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Mass transport deposits are a fundamental component of deep-water
sedimentary systems and play a crucial role in the transportation of sediments
from continental slopes to deep-sea basins. However, there exists a significant
gap in our understanding of their internal vertical structure, core facies
characteristics, and associated sedimentary processes. This study employs
comprehensive and continuous core data, logging-while-drilling data, and
high-resolution 3D seismic data obtained from the Qiongdongnan Basin in the
northern South China Sea to meticulously delineate the core facies of deep-
water sedimentary systems within the investigated area. Among these findings,
eleven core facies types have been summarized and categorized across all
identified sedimentary systems. These include mass transport deposits,
turbidity currents, bottom currents, as well as hemipelagic and pelagic
deposits. Mass transport deposits display a range of deformation characteristics
within their cores, including slumps and debris flows. Their internal structure
encompasses various sedimentation processes that involve not only turbidity
currents but also hemipelagic and pelagic deposits. This study further explores
the issue of phase division in mass transport deposits across various dataset
scales, including core, log, and seismic data. It proposes new insights into
sedimentary processes and patterns for mass transport deposits in deep-water
environments while examining their dynamic interactions with gas hydrates.
Additionally, this study summarizes the overall framework of deep-water
sedimentary systems present in the Qiongdongnan Basin. The aim is to provide
geological insights that will inform future studies on mass transport deposits.
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Introduction

Mass Transport Deposits (MTDs) are large-scale composite
sedimentary bodies formed by the instability of sediments along the
continental slope, including three types of gravity flow deposits:
slides, slumps, and debris flows (Alves, 2015; Shanmugam, 2022).
They are an integral part of the deep-water sedimentary system,
widely distributed along the global continental margins. MTDs can
not only have the potential to trigger marine geological disasters
(Ruano et al., 2014; Talling et al., 2014; Sun et al., 2022), but they
can also serve as reservoirs and seals for oil, gas, and gas hydrates in
marine environments (Wang et al., 2013).

Identifying MTDs in deep-water areas has always been a focal
point of discussion among scientists. Standard methodologies
encompass the analysis of onshore outcrops, offshore seafloor
geomorphology, core samples, well logs, and seismic data.
Onshore outcrops can be identified as MTDs by examining
characteristics such as sedimentary deformation, slump folding,
and the occurrence of thrust faults (Shanmugam, 2012). The
formation of MTDs typically induces submarine landslides along
the continental slope, resulting in a substantial volume of sediment
collapsing and subsequently being transported to the deep-sea
basin. Therefore, multibeam bathymetric surveys are capable of
clearly delineating these features on the seafloor topography. Such
observations can be made in various regions, including offshore
Norway (Posamentier and Martinsen, 2011), the Nile Delta
(Lamarche et al., 2016), and the northern South China Sea (SCS)
(Wang et al., 2017). As for core-log-seismic data, in core samples,
MTDs exhibit a variety of soft-sediment deformation structures
(Jenner et al, 2007; Tripsanas et al,, 2008). Logs are primarily
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characterized by higher density, lower porosity, and lower
permeability (Crutchley et al., 2022). Moreover, by analyzing
seismic data, Bull et al. (2009) have concluded that MTDs can be
primarily categorized into three domains: the headwall domain, the
translational domain, and the toe domain, based on their
developmental components. Furthermore, the characteristics of
these different domains exhibit significant variations. MTDs
typically exhibit chaotic and low-amplitude seismic reflection
characteristics on seismic profiles, which are markedly distinct
from the seismic reflection structures of both the overlying and
underlying strata (Cheng et al.,, 2021). Therefore, seismic data are
frequently employed to identify deep-sea MTDs. However, owing to
their lower vertical resolution, the accuracy of identification is
significantly inferior to that achieved through core analysis.

The sedimentary processes on the northern passive continental
margin of the SCS are complex, with the development of various
sedimentary systems (Figure 1). MTDs are widely developed in this
region, spanning from the Neogene to the Quaternary, including
the Qiongdongnan Basin (QDNB) and the Pear]l River Mouth
Basin. To date, a considerable body of literature has documented
these phenomena, predominantly relying on seismic data (Sun
et al,, 2017; Wang et al,, 2018; Li et al, 2020; Du et al., 2024).
Although seismic data can quickly identify the top and bottom
surfaces of MTDs, the characteristics from the bottom to the top of
each set of MTDs, as well as their internal vertical structures and
sedimentary processes, remain poorly understood due to limitations
in vertical resolution. More support is needed from complete and
continuous core and well logging data. Moreover, for the deep-
water sedimentary system in the northern part of the SCS, current
research still lacks robust core samples to demonstrate the existence
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and characteristics of sediment gravity flows, bottom currents, etc.
Core analysis can further enhance the sedimentary model of the
deep-water region in the SCS.

Therefore, this study primarily investigates the continuous core
samples collected from a drilling site situated in the deep-water
region of the QDNB in the northern SCS. Utilizing log and seismic
data, this research delineates the core facies characteristics of
various deep-water sedimentary systems, including MTDs,
turbidity currents, bottom currents, as well as hemipelagic and
pelagic sediments. Then, this work meticulously analyzes the
complete and continuous internal vertical structures of MTDs
from the bottom to the top. It addresses the challenge of phase
division in MTDs across various dataset scales, including core, log,
and seismic data. Furthermore, this work proposes sedimentary
processes and patterns associated with MTDs in deep-water
environments. The dynamic interactions between MTDs and gas
hydrates is also discussed, culminating in a summary of the
sedimentary model applicable to deep-water areas.

