoid the formation of
premature bridges during gravel packing [54-56]. The proposed gravel size design method
will be more conducive to improving the validity period of gravel packing sand control
completion in hydrate wells. For the SAS sand control completion, the traditional screen
sand control accuracy design method generally does not consider the dynamic changes
in the SAS completion system, and the screen sand control accuracy is designed based on
static parameters such as the formation sand particle size [29]. The accuracy optimization
method proposed in the paper is to design the screen sand control accuracy according to the
plugging degree difference in different areas of the screen. Reduce the sand control accuracy
in places where the screen plugging is light to increase the gas production. Although the
idea is difficult to realize and will increase the operating cost, it is conducive to promoting
the commercialization of NGH.

The research method in this paper is an indoor experimental study. Although we
found interesting experimental phenomena such as the uneven plugging of screens caused
by the gas—water stratified flow and the erosion failure of gravel layers caused by gas—
water-sand impact, the mechanism of the above phenomena can be explained through
qualitative analysis. However, there is a lack of quantitative analysis of the degree of
uneven plugging of the screen and the erosion of gravel layers. In subsequent research,
numerical simulation research can be considered to quantitatively analyze the changing
laws of the above phenomena [57]. In addition, the optimized design method of the sand
control completion system proposed based on the results of the indoor experiments will
indeed increase the operation cost, but, at the same time, it will also increase the benefits of
NGH production and promote the development and utilization of marine NGH resources.
However, it is not clear whether the increased benefits will make up for the increased costs.
In the future, it is necessary to carry out indoor research to evaluate the technical feasibility.
Then, carry out actual field operation tests to evaluate the economic feasibility. Because field
operations will cost a significant amount, indoor experiments and numerical simulation
research on technical feasibility evaluation will be the focus of subsequent research.
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6. Conclusions

This study investigated the inflow process of gas—water carrying formation sand into
the sand control section of the marine NGH wellbore after NGH decomposition through
physical experiments. The inflow laws and mechanisms of gas—water—sand in vertical and
horizontal wells, respectively, using SAS completion and GP completion were analyzed,
and a sensitivity factor analysis was conducted. Finally, suggestions are put forward for
the sand control completion methods of the marine NGH well to promote the development
of marine NGH energy. The following are the conclusions yielded from this study:

(1) The gas—water stratification occurs in horizontal and vertical wells with SAS com-
pletion. The gas is at the top of the wellbore, while the water carries sand at the
bottom. The gas—water interface rises with the screen plugging. A high VCSP and
low deviation angle exacerbated screen plugging, resulting in a faster rising rate of
the gas—water interface. Moreover, the gas perturbation helps to unplug the screen
when in a small GWR, but a high GWR increases the amount of sand suspended in the
water, exacerbating the plugging degree of the screen. Therefore, the rising rate of the
gas—water interface decreases first and then increases with the increase in the GWR.
The screen is unevenly plugged due to the influence of the gas—water stratified flow,
and the lower part of the screen is severely plugged, while the upper part maintains
high permeability.

(2) Gas-water—sand flow uniformly without the gas—water stratification phenomenon
due to the complex pore-throat structure formed between the gravels in the horizontal
and vertical wells with GP completion. However, the gravel rearranges and forms
erosion holes under the impact of gas and water, and the erosion holes gradually
expand, ultimately leading to the internal screen leakage of the gravel layer and
the sand control failure of the GP completion. The stability of the gravel layer is
significantly affected by the gravel packing degree and the GWR. The lower the gravel
packing degree and the higher the GWR, the larger the erosion holes formed in the
gravel layer.

(3) For the SAS completion method, because the gas—water stratification flow causes
uneven plugging of the screen, it is recommended to design the sand control accuracy
of the screen in two sections. Increase the sand control accuracy of the lower part
of the screen to enhance sand control performance. Conversely, decrease that of the
upper part of the screen to maintain high permeability performance. For the GP
completion method, the gravel layer is prone to instability, leading to sand control
failure. Increase the gravel density under the premise of ensuring the stability of the
hydrate reservoir to enhance the gravel packing degree, and use the coated ceramic
with cementing effect to improve the stability of the gravel layer. In addition, when
designing the sand control accuracy of the screen, it is not only necessary to consider
the supporting gravel, but also, more importantly, it should be considered that the
screen can directly control the formation sand.
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Abstract: Lightweight and ultra-lightweight solid materials are being used in gravel packing for
horizontal wells instead of traditional quartz and ceramsite to decrease the risk of premature plugging
and improve packing efficiency. Physical and numerical simulation experiments of gravel packing
were conducted to assess the effectiveness of reducing solid material density and investigate its
impact on packing and sand control. Packed gravel destabilization experiments highlighted the
importance of high-compaction degree packing for effective sand control. Further gravel packing
experiments examined the packing performance of different solid materials, revealing that lightweight
solids have minimal gravitational deposition effect because their density is similar to the gravel
slurry, relying primarily on fluid flow for compaction. The numerical simulation indicated that
lightweight ceramsite is unsuitable for horizontal and highly-deviated wells because of its poor
compaction degree and sand control, especially with high-viscosity slurry. High-density particles
enhance gravitational deposition, improving packing compaction and sand control. Lightweight
materials are recommended only when advanced plugging of x wave packing cannot be avoided.
In highly-deviated wells, high-density materials significantly improve packing stability and sand
control. This study provides clear technical guidelines for selecting solid materials for gravel packing
in horizontal and highly-deviated wells.

Keywords: gravel-packing; horizontal well; high-deviated well; numerical simulation; gravel
destabilization

1. Introduction

Weakly consolidated sandstone reservoirs are one of the main types of hydrocarbon
reservoirs that contribute a great amount of natural gas and crude to the energy industry [1-3].
Due to the relatively short geological age of this reservoir, the mechanical properties such
as bond strength, permeability, and compressive strength of the rock are poor, especially
in the development of deep-sea shallow oil and gas wells in this type of reservoir, tend to
produce sand along with the fluid when the production parameters achieve a certain critical
condition [4-6]. For decades, sand control has been the main solution to solve the problem
of sand production in weakly-consolidated sandstone reservoirs [7-9]. Nowadays, gravel
packing has been fully developed as an effective sand control method, not only in vertical
wells but also in horizontal and highly-deviated wells, which concerns packing gravel into
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the annulus between the screen and the open-hole well wall or the perforated casing [10-12].
The screen is used to support the packed gravel; meanwhile, the packed gravel mainly
undertakes the task of retaining the produced sand from the formation [13-15].

As shown in Figure 1, the gravel packing in horizontal wells involves the multiple
solid-liquid two-phase coupled flow and sand-bed migration processes under complex
conditions, such as inclined wellbore, formation filtration loss, and fluid mass exchange [16,17].
Aiming at the complex flow process, gravel filling mechanism, gravel filling law, and gravel
filling design in horizontal wells and large inclined wells, many scholars have carried out a
lot of research in the directions of experimental simulation and numerical simulation.

Fluid-gravel slurry injection
Return fluid

» Open-hole well wall
. Screen _
/ | Wash-pipe Beta wave packing

/

\

SPwell Fluid lossoff Alpha wave packing bed

Figure 1. Diagrammatic sketch of gravel-packing process in horizontal and highly-deviated wells.

In the physical experimental simulations, Maly et al. found through in-house physical
experiments that dunes form in the wellbore when the inclination is greater than 45° [18].
They believed that due to the continuous escape of sand-carrying fluids, the height of
the dune gradually increased along the inclined section until the accumulation channel
was blocked. They found the phenomenon of sand bridges during gravel filling, but no
in-depth study was conducted on the causes and mechanisms of sand bridge formation.
Gruesbeck et al. described the gravel-filling process in large inclined wells by carrying
out gravel-filling experiments [19], further explained the experimental phenomena found
in Maly’s experimental study, and proposed the concept of a ‘balanced dike’ for the first
time. Bigna et al. investigated the effects of screen offset, flow rate, and sand content on
the equilibrium height of the wave sand layer by using a full-size horizontal well internal
circulation gravel filling simulator to address the problems of solid-liquid two-phase flow
and sand bed transport under complex conditions during the gravel filling process in
horizontal wells or wells with large gradient [20]. Sanders et al. developed an alternative
flow path system and verified the feasibility of the alternative flow path concept through
small and large-scale experimental tests using equipment ranging in length from 1.524 to
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304.8 m [21]. The alternative path allows the slurry to bypass the bridge if one is formed.
In wells with low reservoir pressure, the safety window for gravel filling is narrow, and the
dynamic pressure during the gravel filling operation can easily overcome the formation
fracturing pressure and lead to reservoir fracture. Magalhaes et al. proposed a new gravel-
filling method by selecting two different proppants for filling [22]. In the « phase, when
the filling pressure is low, a conventional density proppant is pumped, and in the 3-wave
phase, when a larger pressure increase is observed, a lightweight proppant will be pumped.
Dong et al. simulated the process of gravel cyclic filling in horizontal wells and large
inclined well tubes by using a horizontal well and large inclined well tubes gravel cyclic
filling test simulator [23], analyzed the characteristics of x-wave and 3-wave filling fronts,
and researched the influences of the wellbore inclination angle, screen tubing offsets, flow
rate, and sand volume fraction on the filling dynamics and the equilibrium height of the
sand bed in x-wave and the mechanism.

Physical modeling studies have significant limitations at the experimental scale and
are unable to simulate on-site gravel fill construction conditions accurately. Therefore,
many more scholars have devoted great efforts to studying the mathematical description
and simulation of the gravel packing process in horizontal wells [24-26].

