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Abstract: Previous studies indicate that mass transport deposits are related to the dynamic accumula-
tion of natural gas hydrates and gas leakage. This research aims to elucidate the causal mechanism
of seabed seepage in the western region of the southeastern Qiongdongnan Basin through the ap-
plication of seismic interpretation and attribute fusion techniques. The mass transport deposits,
bottom simulating reflector, submarine mounds, and other phenomena were identified through
seismic interpretation techniques. Faults and fractures were identified by utilizing variance attribute
analysis. Gas chimneys were identified using instantaneous frequency attribute analysis. Free gas
and paleo-seepage points were identified using sweetness attributes, enabling the analysis of fluid
seepage pathways and the establishment of a seepage evolution model. Research has shown that in
areas where the mass transport deposits develop thicker layers, there is a greater uplift of the bottom
boundary of the gas hydrate stability zone, which can significantly alter the seafloor topography:.
Conversely, the opposite is true. The research indicates that the upward migration of the gas hydrate
stability zone, induced by the mass transport deposits in the study area, can result in the rapid de-
composition of gas hydrates. The gas generated from the decomposition of gas hydrates is identified
as the principal factor responsible for inducing seabed seepage. Moderate- and low-speed natural
gas seepage can create spiny seamounts and domed seamounts, respectively.

Keywords: Qiongdongnan Basin; gas hydrate; seafloor seepage mechanism; attribute analysis
technology; the mass transported deposits; spiny seamounts; domed seamounts

1. Introduction

Submarine gas seepage represents a ubiquitous and dynamic geological phenomenon
within the marine environment. It involves the migration of various fluids, such as shallow
gas, submarine groundwater, cold seep fluid, hydrothermal fluid, and liquefied fine-grained
sediments. These fluids flow through predominant pathways, like faults, fractures, mud
volcanoes, or gas chimneys beneath the seabed interface, eventually reaching their dis-
charge or eruption on the ocean floor [1]. Such seepage occurrences have been documented
across various marine environments, spanning passive and active continental margins,
including the South China Sea, North Sea, Baltic Sea, Black Sea, North Atlantic, Gulf of
Mexico, Sea of Japan, Japan Sea Trench, Mediterranean Sea, Indian Ocean, and Southwest
Pacific [2-8].

The manifestation of submarine gas seepage is intricately linked to geological pro-
cesses and is influenced by factors, such as rapid sedimentation, tectonic uplift, erosion,
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faulting, and hydrate decomposition [9-12]. During periods of rapid sedimentation, sub-
stantial sediment accumulation can result in the formation of thick subsurface layers. This
can lead to elevated pore water pressure and the subsequent migration of pre-existing
subsurface fluids due to compaction-related compression. Tectonic uplift and erosion have
complex effects on the migration of subsurface fluids, altering flow paths and velocities,
and impacting storage and migration processes [13,14]. Faulting can disrupt upper fluid
seals, which can facilitate vertical fluid migration [15]. Submarine gas seepage serves as an
indicator of the presence of natural gas hydrates and hydrocarbon accumulations within
sedimentary layers. In regions with intense gas seepage, high gas hydrate saturation is
often observed on or below the seabed [16]. Additionally, gas hydrates may contribute to
geological formation fracturing, further promoting submarine seepage occurrences [17,18].
Such seepage events significantly modify seafloor topography and geomorphology, giv-
ing rise to various submarine micro-landform types, including pockmarks, authigenic
carbonate crusts, spiny seamounts, domed seamounts, and mud volcanoes [19].

The research focus area is located within the deepwater region of the northern
South China Sea continental slope. Previous studies have investigated submarine micro-
landforms and fluid seepage in this area, uncovering various types of micro-landforms, such
as pockmarks, spiny seamounts, and domed seamounts. Marine geological investigations
over several years have established a close correlation between submarine micro-landform
formation, gas hydrate formation, and decomposition, in addition to the widespread de-
velopment of the mass transport deposit (MTD) systems [20]. However, current research
inadequately examines the causal mechanisms of submarine seepage involving hydrates
and MTDs. This study aims to explore the interrelationships among natural gas hydrates,
submarine micro-landforms, and MTD sedimentary systems, elucidating their impacts on
submarine gas seepage mechanisms, particularly focusing on the influence of MTDs on
hydrate decomposition and seafloor seepage intensity.