In numerical simulations, since the 1970s, many scholars have begun to study the
numerical modeling of gravel filling in horizontal wells. Gruesbeck et al. first put forward
the concept of ‘equilibrium dykes” based on the gravel filling process observed in the
indoor test [19] and established a mathematical model for the inclined wells and horizontal
wells in the case of complete filling. This model can be used to calculate the equilibrium
height of the sand bed in a gravel-filled wellbore/screen tube annulus, but it cannot be
used to plug in advance, nor can it simulate the whole filling process. Peden et al. extended
the ‘equilibrium sand bed’ theory [27]. The semi-empirical formulae for predicting the
filling rate of the screen tube/well simple annulus and shot hole aperture were obtained
by using the method of magnitude analysis and fitting of experimental simulation results.
The accuracy of the calculation is largely dependent on these experimental data and the
limitation of experimental conditions, and the results of the calculation are not stable. A
real-time numerical study of gravel filling in horizontal wells was carried out systemat-
ically [28]. They established a model for calculating the height of the equilibrium sand
bed based on the probabilistic change in the limit state of particle movement on the sand
bed surface. According to the theory of water turbulence, a set of theories and methods
of stochastic analysis was proposed to study the particle motion state on the sand bed
surface and the change rule of sand bed height. A three-dimensional mathematical model
for gravel filling was established, considering the difference between gravel particles and
sand-carrying liquid when solid-liquid flows in the annulus, and introduced the concept
of deposition factor [29-32]. The model overcomes the shortcomings of one-dimensional
and two-dimensional models, fully considers the effect of solid particle deposition when
the mortar flows in the annulus, and reasonably predicts the concentration of in-situ
gravel during the filling process so that the equilibrium height of the sand bed can be
calculated more accurately. Bai et al. established a time-dependent mathematical model
describing the «-filling process based on the equations of conservation of mass and mo-
mentum of sand and liquid in two independent flow systems of the wellbore and the
rinse screen annulus [33] and the flow coupling equations between the systems. The entire
filling process can be simulated visually using numerical model development software.
Mimouna et al. achieved this by solving the mass and momentum conservation equations
for the fluid [34] and gravel by interleaving them, taking into account the well, the down-
hole tool tubing column structure, the fluid and gravel properties, and the pumping time.
The simulation predicts changes in fluid pressure as well as gravel concentration over time.
Changes in gravel concentration provide reliable data on filling patterns and operational
filling states. Sarraf Shirazi and Frigaard investigated and explained [11] the filling process
of a-wave and 3-wave by developing a mathematical model of gravel filling. The effects
of important parameters such as mud flow rate, average solids concentration, flushing
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pipe diameter, and leakage rate on gravel filling flow were also investigated. Huang et al.
proposed a design calculation method for a—f3 wave filling length considering the success
of a-wave filling and the success of 3-wave reverse filling [35]. The corresponding software
was prepared to discuss and calculate the quantitative analysis of the factors affecting the
a—p wave filling length, such as the density of sand-carrying liquid, gravel density, and
wash pipe sieve ratio. Under specific conditions, certain criteria and methods can be used to
design and optimize the gravel filling length of horizontal wells. Nie et al. made a detailed
analysis of the whole process of gravel filling flow in horizontal wells [36], established a
three-dimensional numerical model of gravel filling, and carried out several sets of gravel
filling experiments to verify the improved three-dimensional numerical model.

These numerical simulation results enhance the understanding of the law of the
influence of pumping parameters on filler performance and filler efficiency. Gravel packing
efficiency is a key parameter that significantly affects the effectiveness of gravel packing
against sand. However, in horizontal wells and large gradient wells, the high-density
gravel material may lead to early sand plugging and reduce the gravel filling compactness
because it tends to deposit solid particles in the fluid. Engineers are now gradually applying
lightweight or ultra-lightweight gravels in horizontal packings [37—40], which reduces the
risk of premature plugging during operations. The use of lightweight or ultra-lightweight
materials as gravel for horizontal good gravel packing has almost become a trend to extend
the length of horizontal good gravel packing, widen the safe operating window for gravel
packing, and reduce the hazards to the reservoir. However, there is a lack of effective
evidence on whether the use of light or ultra-light materials can really improve the effect of
gravel packing. Therefore, this paper will study a selection of gravel packing materials for
horizontal wells and highly deviated wells.

2. Methodology

This paper adopts a method combining physical experimental simulation and nu-
merical simulation to carry out research. Figure 2 shows the methodology and approach.
Numerical simulation experiments overcome the problem of small-scale indoor physical
simulation experiments. Indoor physical simulation experiments can supplement and
verify the results of numerical simulations and improve the accuracy and reliability of
numerical simulation results.

(1) The density of gravel packing affects the instability morphology of the gravel layer.
First, an indoor physical simulation experiment of gravel layer instability is car-
ried out to study the law of gravel layer instability under different gravel packing
density conditions.

(2) However, the density of gravel packing is affected by the type of gravel packing.
Therefore, an indoor physical simulation experiment of horizontal well gravel packing
is carried out. Based on the results of indoor physical simulation experiments, the
type of gravel packing material is preliminarily selected to improve the density of
gravel packing.

(3) The scale of indoor physical simulation experiments is small and cannot simulate the
gravel packing process in actual oil wells. Therefore, based on the actual oil wells
in a certain oil field, a numerical simulation study of gravel packing is carried out.
Based on the results of numerical simulation experiments, the types of gravel filling
materials are selected for horizontal wells and highly deviated wells, respectively.

(4) Finally, the types of gravel filling materials are selected by combining the results
of physical experimental simulation and numerical simulation, and construction
suggestions are put forward for on-site gravel filling of horizontal wells and highly
deviated wells.
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Figure 2. Flow chart of research methodology and approach.

3. Packing Gravel Instability Experiment
3.1. Methods and Materials

To accurately replicate the production conditions of gravel-packed wells, a comprehen-
sive visualized gravel-packed production simulation experiment system has been carefully
constructed (Jiangsu Tuochuang Technology Co., Ltd., Nantong, China). The experimental
system is mainly used to simulate the morphological changes in the gravel layer after filling
operation in the production process after being carried by fluid impact, and its flow is
shown in Figure 3a. The experimental apparatus comprises a fluid tank, a screw pump, a
primary container, as well as a comprehensive data acquisition and control system. The
experimental setup can be flexibly assembled with different main containers to conduct
different experiments. Containers AB are two different main devices; container A is a
simulated vertical wellbore, and container B is a simulated horizontal wellbore. The main
container A has an inner diameter of 0.3 m, which can accommodate a short section of the
screen with a length of 0.245 m; Unit B, with an inner diameter of 0.22 m, is designed to
house a sand-proof screen pipe that is 1 m long and measures 0.1 m diameter. Additionally,
a clamping mechanism is installed at both ends to prevent any radial displacement of the
screen when it is inserted into the main apparatus.

For the experiments, samples from screens commonly used in oilfield construction
were placed into the main device, making sure that both ends of the screen were sealed
to both sides of the device. Different types of filler particles were used to fill the cavities
formed by the screen and the outer wall of the device (simulated casing) according to the
densities set in the experimental conditions. The filling materials used in the experiment
are normal quartz sand and ceramsite with a diameter of 0.424-0.85 m. Fluid was injected
into multiple inlet ports along the sidewall of the device using the same discharge volume,
and the pressure, flow rate, and particle accumulation pattern over time were recorded and
photographed in real-time by a data acquisition system to simulate the production process.
Based on the equivalent flow rate method, the experimental flow rate is converted into
2 m3/h according to the actual production of the oil well. All test data and images were
used for further analysis of the formation process and morphology of the erosion holes in
the gravel layer.
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Figure 3. Experimental apparatus of packed-gravel destabilization. (a) Flow chart. (b) Picture of

main container A (Simulate vertical well)/B (Simulated horizontal well).

3.2. Results and Discussion

Using the above apparatus and methods, the simulation experiments were carried
out around the gravel-packed layers formed by different types of particles, and the gravel-
packed densities were set to 95%, 96%, 98%, and 100%. Figures 4 and 5 show the erosion
and sediment intrusion patterns of the quartz sand and ceramsite particle-filled layer under
the impact of local high-flow rate load fluids.

Eroded
cavity

Invading
sand

Figure 4. Observed erosion and sand invasion patterns in packed quartz sand with different com-
paction degrees. (a,e) Compaction degree of 100%. (b,f) Compaction degree of 98%. (c,g) Compaction
degree of 96%. (d,h) Compaction degree of 95%.

As evident from Figure 4, the degree of filling compactness significantly influences
both the stability of the gravel layer and the patterns of intrusion and plugging exhibited
by the formation sand when subjected to local high-flow velocity fluid impact conditions.
When the compactness is 100%, as shown in Figure 4a, the space for sliding and displace-
ment between quartz sand grains is very limited. The impact and carrying action of the
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fluid are counteracted by the tightly arranged grains, and only a small portion of the gravel
layer is displaced to form holes. When the formation sand intrudes with the fluid, it can
only be transported between the pores of the quartz sand body, and no new transport
channel can be generated. When the intrusion reaches a certain depth, with a reduction in
the sand-carrying capacity of the fluid and the accumulation of sand clogging, resulting in
the subsequent strata sand being difficult to intrude further, the intrusion behavior is close
to stagnation.

apTs WOIJ 295

- Invading
¥ sand

doj woIy aag

Figure 5. Observed erosion and sand invasion patterns in packed ceramsite with different compaction
degrees. (a,e) Compaction degree of 100%. (b,f) Compaction degree of 98%. (c,g) Compaction degree
of 96%. (d,h) Compaction degree of 95%.

Moreover, with a decrease in filling compactness, as shown in Figure 4b—d, the quartz
sand particles are no longer tightly stacked with each other. The particles are displaced
by the impact of high-flow fluid, which produces large holes near the inlet, and the holes
eventually extend to the screen with the prolongation of production time.

In addition, when the fluid carries the formation of sand intrusion, as the pressure of
the intruding fluid increases, when it exceeds the original stabilizing force between the
quartz sand grains, the quartz sand grains are disturbed and thus rearranged. The pressure
change causes the formation sand to squeeze out new flow channels and allows deeper
intrusion, which is why the formation sand is able to contact the screen in Figure 4d-h.