Methodologically, this study employs variance attribute volume, sweetness attribute
volume, and instantaneous frequency attribute volume fusion analysis techniques to iden-
tify geological phenomena, such as MTDs, bottom simulating reflectors (BSRs), spiny
seamounts, fault systems, gas chimneys, and paleo-seepage points. Through relational
analysis, a unique model for the evolution of seafloor fluid seepage specific to the study
area is proposed. This contributes to a deeper understanding of seafloor geomorphology
formation, evolution, and fluid seepage mechanisms.

This study utilizes seismic attribute fusion technology to assess the influence of MTDs
on the gas hydrate stability zone, uncovering their effects on submarine natural gas seepage
and micro-landforms. Additionally, a unique fluid seepage genesis model specific to the
study area is proposed, expanding upon previous research that focused solely on the impact
of MTDs on subsurface fluids. References remain unchanged.

2. Geologic Setting, Data, and Method

The Qiongdongnan Basin (QDNB) is located in the northwestern part of the South
China Sea, to the southeast of Hainan Island, and extends in the NEE direction. It is
considered a Cenozoic extensional basin developed over strongly thinned continental crust
and is a significant oil and gas, as well as natural gas, hydrate basin [21]. The study area
is situated in a tectonically gentle region between the continental slope and the uplifted
platform, and the topography is relatively flat (Figure 1).
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Figure 1. Regional location map of the study area. The red dashed line represents the boundary of
the QDNB. The black line segments represent the positions of seismic profiles.

The sedimentary fill during the tectonic rifting period in the study area comprises
three stratigraphic units: the Eocene, Yacheng Formation, and Lingshui Formation. The
sedimentary transition from continental to shallow marine facies is characterized by the
development of fan-deltas and deltas. During the faulting period, the sedimentary fill
includes the Miocene Lingshui Formation Member 1-2, the Lower-Middle Miocene Sanya
Formation, and the Meishan Formation. The sedimentation gradually transitions from
shallow marine to semi-deep marine, featuring the development of deltas, fan-deltas, and
platform-margin reefs, among other features. During the subsidence stage, the sedimentary
fill includes the Upper-Middle Miocene Huangliu Formation, Upper Miocene Yinggehai
Formation, and Quaternary Ledong Formation. These sediments were deposited in a
semi-deep marine environment and are characterized by gravity flow deposits, such as
debris flows, turbidite fans, slope apron fans, and canyon channels (See Figure 2) [22,23].

The target interval of this study is the Quaternary Leidong Formation (Figure 2).
Within this formation, there is significant variation in sediment thickness. The sedimen-
tary thickness is greater in the northwest direction, with a maximum sedimentation rate
reaching up to 550 m per million years. In contrast, the sedimentary thickness is thinner
in the southeast direction, with a sedimentation rate of only 50 m per million years. The
sedimentary strata in the northwest direction are influenced by the influx of materials from
the continental slope. During the lowstand and transgression periods, debris flow and tur-
bidite deposits are developed, mainly comprising slope fans, basin floor fans, channel-levee
systems, and MTDs that rapidly accumulate [24]. During the highstand system tract, the
depositional environment transitions to a low-energy, fine-grained settling sedimentation
in a semi-deep sea setting. In the southeast direction, the sedimentary strata are mainly
influenced by slow sedimentation during the subsidence stage, resulting in semi-deep
marine deposition. The hydrodynamic conditions are relatively weak, creating a stable
semi-deep marine depositional environment. The study area contains four sets of SR pods:
the Yacheng Formation, the LingShui Formation Member 3, the LingShui Formation Mem-
ber 1-2, the Meishan Formation, and the Huangliu Formation. Among them, the LingShui
Formation Member 3 and the LingShui Formation Member 1-2 in the Meishan Formation
are the main gas source layers for gas hydrates [25].
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Figure 2. The simplified diagram illustrating the sedimentary facies, lithology, and regional tectonic
movements from the Paleogene to the Quaternary in the study area. The red rectangular box
represents the target interval of the study. Within this interval, the red circles labeled as “SR”
denote thermogenic gas source rocks, while the green circles labeled as “SR” represent biogenic gas
source rocks.