It can be found that the same pattern is observed when ceramsite grains are used
as filling materials. It is worth noting that when the fluid carries the formation of sand
to invade the packed layer, the fluid always preferentially breaks along the stress weak
point of the filling zone. In the experiment shown in Figure 5, the weak stress direction is
axial, so the erosion holes along the axial direction formed first. Subsequently, the holes
gradually developed radially toward the screen until the edges of the holes contacted the
screen and expanded.

Using the main container B in Figure 3 to simulate the gravel-packed layer of a
horizontal well to carry out simulation experiments, it can be found that under different
inflow angle conditions, the noncompact filling layer produces erosion holes. Figure 6
shows the changes in the erosion cavity of gravel packing layers in horizontal wells under
different levels of gravel compaction degree.
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The erosion dynamics in the lower and middle part of the simulated wellbore near the
lateral inlet are the same as that of the vertical well, which first expands along the weak
stress area and then extends in the radial direction after formation. The cavity near the inlet
at the top of the simulated wellbore is in the shape of a regular trumpet, which is affected
by the gravity effect of ceramsite grains, and it is difficult for the local high-flow rate fluid
to break through the gravel layer directly, and the formation sand can still be blocked by
the gravel layer after erosion.

Figure 6. Observed erosion cavity in packed ceramsite using main container B. (a) Compaction

degree of 100%. (b) Compaction degree of 95%. (c) Compaction degree of 90%.

4. Gravel-Packing Experiments
4.1. Method and Materials

In order to simulate the dynamic process of gravel packing in horizontal wells and
large inclined wells, a large-scale visual gravel packing simulation experiment system was
built (Jiangsu Hua’an Technology Co., Ltd., Nantong, China). The experimental system
mainly clarifies the transportation and accumulation patterns of different types of particles
inside the annular space between the screen and casing, as well as the final filling effect, and
its process and device objects are shown in Figure 7. The apparatus mainly includes a liquid
storage tank, screw pump, sand filler, sand collector, main device unit, data acquisition
and control system, and so on. The simulated wellbore has an inner diameter of 250 mm
and a length of 10 m. It is capable of accommodating standard screen tubing actually used
in oilfield production sites. In this study, a 5 in screen pipe with a length of 9.5 m and
a flushing pipe with an outside diameter of 63 mm and a length of 8.5 m were used to
simulate the gravel filling process by allowing the load fluid to enter through an inlet at the
root end of the wellbore, located below the screen pipe.

The flow rate is set as 21 m3/h, and the sand-carrying fluid is clean water with a
viscosity of 1 mPa-s and a sand ratio of 5% in the gravel packing experimental. The gravel
packing simulation is carried out using different types of particles according to the set
discharge volume and sand ratio. The gravel particles are carried and mixed uniformly by
the experimental fluid into the annulus of the screen sleeve, the gravel particles are blocked
by the screen and retained in the annulus, and the liquid is returned to the tank through
the wash pipe, forming a cyclic packing process. During the experiment, the movement
state and overall morphology of the sand bed formed by gravel deposition were recorded.
The experimental pressures and discharges were collected to analyze the filling dynamics
of different types of gravels and the final filling effect.

Three types of gravel particles were used in this paper (Beijing Qixiang Ceramic Mate-
rials Co., Ltd., Beijing, China), including conventional ceramsite particles (Figure 8a),
lightweight ceramsite particles (Figure 8b), and ultra-lightweight ceramsite particles
(Figure 8c), with apparent densities of ceramicite particles of 2.76, 1.92, and 1.00 g/cm?3,
and stacking densities of 1.49, 1.31, and 0.62 g/ cm3, respectively. The diameters of the three
types of particles were 0.425-0.850 mm (Table 1).
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Figure 7. Experimental system of horizontal gravel-pacing.

(a) (b)

Figure 8. Used packing solid materials in the experiments and their apparent densities. (a) Normal

ceramicite. (b) Light ceramicite. (c) Ultra-Light ceramicite.
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Table 1. The parameters differences of different packing materials.

Apparent Stacking

Type Density/g/cm® Density/g/cm® Diameter/mm
Normal Ceramicite 2.76 1.49 0.425-0.850
Light Ceramicite 1.92 1.31 0.425-0.850
Ultra-Light 1.00 0.62 0.425-0.850
Ceramicite

4.2. Results and Discussion
4.2.1. Basic Packing Process Analysis

In the simulation experiment of the gravel packing process in horizontal wells, the
filling process of conventional and lightweight ceramicite grains all showed obvious « and
B waves. During the filling process, the sedimentary sand bed extends along the direction
of fluid flow, but the closer the inlet is, the stronger the effect of fluid turbulence is, which
leads to the inability of ceramicite grains to accumulate. Therefore, during the «-filling
stage, there is a section of unfilled area between the inlet and the sedimentary sand bed,
as shown in Figure 9a. The density of lightweight ceramicite grains is closer to that of
the load fluid, so they are more easily carried by the load fluid of the same viscosity and
displacement during the filling process. The fast transportation speed of the lightweight
ceramicite grains a-wave deposited sand bed makes the angle between the front section of
the sand bed and the horizontal plane larger, as shown in Figure 9b,d.

Turbulent flow area close to inlet

Suspension flowing layer Deposited bed

Fluid flowing and bed extending direction Alpha bed height

Figure 9. Picture of « wave packing with different ceramicite. (a,b) Normal ceramicite. (c,d) Light
ceramicite.

Under the same discharge and sand-carrying fluid conditions, the low-density ceram-
icite grains were transported over a long distance, showing an overall transport but not
accumulation filling trend.

Influenced by the density difference between particles and load fluid, more particles
are transported or floated into the same filling space during the filling process of lightweight
ceramicite grains. A stronger fluid-carrying effect and weaker gravity deposition prevent
lightweight ceramicite grains from forming dense deposits during the filling process. In
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the formation of 3-wave filling, the height of the conventional ceramicite grains deposited
sand bed is higher, the angle of the 3-wave front is small, the backfilling speed is fast, and
the fluid impact and compaction effects are strong, which can further enhance the dense
degree of gravel packing, as shown in Figure 10c,d. Among them, Figure 10b is the filling
state near the end of the 3-wave filling, so the sand bed has a larger angle along the front
edge, which is not contrary to the above analysis.

Fluid flowing direction

Suspension flowing layer Beta bed extending direction

Space to be packed Front of Beta wave packing Fully-packed interval

Figure 10. Picture of 3 wave packing with different ceramicite. (a) Light ceramicite. (b—d) Normal
ceramicite.

Figure 11 shows the changing curves of packing pressure and flow rate during normal
ceramsite packing. The test process shows that in the a-wave filling stage, the filling flow
rate and filling pressure are relatively stable as the filling sediment bed advances. When
entering the 3-wave filling stage, as the distal end of the filling port gradually becomes
dense, the channel for sand-carrying liquid to return to the bed gradually decreases, and the
flow resistance increases, which is manifested as a significant increase in the pressure and a
decrease in filling displacement. When the 3-wave is about to reach the filling port, in order
to prevent the damage of the filling tool caused by excessive pressure and the disturbance
of the filled area, the final desanding is achieved by decreasing the displacement, and with
an obvious increase in the filling pressure, it is proved that the grains carried by the 3-wave
have reached the filling port, and the filling test is finished.

In the horizontal well circulation filling process, the load fluid and the filled ceramicite
particles enter the annular cavity formed by the screen and the well wall through the filling
port and are transported to the outside of the screen. The filled ceramicite particles are
blocked by the screen pipe from entering the annular cavity of the screen pipe and wash
pipe, while the load fluid without ceramicite particles enters the annular cavity of the
screen and wash pipe and finally enters the inlet at the bottom of the wash pipe, and then
flows back to the wellhead.

The filling process is generally divided into a-wave filling (Figure 12a) and 3-wave
filling (Figure 12b). During the o-wave filling, the ceramicite grains preferentially accu-
mulate at the bottom of the annulus between the screen and the well wall and gradually
push the sedimentary sand bed along the axial direction toward the end of the well bottom.
After the front edge of the sand bed touches the bottom of the well, 3-wave filling follows,
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and the ceramicite particles in this process will fill the cavity between the deposited sand
bed and the top portion of the well wall until the end of the desanding pressure is reached
when the ceramicite particles pile up in the vicinity of the filling port.
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Figure 11. Tested flow rate and pressure performance of gravel-packing.
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Figure 12. Diagrammatic sketch of horizontal gravel-packing mechanism and process.

4.2.2. Packing Performance with Different Solid Materials

The apparent density of the filled ceramic grains has a significant effect on the filling
effect. As can be seen in Figure 13, taking the x-wave filling process as an example, as
the density of the filled ceramic grains decreases, their gravitational deposition effect is
relatively weak or even absent, so it takes longer time to reach the closed-loop pressure of

212

Pressure/kPa



J. Mar. Sci. Eng. 2024, 12,1690

Flow rate/(m*/h)

Pressure/kPa

the a-wave, which is also confirmed by the pressure curve in Figure 13b. Compared with
the conventional ceramic grains with a density of 1.49 g/cm? that reach the closed-loop
pressure of the a-wave in 800 s, the ultralight ceramic grains need a time of 1700 s, which
more than doubles the time and reduces the construction efficiency. Especially in the high-
viscosity sand-carrying liquid, the ultra-lightweight ceramic particles are easily carried and
disturbed, the original filling structure is destroyed, resulting in the filling compactness
can not be guaranteed.

Alpha wave blocking

25

20 e -‘1"

Density of ceramsite /(g/cm?®):

(b) Pressure.

Figure 13. Packing performance with different ceramicite.

Comparing the phenomena during the filling process of the three different densities
of vitrified gravel, it can be found that the ultra-lightweight vitrified grains are similar to
the density of clear water because the apparent density is close to 1 g/cm?. Therefore, the
stratification is obvious in the x-wave filling stage (Figure 14), with a suspended layer at
the bottom and a sedimentary layer at the top with a flow zone in the middle, which is
opposite to the phenomenon of conventional ceramicite gravel packing.

Since the accumulation of gravel is only supported by the buoyancy of the loaded
liquid, and the filling effect cannot be further enhanced by the impact compaction of the
liquid and gravity, the accumulation of gravel is less dense than that of the other two
densities of gravel. The gravel layer with low density has poor stability and is prone to
erosion holes, so the formation sand invades the screen directly, which is not conducive to
the stable production and control of sand for a long period of time.

When the filling process of 3-waves is carried out, the sedimentary surface of the sand
bed of ultra-lightweight ceramicite grains is extremely irregular under the scouring effect of
the impact, while the surface of the sand bed of lightweight, conventional ceramicite grains
is more regular, which is conducive to the improvement of the final filling and densification
degree (Figure 15).
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Figure 14. « wave packing patterns with normal and lightweight solid materials. (a) Normal
ceramicite. (b) Light ceramicite. (¢,d) Ultra-light ceramicite.

Fluid flowing direction Packed sand

Figure 15. 3 wave packing patterns of light and ultra-light ceramicite. (a) Light ceramicite.
(b) Ultra-light ceramicite.

Comparing the phenomena during the filling process of three different densities of
vitrified gravel, it can be found that when using normal ceramsite and lightweight ceramsite
for gravel filling experiments, the density of ceramsite is greater than the density of water.
During the « wave filling process, most of the ceramsite is deposited at the bottom of the
wellbore under the action of gravity and gradually forms a sand bed. Under the carrying
effect of the mortar, the sand bed gradually moves forward (Figure 14a,b).

The ultra-lightweight vitrified grains are similar to the density of clear water because
the apparent density is close to 1 g/cm3. Therefore, the stratification is obvious in the
a-wave filling stage (Figure 14c,d), with a suspended layer at the bottom and a sedimentary
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layer at the top with a flow zone in the middle, which is opposite to the phenomenon of
conventional ceramicite gravel packing. Since the accumulation of gravel is only supported
by the buoyancy of the loaded liquid, and the filling effect cannot be further enhanced by
the impact compaction of the liquid and gravity, the accumulation of gravel is less dense
than that of the other two densities of gravel (Figure 16). The gravel layer with low density
has poor stability and is prone to erosion holes so that the formation sand directly invades
the screen, which is not conducive to the stable production and control of sand for a long
period of time.

Cavity after job Relatively loose Tight packed effect

AA I A 444 1 4001

Figure 16. Packing result with different ceramicite. (a) Ultra-light ceramicite. (b) Light ceramicite.
(c) Normal ceramicite.

The dynamic filling process of ultra-lightweight ceramicite is different compared with
conventional ceramicite filling because of its weak gravity effect (Figure 17). In the x-wave
filling stage, most of the ultra-lightweight particles are in suspension, making it difficult to
achieve effective sand control with low-density filling. Only in the -wave filling stage,
under the action of fluid pressure, the reverse accumulation and the accumulation surface
are gradually pushed to the filling mouth, showing the full 3-wave filling pattern.

Upward deposited ultra-light sand

Figure 17. Packing pattern and mechanism of ultra-light solid material. (a) Early stage of gravel
packing. (b) Mid stage of gravel packing. (c) End stage of gravel packing.

5. Numerical Simulation Analysis
5.1. Numerical Model and Simulator

Well A is an open-hole horizontal well in the CB field with a reservoir of loose sand-
stone that requires a gravel-filled, sand-proof completion. The main borehole size of Well
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A is 152.4 mm, the drilling depth is 2060 m, and the maximum inclination angle is 91.0°.
The starting depth of the filling tool is 1784 m, and the filling length is 276 m. The screen
size is 124 mm, and the wash pipe size is 73.0 mm. A circulating gravel filling simulation
calculation is carried out for Well A. The filling material is 0.4-0.8 mm ceramic grains, the
apparent density is 2.5 g/cm3, the viscosity of load liquid is 1.5 mPa-s, and the density
is 1.0 g/cm?. Based on basic data from Well A, the calculation is made by a simulator.
Visualization of gravel filling dynamic process in horizontal wells as shown in Figure 18.

7750

7750 8313 8875 2438 10000 i 6625 7188 8313 8875
17427 17994 18553 19116 1967.8 20241 21413 21976 MO 17427 17991 1855.3 19116 1967.8 20241

Figure 18. Simulation image of packing process of horizontal Well A. (a) Early stage of ax-wave gravel
packing. (b) Mid stage of a-wave gravel packing. (c) End stage of x-wave gravel packing. (d) Early
stage of B-wave gravel packing. (e) Mid stage of p-wave gravel packing. (f) End stage of 3-wave
gravel packing.

The simulation results show that complete filling can be achieved using a combination
of ceramicite with an apparent density of 2.5 g/cm?® and 1.5 mPa-s load liquid. No early
blockage occurred during the filling process, and the filling rate was 100%.

However, from Figure 18¢, it can be found that when the a-wave filling stage is about
to end, and the leading edge of the deposited sand bed contacts the bottom of the artificial
well, the height of the deposited sand bed is too high, the overall slope of the sand bed is
large, and there is a risk of forming an early blockage, and the safety of the filling process
is low. In addition, from Figure 18b, it can be found that the formation location of the
sedimentary sand bed in the x-wave filling stage is far away from the inlet, about 85 m,
which leads to a longer travel time in the final filling stage of the 3-wave, as shown in
Figure 18e,f. In this stage, the ceramicite is carried by the fluid and impact to complete
the filling, and the gravity effect is difficult to play a real role, which hinders the further
improvement of the filling degree of compactness. The filling parameters of Well A still
need to be optimized.

5.2. Sensitivity Analysis
5.2.1. Solid Material Density
Based on the above calculation results, by changing the apparent density of ceramicite,

the filling rate index was analyzed to determine the filling process stability and safety
index. A comprehensive analysis was conducted to obtain the comprehensive filling effect
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evaluation index and establish different filling particle densities under the filling evaluation
index plate, as shown in Figure 19.
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Figure 19. Packing effects with different solid material densities.

Packing ratio index: the ratio of the actual filling volume to the theoretical filling space
volume, which evaluates the degree of annular filling at the end of filling.
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where Y, is the packing ratio index, dimensionless; V4 is the actual filling volume, m3; Vr
is the theoretical filling volume, mS.

Packing stability index: used to evaluate the safety and stability of the &« wave packing
process. Specifically, the change in sand bed height per unit length of sedimentary sand
bed extension indicates that the higher the safety evaluation index of the filling process,
the better the filling effect.

Rw — Hy
- R

where Yy, is the packing stability index, dimensionless; Ryy is the inner diameter of the
casing or wellbore, m; Hj, is the final equilibrium height of the sand bed, m.

Comprehensive index: comprehensively evaluates the final effect of gravel pack-
ing. It is calculated by weighting the packing process safety and packing rate evaluation
indicators.

Yy =1 )

V= “Hh‘PHb + DCPIPP (3)
ap+apy =1 (4)

where V is the comprehensive index, dimensionless; «ayy;, is the weighted coefficient of
balanced height evaluation indicators, dimensionless; a), is the weighted coefficient of the
filling rate evaluation index, dimensionless.

According to the calculation results, it was found that the filling evaluation indexes
decreased when the density was less than 1.4 g/cm?, which indicated that ultra-lightweight
ceramicite was not necessary for conventional gravel filling of horizontal wells.

Adjusting the density of ceramicite in a reasonable range enables the formulation of
an optimal load fluid to obtain a higher sand control capacity after filling while ensuring
the filling effect. Therefore, the optimal density of filled particles is recommended by the
platen to be between 1.4 and 2.5 g/cm?.
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5.2.2. Fluid Viscosity

The viscosity of the load fluid was taken as the sensitivity factor and the change rule
of each index was analyzed.

Through sensitivity analysis, the filling evaluation index plate under the influence of
sand-carrying fluid viscosity was established, showing that when the viscosity of sand-
carrying fluid is 6~10 mpa-s, the balance between the sand-carrying effect and sand-
sedimentation effect is reached, which meets the construction requirements of high filling
rate for the long horizontal well section, and the comprehensive filling evaluation effect is
the best (Figure 20).
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Figure 20. Packing effects with different fluid viscosity.

5.2.3. Discussion

Through simulation experiments, the changes in the erosion pattern and the dynamics
of intrusion of formation sand particles under the action of local high-flow velocity fluids
during the production process of gravel layers of different densities are analyzed. The
dynamic process of gravel filling with different densities of ceramicite and its differences
are clarified. Based on the experimental results, a numerical model and simulation software
were developed to reveal further the sensitivity law of solid and load fluid properties.

In order to obtain a high sand control effect, it is an important condition to improve
the compactness of the gravel layer. Under the impact and disturbance of local high-flow
velocity fluid, large holes are easily eroded in the uncompacted gravel layer. After the holes
are created, the sand particles produced by the formation will invade the screen along
the holes quickly, causing serious blockage of the screen, or even pass through the screen
directly and produce to the ground with the fluid. The gravel layer with a high degree of
compactness, whether it is localized high-flow velocity fluid or low-velocity fluid, can not
erode and penetrate the gravel layer, forming large holes. Fluid scouring can only slightly
change the accumulation pattern on the surface of the gravel layer, and a small portion of
the sand produced from the stratum intrudes into the interior of the gravel layer, while
most of the sand particles are blocked on the surface of the gravel layer. The high-density
gravel layer maintains a good sand control effect during the whole production process.