3. Data and Method

The seismic volume covers a surface area of 2900 km? and has a total trace length
of 7 s TWT. The bin spacing is 12.5 m in both directions with a sample rate of 2 ms TWT.
The seismic volume is a full-offset, post-stack time migrated (PSTM) volume. Processing
steps included signal noise reduction, corrections, and velocity analysis using Kirchhoff
PSTM. Noise removal is carried out within the frequency range of 10 Hz to 20 Hz. The
resolution of seismic data depends on the dominant frequency of the seismic signal and
the interval velocity in the zone of interest. The interval velocity of the sediment package
containing mounds and domes is approximately 0.7 km/ms, as determined from velocity
data obtained through the well-to-seismic correlation within the 2D seismic volume.

When the subsurface contains fluids, it can affect the amplitude, frequency, and energy
of seismic waves, thereby causing post-stack attribute anomalies in seismic data. To identify
and analyze geological factors, such as free gas, faults, and fractures, a combination of
attributes, like instantaneous frequency, sweetness, and variance, can be selected. The
instantaneous frequency refers to the derivative of the instantaneous phase with respect
to time [26,27]. The main factors causing variations in instantaneous frequency values
include changes in lithology, properties of the fillings within the strata, and lateral hetero-
geneity in distribution [28]. The presence of free gas in pores within the strata can lead
to high-frequency attenuation and low-frequency enhancement effects. In this study, the
instantaneous frequency within the frequency range of 13 Hz to 28 Hz was chosen as a
sensitive attribute to reflect the spatial distribution characteristics of gas-bearing forma-
tions. The reason for choosing this range is that it effectively reflects the developmental
range of subsurface fluids. The sweetness attribute is the ratio of seismic amplitude to the
square root of the instantaneous frequency. Methane fluid seepage is often accompanied by
phenomena, such as authigenic carbonate crusts and chemosynthetic biogenic shells. These
occurrences result in high-amplitude anomalies, leading to high values of the sweetness
attribute. This attribute plays a crucial role in identifying both present-day seepage sites
and ancient seepage points on the seabed [29]. The variance attribute is used to describe the
lateral heterogeneity of seismic properties, such as lithology and stratigraphy, by utilizing
the similarity between adjacent seismic traces [30]. It can reveal the discontinuous informa-
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tion within the data volume and characterize fault systems. This study primarily utilizes the
multi-attribute fusion technique to analyze the source-sink system of natural gas hydrate
mineralization. This approach reduces the uncertainties caused by interpreting a single data
volume and highlights abundant geological information, thereby enhancing the reliability
of geological understanding. The accuracy of individual seismic attributes in the geological
interpretation and comprehensive evaluation may be subject to uncertainties. Conducting
geological interpretation through the simultaneous use of multiple attributes significantly
reduces ambiguity, thereby enhancing the reliability of the geological understanding.