For different densities of ceramicite, the filling process of horizontal well gravel is
simulated experimentally. For lightweight and conventional ceramicite, there are clear
a-wave and 3-wave filling processes in the filling process, while this process is not obvious
in the experiments of ultra-lightweight ceramicite. In the filling process, the x-wave filling
can make full use of the gravity deposition effect to improve the density of the whole
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filling process, and affected by the density difference between the particles and the load
fluid, more particles were transported or floated in the same filling space during the filling
process of lightweight and ultra-lightweight ceramicite. The stronger fluid-carrying effect
and the weaker gravity deposition effect make the lower-density ceramicite unable to form
dense deposition during the filling process. This problem is particularly evident when
filling with ultra-lightweight ceramicite, which, at the end of the a-wave filling, differs from
other ceramicites in that the ceramicite forms a suspended sand bed. At the 3-wave filling
stage, the front surface of the sand bed of the ultra-lightweight ceramicite is extremely
irregular under the scouring effect of the fluid. In contrast, the sand bed surface of the
lightweight, conventional ceramicite was more regular, which was favorable to improving
the final filling densification. Under the displacement range of the simulation experiments,
the degree of filling compaction decreased with a decrease in ceramicite density.

For high-angle wells, since the wellbore has a certain downward deflection angle, the
gravel particles can reach the bottom of the well smoothly with the fluid, and it is almost
impossible to form a sedimentary sand bed, and basically, there is no x-wave filling. Early
plugging rarely occurs in gravel filling operations in high-angle wells, so the use of gravel
with higher density can further enhance the gravel layer densification to obtain a high sand
control effect.

Based on the experimental results, a numerical model and simulation software were
developed to calculate the process and effect of gravel filling based on data from actual
production wells and to analyze the sensitivity between ceramicite density and the viscosity
of load fluid. The simulation results show that adjusting the gravel density within a
reasonable range can safely and stably complete the gravel filling operation so that the
filling rate reaches 100%. The ultra-lightweight ceramicite was not within the recommended
range. The use of ultra-lightweight ceramicite is rare and only applies to the situation
where premature clogging of x-wave filling cannot be avoided even after all construction
parameters are optimized.

Although this article conducted simulations based on data from actual production
wells and carried out large-scale physical modeling experiments, the relevant understand-
ing has not yet been validated in actual production. Subsequently, it is necessary to combine
filling data from multiple different well types to optimize understanding gradually.

6. Recommendations and Conclusions

In the case of high velocity of inflow from formation to the wellbore, the restructuration
destabilization of packed gravel is easy to take place, leading to the form of the cavity,
which emasculates the sand retention function of the packing gravel layer. Therefore, how
to improve and ensure the compaction degree of packing gravel is absolutely a considerable
issue to achieve the desired sand control effect. Through experiments and simulations, the
results indicate that:

(1) For gravel-packing in highly deviated wells, due to the deviated wellbore and direc-
tion of downward flow, @ wave packing can hardly happen. The premature plugging
almost won’t happen during the job. Therefore, the usage of high-density solid mate-
rial can obviously improve the compaction of packing and help to ensure the stability
of the packing layer and the effect of sand retention.

(2) Inhorizontal gravel-packing, which involves « and 3 wave packing, the gravitational
effect of solid material really helps to improve the compaction of packing. So, the uti-
lization of high-density particles favors strengthening the effect of gravity deposition
obviously and resultantly improves the effect of sand retention during production.

(3) The density of light or ultra-lightweight solid ceramsite is close to, even smaller
than, the density of normal-used carrier fluid. In this case, the effect of gravitational
deposition is extremely weak even negligible, which does no favor to the compaction
during packing. The compaction degree depends on only the compact of fluid flowing.
From the perspective of compaction and sand retention, light and ultra-lightweight
ceramsite are not a good choice for horizontal and highly-deviated gravel packing,
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especially in the case of using high-viscosity fluid. The lightweight solid material will
be recommended for use only in one situation, under which the premature plugging
of o wave packing can not be avoided under all of the parameters optimization.
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Abstract: Submarine hydrate mining can trigger geological disasters, including submarine landslides
and seafloor subsidence due to excess pore pressure and weakened layers, which may potentially
lead to the reactivation of faults and increased seismic activity. However, current research encounters
challenges in assessing geotechnical issues associated with long-term and large-scale production from
well grids located in sloped areas. Limited by the complexity of the hydrate sediment, a multifield
coupled numerical model of hydrate slope in the Shenhu area was established. Utilizing the modified
Mohr-Coulomb model as the constitutive model for hydrate-bearing sediments to track the dynamic
reduction in strength and employing the shear strength method to assess submarine slope stability,
a series of depressurization strategies are applied to evaluate the risks associated with submarine
landslides and seafloor subsidence. Results show that the hydrate dissociation tends to stagnate after
a period of mining. The strength of the hydrate decomposed area is severely reduced, and a volume
deficit occurs in this area, causing formation displacement. The peripheral region of the decomposed
area is compacted by high stress, resulting in a serious decrease in permeability and porosity, which
limits the continued decomposition of hydrates. The large-scale submarine landslides with hydrates
decomposition will not appear in this block. However, several meters’ seafloor subsidence over
a wide range risks engineering safety significantly. The amount of seafloor subsidence in the first
50 days is approximately half of the final settlement. A higher production pressure drop can speed
up the recovery rate while resulting in more significant seafloor subsidence and slippage. Therefore,
the balance between mining speed and formation stability needs more research work.

Keywords: natural gas hydrates; hydrate decomposition; numerical modeling; stratum response;
seafloor subsidence; pore network destruction; deep sea mining; compaction

1. Introduction

Natural gas hydrate (NGH) is a crystalline substance with an ice-like appearance,
consisting of water and hydrocarbon gas, which forms under conditions of low temperature
and high pressure [1]. Typically, it is found in the upper strata of permafrost regions and in
the sedimentary layers of deep ocean floors. The energy stored in a hydrate reservoir is
more than twice that in traditional fossil fuels [2,3]. Although constrained by temperature
and pressure conditions, meaning natural gas hydrates are not as ubiquitously distributed
as traditional oil and gas reserves, they are still considered a significant potential alter-
native energy source soon due to their extensive reserves, broad distribution, minimal
environmental impact, and high energy density [4,5].

Presently, there are five primary techniques for extracting NGH: depressurization, ther-
mal stimulation, chemical injection, carbon dioxide replacement, and solid fluidization [6,7].
In 2007 and 2008, Canada tried to exploit land hydrates twice using the depressurization
method and produced 2000-4000 m3 hydrate after six days of continuous gas produc-
tion [8]. In 2013, Japan conducted its inaugural offshore hydrate extraction trial using the
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depressurization method in the Nankai Trough. Over a period of six days, the operation
successfully produced more than 12,000 m? of gas, and eventually ended with severe sand
production [9]. In 2017 and 2020, the China Geological Survey conducted on-site hydrate
extractions in the Shenhu area using the depressurization method, initially with vertical
wells and subsequently with horizontal wells. The productions from these methods were
300,000 m® and 575,000 m?, respectively [10]. The outcomes of these field experiments
suggest that depressurization is practical for ocean NGH extraction. In contrast, there is a
lack of field tests and resources to use other methods for large-scale production of hydrates.
For instance, thermal stimulation may serve as a supportive technique in this process for
the depressurization method but not the leading method alone for hydrate production
at present [6,10-12]. In 2017, the solid fluidization method was first implemented in the
Shenhu area. However, the results were not as successful as anticipated [7].

Initial research on hydrates primarily concentrated on the efficiency of hydrate disso-
ciation and multiphase flow dynamics [13-16]. More recently, there has been a growing
focus on the geomechanical issues that arise from hydrate dissociation [17-21]. When the
hydrate is stable in seafloor sediments, it cements the formation particles together to form
an integrated structure. During the dissociation of hydrates, the cemented structure would
dissolve, and the huge volume of gas generated from NGH dissociation would further
damage the skeleton structure of the seabed sediment [22-24]. The mechanical strength
of hydrate-bearing zones significantly diminishes, resulting in geomechanical challenges
such as sand production, seabed subsidence, and wellbore instability [25-28].

Depressurization reduces sediment pore pressure, destabilizing the marine substrate
and potentially triggering submarine landslides. This process, by weakening sediment
cohesion and reducing effective stress, can lead to large-scale seabed movements, especially
on sloped terrains. When discussing the mechanical properties of sedimentary layers
in their natural state, and assessing potential subsidence and landslides, it is crucial to
determine the composition and type of the sediments, their sources, and whether features
indicative of earthquakes and submarine landslides occurred during the sedimentation pro-
cess. Jmail conducted detailed research on these problems in the South China Sea, including
the past subsidence and slides induced by seismic activity [29-31]. These factors are equally
essential in characterizing the nature of submarine sedimentary layers. Considering that
the first NGH exploration site in the Shenhu area is situated on the northern slope, it is
essential to evaluate the impact of hydrate dissociation on the stability of the seabed slope.
However, currently there is a lack of systematic analysis, and pilot demonstration about the
likelihood of large-scale dissociation of hydrates caused by humans will lead to large-scale
submarine landslides in this area and the dynamic effect of hydrate dissociation on slope
stability [32-34].

Hydrate decomposition is a highly complex multiphase problem involving gas-liquid—
solid coupling, phase transformation, heat conduction, and geomechanical processes. The
change in structure strength during hydrate dissociation further complicates the problem.
Numerical simulation is the most robust and economic method to capture the coupled
multiphase dynamic processes such as yield, efficiency, mechanical, and thermal response
during hydrate dissociation. Currently, numerical simulations of hydrates have progressed
from initial fluid—solid coupling to more complex thermo-gas-liquid—solid—chemical-
mechanical coupling models [23,33].

In the earliest studies, around the 1980s, hydrate simulation was primarily based
on the TOUGH software, focusing on the transport processes of multiphase fluids in
porous media. Around 2002, Reagan developed TOUGH + Hydrate, which modeled the
thermodynamics and fluid dynamics of hydrates, though it did not include geomechanical
behavior [11]. By around 2010, the incorporation of Biot’s theory of poroelasticity led to
the development of TOUGH + Hydrate + Biot, which was among the first to evaluate the
geological impacts of hydrate-related activities. This approach has been used to the present
day, as exemplified by Jin et al.’s study of seabed subsidence behaviors resulting from NGH
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extraction via depressurization in horizontal wells, exploring various formation failure
modes during hydrate dissociation [6].

Around 2015, the introduction of Flac3D into Hydrate + Tough allowed for a more
detailed capture of the mechanical behavior during the decomposition of hydrate reservoirs,
as demonstrated by Dong et al.’s simulation of hydrate sediment deformation behavior
during hydrate recovery [35]. Additionally, Gupta et al. developed a C++ software package
to simulate thermo—chemo-hydro-geomechanical coupling during hydrate dissociation,
utilizing a linear elastic model, and analyzed the dynamic deformation response of hydrate
sediment sample cores through indoor experiments [22].

With the advancement and refinement of large-scale commercial finite element soft-
ware, such as ABAQUS and COMSOL, more sophisticated descriptions of multiphysical
coupling problems in porous media have become possible. ABAQUS, in particular, has
shown accuracy and reliability in geomechanical simulations and can be extended via
subroutines [1,5,25]. Importantly, ABAQUS allows for the implementation of the strength
reduction method through field variables, which is crucial for analyzing issues related to
the stability of submarine slopes caused by hydrates [1,25].

It is generally acknowledged that NGH dissociation can lead to seabed subsidence,
potentially destabilizing submarine slopes and triggering submarine landslides [36-38].
However, at present, there is a lack of systematic and comprehensive studies of subma-
rine slope subsidence and submarine landslides under hydrate-dissociation conditions.
Moreover, to the best of our knowledge, no studies have been conducted to examine the
likelihood of landslides with a set of hydrate production wells. By taking this into consid-
eration, this study aims to explore the effects of submarine slopes on NGH recovering in
a series of vertical wells by simulating the whole stratum response of submarine slopes
using the finite element software ABAQUS 2022 secondary development.

2. Methodology
2.1. Solution Strategy

There are three major challenges in the thermo-chemo-hydro-geomechanical cou-
pled simulation of hydrate dissociation: (1) Kinetics of methane hydrate dissociation
and chemical reaction, (2) Changes in formation strength due to hydrate dissociation,
(3) Thermal-multiphase coupling in porous media. Based on existing studies, we have
simplified these problems so that they can be coded into ABAQUS to perform coupling
analysis. For the item (1), a relationship between formation temperature, pressure, per-
meability, time, and the rate of hydrate decomposition was established. This relationship
was used to update the distribution of hydrate saturation within the formation. For the
item (2), an enhanced hydrate constitutive model was developed based on the modified
Mohr-Coulomb criterion, incorporating the effects of hydrate saturation, is constructed to
describe the dynamic changes in structure strength during hydrate dissociation [36]. For
the item (3), ABAQUS integrates an extensive well-established hypothesis, formula, and
governing equations to analyze the thermal-multiphase-mechanical coupling behaviors in
porous media and has been validated against benchmark tests [37].

The hydrate sediments consist of gaseous, liquid, and solid phases (sand and hydrate).
We assume that the first three phases fully fill the void space, and the solid phase comprises
the bearing structure of total sediment [22,38,39]. The non-dominant factors in practical
sediment processes, such as dissolution, evaporation, and attach effect, are neglected. It is
also assumed that the liquid phase does not contain any soluble gas and once the hydrate
dissociates, no water and gas is attached to the surface of NGH. The saturation of gas,
water, and NGH in a porous medium is described by the following equation:

v,

S; = —
\%
P

@

where, s; represents the saturation of phase i, g for gas, w for water, and / for hydrate.
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2.2. Hydrate Model
The methane hydrate phase equilibrium relationship curve is given by Moridis [15]:

CHy-nHy0 + heat <» CHy(gas) + nHyO(water) ()

In this study, the value of # is 5.5~6, with a chosen value of n = 6 for the analy-
sis according to Moridis [15] to simplify the model although it may be changed with
P-T conditions.

The phase boundary of methane hydrate is described by the following expression [40].

qu =exp (61 — %) 3)

where P, represents the phase equilibrium pressure at temperature T, e; and e; are the
regression parameters, e; = 39.08, and e, = 8533 for temperatures above 0 °C.

Sun pointed out that a complete description of the hydrate decomposition kinetics
would involve complex physical and chemical theories, but it can be simplified to include
the formation temperature and pressure conditions, the dynamic permeability of the porous
medium, and the time function [41,42]. Hydrate-dissociation kinetics can be described

as follows:
—gh = Mykreacl'r As (Peq - fg)
gg = gh%
w_ y h@ (4)
8§ =Nn8& M,
3 2
A = % Iy = (s¢swsn)?

where gi (phase i = h, g, w) is the hydrate, gas, and water generation rate, in kg / m3s. kyeac is
the hydrate decomposition kinetic constant, mol/m?Pa s. fg is the methane gas fugac-
ity, which can be derived from Peng—Robinson EOS, Pa. When the temperature changes,
Peq and fo will change accordingly, thus affecting the rate of hydrate decomposition [42].
A quantifies the total surface area where the hydrate phase is in contact with both lig-
uid and gas phases, I', measures the proportion of the surface area actively involved in
hydrate decomposition relative to the total contact area. Sun and Mohanty modeled and
calculated Ag and I, [42].

The saturation of NGH markedly influences the permeability within bearing forma-
tions. When the NGH exists to stabilize the sediment, it does not contribute to multiphase
flow processes in the pores or pore fraction. After the hydrate is decomposed, however, as
effective porosity increases, so too does formation permeability. Therefore, the permeability
of the NGH bearing sediment equation is given by [15,23]:

k=ko[2] x [E2] (5)
e = ¢o- (Sg + Sw)

where k is the permeability of NGH bearing sediment, which is influenced by both start
NGH saturation and the decomposed rate. ky is the initial permeability of the NGH bearing
sediment. ¢, is defined as the effective porosity. ¢y refers to the start porosity.

2.3. Hydrate Constitutive Model

The constitutive model of hydrate-bearing sediments is fundamental to addressing
geomechanical issues related to hydrate formations. When hydrates are present in the
strata, they not only exhibit high intrinsic strength but also provide cementation and
support to the formation. As hydrates dissociate, these reinforcing effects diminish, leading
to a significant reduction in the overall strength of the formation [43]. Results from triaxial
tests indicate that the constitutive models traditionally used for describing rocks or soils,
such as the Duncan—Chang model, the Cam—Clay model, and the Mohr—Coulomb model,
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cannot be directly applied to hydrate-bearing formations. However, these models can be
modified to develop a suitable constitutive model for hydrate-bearing sediments [39].

On the basis of the modified Mohr-Coulomb model, the hydrate formation strength
equation with consideration of hydrate saturation is given by [39]:

)
C=Cs+0h=01<1—€ ”;>+C2523 (6)
ol _a
sing = sings + singy, = sin ((51 — (521n< 3 )) + 35, (1 —e "4) (7)
1nmpa
(T' €2
E—E5+Eh—el( 3 ) + e3s), (8)
1pmpa

where the ¢; and ¢y, are cohesiveness of sand and hydrate, respectively. ¢, ¢s, ¢;, denote the
dilation angle of overall formation, sand and hydrate, respectively. Likelihood E, E;, Ej,
represent the Young’s modulus of overall formation, sand and hydrate, respectively. All
other parameters in Equations (6)—(8), are hydrate-bearing formation skeleton coefficient.
Different hydrate sediment skeleton coefficients are used for different areas and block [9].
According to Pinkert et al. [39], we take a typical hydrate sediment sample from Nankai
Trough as the study object [44]. And all of the variables and constants in Table 1 are
obtained through the optimization process [36].

Table 1. Skeleton coefficient of hydrate-bearing sediments.

Parameter Value Unit Parameter Value Unit
o 293 kPa e 0.642
) 1960 kPa e3 450,000 kPa
c3 1.7 a4 1962 kPa
5 0.4 ol 382 kPa
5 0.1 55 0.22
e 2.72 54 0.04
eq 241,200 kPa 0% 9

The relationship between the strength of hydrates and their saturation is delineated in
Figure 1, according to the formula.
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Figure 1. Relationship between hydrate saturation and hydrate formation strength parameters: black
curve and corresponding axis for elastic modulus, blue curve and axis for cohesion, and red curve for
friction angle.

2.4. Analysis of Porous Media

Hydrate-bearing formation is modeled as porous medium in ABAQUS by using
multifield fully coupling solution. ABAQUS integrates extensive hypotheses, formula,
and governing equations to describe the porous media behaviors in soil and rock [5,26,45].
The equations involved can be integrated into ABAQUS by embedding them through the
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USDFLD subroutine. Adhering to the principle of effective stress, the model solution is
derived in four sequential steps:

Step 1: Discretization of the porous medium, achieving a state of discrete equilibrium.

Step 2: Calculation of the constitutive behavior of the fluid and the skeletal structure
of the discretized material.

Step 3: Fulfillment of the continuity equation.

Step 4: Coupling of the temperature and pressure fields with the diffusion and trans-
port behavior of substances.

In the solution process, it is also necessary to solve the effective stress criterion,
discrete equations, control equations, continuity equations, constitutive equations, and
thermodynamic equilibrium equations.

3. Numerical Model Set Up
3.1. Site Location and Description

Located on the north slope of the South China Sea, the Shenhu area has slopes over 10
km long and 5 km wide, with successful hydrate recovery operations conducted by the
China Geological Survey in 2017 and 2020. Seabed temperatures range from 2.3 to 3.7 °C,
and water depths exceed 1000 m. The area features a stratum temperature gradient of
3045 °C/km, hydrate sediment thickness of 10-120 m, and porosity of 33-48%. Hydrate
saturation varies significantly, ranging from 0.2 to 0.9. Over 96% of the dissociation products
are methane, with the rest being ethane and propane. The mechanical characteristics of the
surrounding sediments are akin to those of fully saturated hydrates [6].