4. Results

In Figure 3A, on the left side, there are submarine spiny seamounts developed on the
seafloor, while on the right side, there is a submarine domed seamount. On the whole, the
Huangliu Formation, Yinggehai Formation, and Ledong Formation, situated below the two
geological bodies, exhibit significant low-frequency anomalies, along with the presence of
gas chimney structures. It is inferred that there is a substantial amount of gas in the strata,
with the spiky mounds corresponding to a higher gas content. Coherent body anomalies
can indicate the development of faults. From the figure, it can be observed that the area
corresponding to the spiny mounds shows the development of faults throughout the seabed
to the Huangliu Formation, with the fractures being most pronounced in the Yinggaohai
Formation. The domed seamount also exhibits faults extending from the seabed to the
Yinggaohai Formation, but the fracture density is lower compared to the spiny seamounts.
These fractures serve as conduits for gas migration. The spiny seamounts exhibit anomalies
in the sweetness attribute on the seabed, while sporadic anomalies are observed in the
sweetness attribute of the underlying strata of the MTDs. The domed seamount shows
no anomalies of sweetness attributes on the seabed, but distinct scattered anomalies are
present in the underlying strata of the MTDs. The Yinggaohai Formation exhibits localized
anomalies in sweetness attributes. These anomalies could be attributed to the presence of
gas-rich formations or the occurrence of seafloor seepage points (both current and ancient),
which might have led to the formation of authigenic carbonate concretions and chemo-bio
shells in the vicinity. From the local zoom-in of Figure 3A (Figure 3B), it can be observed
that sporadic BSR occurrences develop near the base of the gas hydrate stability zone
(BGHSZ) corresponding to the domed seamount, while no apparent BSR phenomenon is
observed near BGHSZ corresponding to the spiny seamounts. Profile YY’ intersects with
profile XX at point N. In the vicinity of the intersection point on profile YY” (within the
yellow box in Figure 3B), the BSR phenomenon is observed near the BGHSZ. However, in
the vicinity of the intersection point on profile XX’ (within the yellow box in Figure 3D),
the BSR is even more pronounced. Profile YY” intersects with profile ZZ’ at point M. Both
profiles show clear BSR phenomena in the vicinity of the intersection point within the
BHSZ (Figure 3C,D). At the intersection point on profile ZZ’, there is a distinct presence of
a domed seamount on the seafloor. The Ledong Formation contains two stages of MTDs
(MTD1 and MTD2). As shown in Figure 3B, both stages of massive sulfide deposits (MTDs)
exhibit thicker accumulations on the spiny seamounts compared to the domed seamounts.
Based on the paleostatic conditions of the study area, MTD1 and MTD2 correspond to the
paleo-base of the gas hydrate stability zone (Pelo-BGHSZ1 and Pelo-BGHSZ2, respectively,
as indicated in the figure). Furthermore, the paleo-BHSZ intersects with anomalies in the
sweetness attribute. The base map in Figure 3E displays the combined thickness of MTD1
and MTD2. The white dashed line delineates the development zone of spiny seamounts,
while the black dashed line marks the development zone of domed seamounts. It can be
observed that the spiny seamount development zone exhibits thicker MTDs, while the
domed seamount development zone shows thinner MTDs.
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Figure 3. (A) The superimposed seismic profiles of the seismic data, instantaneous dominant
frequency attribute, variance attribute, and sweetness attribute in the research area. The white dashed
circles indicate MTDs, the yellow dashed lines represent gas chimney outlines, the pink dashed line
represents the present-day BGHSZ, the bright green color represents the instantaneous dominant
frequency attribute values in the range of 13 to 28 Hz, the black vertical lines indicate high-value
anomalies in the variance attribute, and the yellow color represents data with sweetness attribute
values above 5000. (B) The enlarged view of the blue-boxed region in (A). The light blue dashed
line represents the paleo base of the gas hydrate stability zone. (C) The seismic profile at position
Z-7’ in (E). (D) The seismic profile at position X-X" in (E). (E) The map indicating the positions of the
seismic profiles. The base map color represents the sum of MTD1 and MTD2 thicknesses, the white
dashed line represents the development range of spiny seamounts, the black dashed line represents
the development range of domed seamount, and M and N points are the intersections of seismic lines.

5. Discussions
5.1. Mechanism of Hydrate Decomposition Induced by MTDS

The formation of gas hydrates requires appropriate temperature and pressure con-
ditions. Lower temperatures and higher pressures facilitate the formation of hydrogen
bonds between water molecules and natural gas molecules, leading to the formation of
stable gas hydrate structures that prevent the escape of natural gas molecules. Additionally,
the formation of gas hydrates involves nucleation and growth processes. Under suitable
temperature and pressure conditions, water and gas molecules can form initial gas hy-
drate structures through a process known as nucleation. Over time, more water and gas
molecules are adsorbed and incorporated into the existing nuclei, forming larger gas hy-
drate crystals, a process known as growth. This process requires suitable temperature and
pressure conditions to ensure adequate energy and stability.
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MTDs are widely distributed in various settings, such as outer continental shelves,
upper continental slopes, canyons, uplifts (volcanoes, ridges, salt domes), and sidewalls
of channels. They are commonly found in deepwater basins globally and typically form
during sea-level falls. Previous studies suggest that the rapid deposition of MTDs can cause
rapid changes in the temperature and pressure conditions within their coverage areas. This
leads to a significant uplift in the gas hydrate stability zone boundary, resulting in the rapid
decomposition of pre-existing gas hydrates.

Submarine mound features in the study area are primarily distributed in regions with
high Quaternary sedimentation rates and thick accumulations of MTDs. On seismic profiles,
these features exhibit distinct “spike” shapes. These development areas of submarine
mound features are accompanied by extensive seafloor sediment folding phenomena.
Submarine domed seamounts are mainly distributed in areas with smaller Quaternary
sediment thickness and smaller thicknesses of MTDs. On seismic profiles, they exhibit
gentle positive uplift slopes. As the thickness of MTDs increases, their impact on the gas
hydrate stability zone boundary becomes more significant. Therefore, compared to domed
seamounts, the influence of MTDs corresponding to spiny seamounts is greater on the
stability zone boundary, leading to a higher intensity of gas hydrate decomposition.