3.2. Model Domains

Based on exploration survey data from the Shenhu area and typical parameters of a
hydrate reservoir, the numerical model of the stratum is structured into three layers: the
top layer consists of overburden sediment with a thickness of 300 m, the middle layer
comprises a hydrate zone of 100 m thickness, and the bottom layer includes underburden
sediment ranging from 600 to 1100 m in thickness. As shown in Figure 2, this model is set
up for a gentle slope of 3.18°. Two plateaus on both sides of the slope have the same length
of 500 m in x direction. Meanwhile, the slope is 9000 m long in x direction. The top and
toe of the slope left side is 1500 m and 1000 m above the zero-displacement boundary. The
apex of the slope is situated 1000 m below sea level, and the top width extends 2000 m in
the y direction [14,46]. It is assumed that each layer is made of homogeneous and isotropic
material. There is a series of vertical wells with the 0.1 m radius on the x—z plane and the
number of wells and the space between wells is determined by the recovery scenario [47,48].

Sea floor

x-z Plane: Symmetry plane Pore pressure boundary: Calculated
x=%5000, x-displacement =0 Temperature boundary : 2 °C

- 1000 m
y=2000, y-displacement =0 Geostress boundary: 0MPa

1 000
m "\' rl o 1. y: No a5 rl
Underburden Sediment Pore pressure boundary: 25MPa 1100 m
cra (

ture boundary: 30°C

v
Figure 2. Model diagram and initial conditions, including well positions and numbers, seabed
domain, hydrate zone distribution, and boundary conditions.
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It is expected that there will be many ways to produce hydrates commercially in the
future. It is not practical to predict the method which will be used in the future and analyze
the corresponding stratum stability. Therefore, the recovery scheme adopted in this paper is
assumed to be the most likely used method for primary hydrate productions. The potential
geological problems in the block and the extent and magnitude of its instability can then
be predicted.

3.3. Initial State and Boundary Conditions

Referring to Figure 2, the top and bottom surface are the important boundaries in the
numerical model. The top surface is the seafloor surface with a temperature equal to the sea-
water and a pore pressure equal to the hydrostatic pressure from overlying water. And the
bottom surface is considered as the non-influenced boundary. Therefore, the displacements
of these two surfaces are fixed in the vertical direction. The temperature, pore pressure,
and geostatic pressure are considered as functions of depth. Assuming the wellbore will
not be destroyed, the wellhole is fixed in the horizontal direction. Meanwhile, the wellhole
is the boundary of depressurization pressure and production surface. Other parameters
such as hydrate saturation, porosity, and permeability are set as initial conditions.

The overburden stress increases with depth and densities which are assumed to be
constants in the overburden and underburden sediment layers and calculated in the hydrate
zone. The top and bottom domain sides are temperature boundaries at 2 °C and 30 °C,
respectively [6,14]. The model developed in this study simulates the thermal variations
induced by hydrate dissociation and regeneration, resulting from changes in formation pore
pressure, which consequently alters the temperature field of the formation. It also captures
the dynamics of formation pore pressure and fluid migration during the depressurization
of formation hydrates. Key seepage and thermodynamic parameters are detailed in Table 2.

Table 2. Thermal and physical properties of numerical model.

Parameter Value Parameter Value
Porosity 0.4 Sand instinct permeability 6 mD
NGH density 920 kg/m3 NGH instinct permeability 2mD
NGH thermal conductivity 0.5W/mK Liquid density 1040 kg/m?
NGH specific heat 21k/kgK Liquid specific heat 42K /kgK
Sand density 2600 kg/ m> Liquid thermal conductivity 05W/mK
Sand thermal conductivity 1.O0OW/mK Liquid saturation of Sand 1
Sand specific heat 1.0kJ/kg K Liquid saturation of sediment 0.2

For the initial states of model domain, the initial porosity is 0.4, while the permeability
for non-hydrate-bearing formations is 0.6 mD. Specifically, the initial permeability of
the hydrate formation is fixed at 0.2 mD, with post-dissociation permeability calculated
using Equation (5). Additionally, thermal properties of the materials are dependent on
temperature conditions. To simplify calculations, the heat transfer coefficient is maintained
at a constant value.

When all these boundary conditions and the initial parameters are input and drive
the Geostatic Step in ABAQUS, the geostatic balance state of the stratum will be output
at the end of the step. This state can be considered as the origin state of the stratum with
the preliminary distribution of multifield, including stress, strain, hydrostatic, and pore
pressure, etc. This preprocessing analysis helps the model predictions to achieve desirable
accuracy without changing the initial load.

3.4. Recovery Scenarios

The depressurization method is extensively employed in NGH recovery experiments
and represents one of the most economical and practical approaches to extracting NGH [13].
Figure 3a shows the hydrate equilibrium curve and formation and hydrate reservoirs P-T
conditions. The x axis is temperature. The x coordinate of the left and right edge of the
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green area is —3500 m and 3500 m. There are eight vertical wells and the distance between
wells is 1000 m. Figure 3b shows the recovery scenario tested in the simulation. In the
diagram, the x axis represents a constant temperature for each individual production well,
while the y axis indicates the production pressure at the well bottom. Five scenarios of pro-
duction pressure are considered, creating five cases per well, depicted as green rectangles
representing the production conditions. When the P-T conditions exceed the equilibrium
curve, NGH decomposes into gas and water. The black points in Figure 3b illustrate the P-T
conditions at the well bottom. When the production pressure is 8 MPa or 9 MPa, there are
two or three wells that would not have hydrate decomposition. Therefore, the comparison
between the model results for the well with and without hydrate decomposition provided
the evaluation of the effect of hydrate dissociation on seafloor subsidence.
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Figure 3. (a) Hydrate phase equilibrium conditions and strata P-T conditions and hydrate existence
conditions (b) recovery scenario conditions.

4. Results and Discussion
4.1. Procedure of Hydrate Dissociation

Figure 4 illustrates the cumulative gas volume across wells 1 to 8, highlighting the
substantial influence of formation conditions on the degree of hydrate dissociation [22,23].
The gas production process is segmented into four distinct stages: initial decomposition,
rapid production, production decline, and the stable stage. The duration from the onset to
the conclusion of the third stage, along with the cumulative gas production, is significantly
shaped by the recovery conditions. As depicted in Figure 3b, a greater deviation from the
recovery condition to the phase equilibrium curve correlates with higher cumulative gas
production and a shorter transition to the stable stage.
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Figure 4. Accumulated gas production in different wells with regards to different stages.

Hydrate decomposition results in dynamic alterations in the mechanical behaviors of
the formation, as depicted in Figure 5, which displays the spatial distribution of hydrate
saturation at various times under a production pressure of 7 MPa. The rate of hydrate
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decomposition is markedly higher in the deeper parts of the formation compared to the
shallower regions, influenced by the formation temperature, pore pressure conditions,
and production pressure. Notably, Figure 5 shows that the periphery of the decomposed
area forms a continuous dark blue ring where the hydrate saturation exceeds the initial
conditions. Furthermore, as hydrate decomposition progresses, the saturation in this region
increases and eventually stabilizes.

-4500 -3500 2500 -1500 - 4500

Hydrate
saturation e

Figure 5. Time evolution of hydrate saturation distributions around wells and different times.

The depressurization method enhances the effective stress within the formation,
prompting hydrate breakdown. Concurrently, the strength of the decomposed zone deteri-
orates significantly, rendering it unable to withstand the overburden pressure. Therefore,
the surrounding area must bear the part of the extra geostress which was previously born
by the hydrate decomposition zone. Correspondingly, decomposed gas and water may
reform into hydrate in this area due to higher stress, leading to a slight increasing of hy-
drate saturation. Subsequently, the increase in effective stress leads to compaction of the
surrounding region, resulting in a decrease in both effective porosity and permeability.
This would lead to a drastic reduction in seepage properties of the surrounding area and
pore pressure trapping. Further hydrate dissociation would then be trapped in this area so
that the hydrate dissociation would stagnate when the hydrate is exhausted.

4.2. Stratum Geomechanics Response
4.2.1. Pore Pressure Distribution

The reduced bottom hole flowing pressure leads to a redistribution of the formation’s
pore pressure field. Given that variations in bottom hole temperature are not accounted
for in this scenario, changes in pressure become the primary driving force for hydrate
decomposition. Figure 6 illustrates the distribution of pore pressure and pressure drop
across the slope, captured under a production pressure of 7 MPa at 730 days. It shows
that the reduction in pore pressure is not evenly distributed in the formation. At this time,
the left half stratum has reached the stable stage so that the hydrate saturation almost
remains stable in this area while it slowly changes in the right half stratum. The closer to
the wellbore, the larger the pressure drops at a certain distance. The high pressure drop
(more than 7 MPa) only occurs in a narrow area next to the wellbore, which is the only
region where the hydrate may decompose (Figure 6b,c). Due to the poor seepage capacity
of the overlying and underlying rock formations, as depicted in Figure 6a, the low pressure
within the hydrate formation exerts a minimal impact on adjacent formations. Ultimately,
influenced by the pore pressure at the boundaries, the rate of pore pressure drop within
the formation decelerates and generally stabilizes.
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Figure 6. Pore pressure distributions (a) overview; (b) hydrate sediment profile view for the rectangular box
indicated in (a); (c) zoom in hydrate sediment profile view of pore pressure drop distribution for 730 days.

4.2.2. Stress Distribution

The stress that the formation skeleton withstands is the effective stress, and the for-
mation would strain when the effective stress changes. Figure 7 shows the minimum
principle stress and strain in hydrate formation after two years of production. Apparently,
the minimum principal stress distribution is spatially consistent with the hydrate saturation
distribution (Figures 5 and 7b). If the skeleton strength remained constant, a reduction in
pore pressure would correspondingly increase the effective stress. However, the decom-
position of hydrates significantly weakens the formation’s strength, altering this dynamic.
In the formation, high strength corresponds to high stress and vice versa. Therefore, in a
hydrate decomposed or decomposing area, the shorter distance to the wellhole, the lower
the effective stress. Meanwhile, the effective stress in the peripheral region of the hydrate
decomposition area is considerably increased because the overburden sediments would
not completely collapse into the hydrate decomposition and collapse region due to their
mechanical strength. Thus, part of the overburden pressure initially borne by the hydrate
decomposed zone is transferred to the undecomposed area. Therefore, the support for
the overlying layer and the compaction for the underlying layer of the hydrate decompo-
sition zone is reduced. Additionally, the decomposition of hydrates leads to weakened
compaction in the underlying layer, causing the underlying formation to experience strain
as pronounced as that in the overlying formation, as illustrated in Figure 7c. This phe-
nomenon results from the interplay of pore pressure, effective stress, and the compacting
effects exerted by both overlying and underlying formations; the hydrate saturation would
eventually reach an equilibrium stable state. The formation area changes differently in
response to different formation strength.

S. Min. o a.
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Figure 7. (a) Profile view of hydrate zone; (b) stereoscopic view of Minimum principle stress
distributions; (¢) minimum principle strain distribution.
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4.2.3. Seepage Response

Hydrate saturation, porosity, permeability, pore pressure, and minimum principal
stress distribution have similar spatial patterns. Figure 8 shows the top view of the effective
porosity and the absolute permeability of hydrate formations in eight wells after two years
of production. The degree of hydrate decomposition decreases gradually from well 1# to
well 8# spatially. Coinciding with hydrate decomposition degree, the maximum porosity
and permeability increase accordingly. As shown in Figure 8a, the effective porosity in the
hydrate decomposed area decreases with distance from the wellbore. In the surrounding
region, the effective porosity is compacted to 0.008, which is under a large negative impact
on seepage. The permeability in this area also reduced from 0.4 md to 0.069 md as the
hydrate decomposed area and surrounding area is compacted due to low strength and the
stress transfer. Therefore, the hydrate decomposed peripheral region becomes a hypotonic
zone which prevents the lower pressure from wells from propagating far away. This zone
traps more than half of the pressure drop in a small area so that the hydrates cannot
decompose continuously. At the same time, permeability determines whether the products
of hydrate dissociation can be rapidly transported, significantly affecting the relative
concentrations of gas and liquid phases, as well as the hydrate phase, around the site of
dissociation. This, in turn, influences the subsequent rate of hydrate dissociation. Therefore,
seepage plays a crucial role in the hydrate-dissociation processes and significantly impacts
the entire system.

Effective Effective porosity Absolute Permeability

porosity a.
0.546

Nag8h82

0000000000000
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Figure 8. Effective porosity and permeability distributions in different wells after two years of
production (a) well 1#, (b) well 24, (c) well 3#, (d) well 4#.

4.3. Seabed Strata Stability

Currently, there is a lack of systematic evaluation criteria for instability of submarine
strata. It is feasible to quantify the stability of submarine formations by evaluating the
displacement components and strain components in formation in order to determine if
any of the related material has reached the plastic deformation stage. Figure 9 shows
only a small range of plastic deformation occurs in the hydrate fully decomposed area.
It confirms that the plastic yielding remains negligible in the entire stratum. Therefore,
the main risk associated with the formation is seafloor subsidence, stratum displacement
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due to formation strength reduction, and volume deficit, rather than large-scale submarine
landslides due to plastic failure.
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Figure 9. Distributions of the strata displacement component in different directions (a) x, (b) y, (¢) z,
and (d) direction and magnitude.

Figure 9 shows the displacement component in three directions. Figure 10a shows
that the displacements along -xirection occurs in the slope top with a maximum of 2 m
and the displacement along x direction occurs in the slope foot area with a maximum of
1.5 m. The displacements in the x direction in these two areas are caused by the seafloor
subsidence. The strata exhibit minimal effective horizontal displacements due to hydrate
dissociation. Model results suggest that hydrate dissociation does not trigger landslides
across the entire slope in this block. A comparison between Figure 10c,d shows that
displacements in the x direction, observed at the top and toe of the slope, are caused
by stratum subsidence. Furthermore, hydrate dissociation results in the settling of the
formation around the well, prompting surrounding formations to shift toward the center
of the wellbore. Simultaneously, the slope top and toe are stress concentration areas
which means that changes of formation physical parameters are more likely to produce a
significant effect in these two regions.

Figure 9c shows the displacement component in the z directions at each well cor-
responding to settlement and rise of the stratum. Maximum subsidence in the negative
z direction is 6.71 m which is almost triple that in the other two directions. The strength
and density reduction in the hydrate sediment results in subsidence of the overburden
strata and rising of the underburden strata. Combined with the hydrate residual saturation
result in Figure 5¢, the conclusion can be drawn that a higher degree of hydrate dissociation
leads to a greater extent and scale of subsidence in submarine formations. Conversely, the
uplift of the underlying formation is not solely dependent on hydrate saturation but is
also influenced by the effective stress. With reference to Figure 9b, the distribution of the
displacement in the y direction is correlated to the seafloor subsidence. The displacement
vectors (arrows) and magnitudes (color) in Figure 9d indicate that the displacement directs
towards the deep stratum and the middle of the slope.

In summary, the submarine strata movement is dominated by subsidence while the
large-scale landslide is mainly in horizontal directions. This result indicates that the
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geological hazard that can be easily monitored during and after the hydrate production
is submarine subsidence rather than landslides. In addition, the shear strength of cement
is much lower than its compressive strength so that the horizontal displacement tends
to generate a strong sheer stress on the cement ring; therefore, wellbore instability may
occur. However, the large displacement in the vertical direction would influence the whole
engineering and the result is hard to predict. Due to the complex mechanical behavior
of hydrate sediment, it is necessary to conduct triaxial experiments on hydrate sediment
constitutive model and strength dynamics to assess the geomechanical responses reliably.
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Figure 10. Evolution of displacement under different production pressure (a) along z direction at
the well NO. 6# after 2 years’ production; (b) along y direction at the well NO. 6# after 2 years’
production; (c) seafloor subsidence with time at the well NO. 6#; (d) total seafloor subsidence on the
x-z plane.

4.4. Influence of Recovering Pressure on Formation Stability

The strata stability response to production pressure can be evaluated through strata
displacement and seafloor subsidence. Figure 10 shows the displacement of the submarine
strata after using the depressurization method for two years with different production
pressures. As depicted in Figure 10a, when the production pressure exceeds 6 MPa, the
sedimentation of the overlying stratum and the rise of the underlying stratum increases
with decreasing pressure. The settlement and uplift of the formation under a 5 MPa pro-
duction pressure are less than that under a 6 MPa production pressure, which suggests
that lower production pressure does not necessarily lead to greater formation displace-
ment. This phenomenon can also be found in other subplots of Figure 10. For instance,
the distribution of the seafloor subsidence in the y direction and the maximum seafloor
subsidence around well 6# under the 6 MPa production pressure is greater than that under
the 5 MPa production pressure, whereas the subsidence under higher production pressure
is less than that under 6 MPa (Figure 10b). Excessively lower production pressure causes
rapid decomposition of hydrate, which in turn leads to a rapid settlement of the formation.
Rapid settlement decreases the hydrate decomposability range and compacts the surround-
ing formation prematurely. As a result, the hydrate decomposed range is reduced, and
the settlement is reduced. Meanwhile, production pressure has a significant impact on
formation settlement.
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Figure 10c shows that the subsidence at 50 days under 5 MPa is equal to that at 730 days
under 9 MPa and that the formation settlement for 30 days is about half of the sedimentation
for two years. The seafloor level experiences a sharp decline due to an initial significant
drop in pore pressure at the well, followed by a gradual decrease. Notably, the estimated
seafloor subsidence in the first 50 days accounts for over half of the total subsidence
observed after two years of production, as shown in Figure 10c. Specifically, seafloor
subsidence reaches approximately 3.8 m after half a year and 6.2 m after two years at a
production pressure of 6 MPa. The extensive range of seafloor subsidence in the horizontal
direction is attributed to the low strength of unconsolidated sediments. This indicates that
even a minor reduction in pressure at the production well can lead to significant seafloor
subsidence, potentially causing wellbore instability and other engineering hazards and
failures. Therefore, it is critical to take production pressure and related geological problems
into consideration during hydrate production.

5. Conclusions

This study develops a thermal-multiphase-mechanical coupled model of hydrate
sediment using ABAQUS, achieved by programming the USDFLD subroutine. It evaluates
the stratum stability in response to varying production pressures applied during the
depressurization recovery method. Key findings from this study include the following;:

(1) The rate of hydrate dissociation is influenced by fluctuations in production pressure;
an increase in pressure affects the dissociation rate. Additionally, there is a positive
correlation between the distance from the hydrate temperature and pressure to the
phase equilibrium curve and the rate of hydrate dissociation.

(2) The reduction of pore pressure and the corresponding increase in effective stress
due to hydrate decomposition impact the overall stability of the formation. Stress
redistribution leads to compaction of the surrounding strata, decreasing porosity
and permeability, and trapping pore pressure, which further influences hydrate
dissociation rates and patterns.

(3) Hydrate dissociation in the Shenhu area is unlikely to cause large-scale submarine
landslides. However, it may result in several meters of seafloor subsidence across
a broad area. Notably, the subsidence observed during the first 50 days of hydrate
production accounts for approximately half of the total settlement observed after two
years of production. Therefore, monitoring seafloor subsidence dynamics in the early
stages of production is essential.

(4) While a higher production pressure drop can accelerate the recovery rate, it also
increases the risk of severe seafloor subsidence and slippage. Therefore, it is crucial
to strike a balance between the rate of hydrate production and the stability of the
formation in project design and planning.

While this study initiates the discussion on the geomechanical implications of hy-
drate production using vertical well grids, both experimental and field tests indicate that
horizontal wells are more effective for hydrate extraction but also present more serious
geotechnical challenges. In future work, we aim to analyze the impact of horizontal wells
on these geomechanical issues.
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