The influence of MTDs on the temperature and pressure conditions of gas hydrates
can result in the upward movement of the gas hydrate stability zone boundary, leading
to the decomposition of pre-existing gas hydrates. Subsequently, the decomposed gas
can reform gas hydrate deposits within new suitable stability zones, thereby affecting the
distribution patterns and formation mechanisms of gas hydrate deposits.

5.2. The Geological Effects Caused by Hydrate Decomposition

The decomposition of natural gas hydrates yields a significant volume of gas, which
rises and creates fractures. These fractures act as preferential conduits for the upward
migration of free gas. In regions abundant in gas supply, these fractures continue to
propagate upwards, facilitating gas seepage toward the seafloor.

The formation of hydrates induces sediment expansion and carbonate precipitation
around seafloor seepage sites, leading to the formation of submarine spiny seamounts.
These seamount features arise from the accumulation of free gas within sedimentary layers.
The gas displaces water in the upper sediment pores, causing localized expansion and
forming positive topographic uplifts [31]. An analysis of the instantaneous frequency
attribute in Figure 3A reveals that the development of submarine spiny seamount areas
signifies a higher gas supply, which can stimulate persistent and rapid gas seepage on the
seafloor, consequently leading to ongoing destabilization of the shallow sediment. This
phenomenon likely contributes significantly to the chaotic seismic imaging and prominent
manifestation of seafloor gas seepage in the underlying sedimentary layers of the submarine
mound features.

The thickness of MTDs is relatively thin in the wing areas, resulting in a comparatively
smaller uplift of the BGHSZ in the MTDs’ wing coverage regions. The gas formed by the
decomposition of natural gas hydrates can be rapidly trapped within the newly formed
hydrate stability zone. This process leads to the creation of new natural gas hydrate
deposits, which, in turn, hinder the upward development of fractures. In these regions,
strong seabed seepage is usually not present. The sediment expansion caused by the
formation of hydrates can create submarine domed seamount features on the seabed. The
formation of submarine domed seamounts is similar to that of spiny seamount structures.
Both result from the displacement of water in the pore space of overlying sediment by
leaking gas, causing localized expansion of the sediment volume. In most cases, submarine
domed seamounts are situated directly above gas-rich layers and typically only rise a
few meters above the normal seabed, but their spans can extend up to several hundred
meters [32].

In their study on the seabed gas seepage characteristics in the northern Gulf of Mexico
continental slope, Roberts et al. found that moderate-velocity natural gas seepage can lead
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to the formation of gas hydrate mounds, isolated authigenic carbonate mounds, and small
cold seeps on the seafloor [33]. Low-velocity natural gas seepage, on the other hand, is
more likely to result in the formation of authigenic carbonate mounds, hardgrounds, and
nodules on the seafloor. Therefore, we deduce that the morphology of these mound-like
structures may represent varying degrees of seepage intensity. The process of moderate
natural gas seepage can lead to the formation of seafloor spiny seamounts. Gas accumulates
within the shallow subsurface hydrate stability zone, and under suitable temperature and
pressure conditions, it is prone to forming blocky or fissure-filling natural gas hydrates [34].
Low-speed natural gas seepage processes can lead to the formation of domed seamounts.
Domed seamounts are often associated with carbonate rock substrates. Due to their well-
developed fractures, they are prone to forming diffusive-type natural gas hydrates. The
spiny seamounts associated with hydrates typically display an oval or concentric positive
topography when viewed from above. The formation of these features is a result of the
accumulation of free gas within sedimentary layers. This process involves gas generated
by hydrate dissociation replacing the water in the pores of upper sediment layers, causing
localized expansion and resulting in a positive topographic feature [35].

5.3. Potential Seafloor Seepage Patterns in the Study Area

In summary, this study proposes a seafloor seepage model for the southern QDNB
(Figure 4).

Gas hydrate
°830 Gas seep 3
W Enhanced amplitude

_ _ _ Bottomof gashydrate
A Spiny seaknoll stability zone

Caleium N, Gas chimn
A carbonate crust? <

t - ‘Near terrigenous
Gas migration sedimentary system

Figure 4. Seafloor seepage pattern in the study area.
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Stage A. Influenced by tectonic activities since the Middle-Neogene, deep-seated
fluids are released upward along tectonic weak zones characterized by developed fractures,
forming vertical migration pathways primarily composed of gas chimneys. The Huangliu
Formation offers favorable conditions for biogenic gas generation, as sedimentary rock
layers contain adequate organic matter abundance, appropriate maturity, and temperature
conditions. Biogenic gas migrates toward the hydrate stability zone through gas chimneys.
The continuous biogenic gas supply, combined with the accumulation of in-situ microbial
methane gas within the stability zone, leads to the formation of methane hydrates when
the methane concentration reaches saturation. Simultaneously, as biogenic gas continues its
upward migration and encounters highly permeable sedimentary layers, it can accumulate
to form shallow gas reservoirs.

Stage B. With the rapid deposition of the first-phase MTDs, significant changes in
temperature and pressure occur within the stability zone formed during Stage A in the
MTD coverage area, leading to the decomposition of the original gas hydrate bodies and the
release of a large amount of methane gas. This results in the decomposition of pre-existing
hydrate deposits formed in Stage A and the release of a significant amount of methane
gas. The central part of MTDs exhibits greater thickness, leading to a notable uplift of the
BGHSZ and the release of a larger amount of methane gas. Conversely, the thinner flanks of
MTDs experience less uplift of the BGHSZ, leading to the reduced release of methane gas.

Stage C. When the methane gas rapidly released from hydrate decomposition and the
continuously supplied deep-seated fluids reach a certain level, they undergo overpressure
release (Figure 4C). At this point, microfractures carrying fluids and sediment penetrate
through the seafloor, resulting in the upward arching of the strata, spiny seamounts, and
seafloor sediment folding. Due to the ongoing gas leakage, self-generated carbonate crusts
and chemosynthetic biogenic shells form near the leakage points, leading to an expansion
in the distribution and development range of spiny seamounts.

Stage D. As the high-level depositional regime experiences stable, uniform, and grad-
ual subsidence, the temperature and pressure within the stability zone gradually stabilize,
resulting in a slowdown in the rate of hydrate decomposition. With increasing sediment
thickness, the BGHSZ gradually moves upward until it reaches a relatively stable position.
At this point, the continuously supplied fluids will slowly form new hydrate bodies near
the BGHSZ.

Stage E. With the rapid deposition of the latest MTDs, there is another rapid change in
temperature and pressure within the stability zone. The BGHSZ formed during Stage D
experiences rapid uplift, leading to the rapid decomposition of natural gas hydrate bodies.

Stage F. When the thickness of the most recent MTDs is substantial, the corresponding
alteration of the BGHSZ is significant, leading to a higher rate of decomposition of hydrate
bodies and stronger overpressure release. During this period, microfractures carrying
fluids and sediment pierce the seafloor, alongside the ongoing gas leakage and expansion
of gas hydrate mineralization. These factors contribute to the formation of more distinct
underwater mounds and upward arching in the geological layers. On the other hand, when
the thickness of the latest MTDs is thinner, there is relatively minimal alteration in the
BGHSZ. After the decomposition of hydrates, the gas formed quickly re-mineralizes within
a shorter vertical fissure in the new stable zone, without venting or leaking to the seafloor.
Consequently, this process leads to the development of domed seamounts.

6. Conclusions
6.1. Impacts of MTDs on Seafloor Gas Seepage

The rapid sedimentation of MTDs leads to the swift alteration of the BGHSZ, triggering
the substantial decomposition of hydrates and the release of a significant amount of natural
gas. This gas migrates towards the seafloor and punctures through it, constituting the
primary cause of varying degrees of seafloor seepage in the study area. In regions where
MTDs are thicker, the uplift of the BGHSZ is more pronounced. Consequently, the speed of
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natural gas hydrate decomposition accelerates, resulting in a higher gas seepage rate and
greater damage to the seafloor micro-features. Conversely, the opposite holds true.

6.2. Association of Seafloor Seamounts with Gas Seepage

It has been discovered that seafloor spiny seamounts and domed seamounts are
closely associated with seafloor gas seepage. Spiny seamounts represent moderate-speed
natural gas seepage in the shallow overburden, while domed seamounts signify slow-speed
natural gas seepage in the same layer. The zones with dense development of fractures in
the underlying formations of both types of mounds are ideal sites for leaky gas hydrates.
They could potentially serve as crucial indicators for identifying leaky gas hydrates during
exploration activities on the northern slope of the South China Sea.
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