Geological setting

The QDNB is situated in the northwestern SCS, which is the
largest marginal sea on the Western Pacific Ocean (Figure 1). It is
adjacent to Hainan Island, the Yinggehai-Song Hong Basin, and the
Pearl River Mouth Basin, and it possesses abundant resources of oil,
gas, and gas hydrates (Zhu et al,, 2021; Kuang et al., 2023). The
QDNB can mainly be divided into the Northern Depression Belt,
the Northern Uplift Belt, the Central Depression Belt, and the
Southern Uplift Belt (Ren et al., 2014; Zhao, 2021). Among them,
the Central Depression Belt has developed several hydrocarbon-rich
sags, including the Ledong Sag, the Lingshui Sag, the Songnan Sag,
and the Baodao Sag. The study area is located in the Songnan High,
which is relatively close to the Lingshui Sag and the Beijiao Sag
(Figure 1). The basin mainly went through three stages of tectonic
evolution, including the pre-rifting stage, the syn-rifting stage
(Paleogene), and the post-rifting stage (Neogene and Quaternary).
The Horizon T100 represents the boundary between the basement
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and the Paleogene, whereas the Horizon T60 is the boundary
between the Paleogene and the Neogene (Figure 2).

Since the Cenozoic, the QDNB has accumulated a substantial
sediments, with the maximum thickness reaching approximately
16 km (Cheng et al., 2021). The highest sedimentation rate can
reach about 630 m/Myr, with an average Quaternary
sedimentation rate of about 370 m/Myr (Zhao et al.,, 2015).
Overall, the sedimentation rate is fast, indicating a sufficient
supply of sediments. The study area is located in the deep-water
region of the southeastern QDNB, with water depths exceeding
1500 m (Figure 1). The northern continental slope has a gradient
that can exceed 5°. The transportation of sediments is mainly
sourced from sediment gravity flows, with potential source areas
including the Truong Son Belt, the Red River, and Hainan Island,
among others (Cao et al., 2015; Wang et al., 2019a). In addition,
the influence of along-slope bottom currents cannot be
underestimated. In the northern South China Sea, water masses
can be primarily divided into Surface Water, Intermediate Water,
and Deep Water (Chen et al.,, 2016). Based on the water depth, the
study area is most likely predominantly influenced by the Deep
Water, circulating from east to west, which adds complexity to the
study of the source-to-sink system and the deep-water
sedimentary processes.

Data and methods

The core photographs and samples utilized in this study were
obtained from the deep-water region of the QDNB, specifically
from Site WO05. Samples are primarily situated within the strata
located beneath the seafloor at a depth of approximately 150 m
(Figure 3). The Guangzhou Marine Geological Survey conducted
gas hydrate drilling at a water depth of approximately 1769 m, with
a total drilling depth of 199.5 m, obtaining continuous long
cylindrical core samples from Site W05 (Figures 1, 3).
Subsequently, the cores were transported to the core repository
for low-temperature preservation, and each core section was cut to
facilitate scanning and photography.
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FIGURE 3

Integrated interpretation diagram of lithology and well logging of Site W05 (modified from Kuang et al., 2023).

The logging-while-drilling data has been processed by
Schlumberger, including natural gamma logging (GR), resistivity
logging (RES), dynamic image logging, dip logging, density logging
(DEN), P-wave velocity logging (Vp), nuclear magnetic resonance
(NMR) permeability logging, and so on (Figure 3). Among these,
the gas hydrate layer is primarily identified through the abnormal
increases observed in the RES and Vp curves. Furthermore, this
study acquired formation pore pressure data, which, when
combined with the rising DEN curve, facilitates the identification
and analysis of MTDs.

Seismic data mainly includes 2D seismic profiles and 3D seismic
data (Figures 2, 4). Acquisition, processing, and interpretation of the
seismic data were all carried out at the Guangzhou Marine Geological
Survey. For detailed information, please refer to Kuang et al. (2023).
The seismic profile and the planar amplitude attribute map were
produced using the interpretation software Geoframe® (Figure 4).

Results

Core facies of deep-water sedimentary
system

Sediment gravity flows

Sediment gravity flows develop perpendicular to the continental
slope and are the most critical components of deep-water sedimentary
systems, mainly consisting of MTDs and turbidity currents.

MTDs

Identification of MTDs primarily relies on core-log-seismic
data. On logs, MTDs exhibit significant dip anomalies and higher
densities (Figure 3). Permeability and formation pore pressure are
also diminished, primarily due to the increased internal density of
MTDs, which typically function as effective seals for oil and gas. On
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FIGURE 4

Seismic interpretations of MTDs in the study area (modified from Kuang et al,, 2023). (A) Planar distribution map of amplitude attribute of Horizon

H1. (B) 3D seismic profile across typical wells in the study area.
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seismic profiles (Figures 2, 4B), MTDs are mainly characterized by
low-amplitude chaotic reflections and clear evidence of basal shear
surfaces. On the planar amplitude attribute map, MTDs also have
distinct erosional boundaries (Figure 4A).

In cores, MTDs exhibit a variety of soft-sediment deformation
characteristics, which can primarily be categorized into the
following types of core facies (Supplementary Table S1):

Core Facies A: Slump-folded sandy sediment in clay. Analysis of
the core photographs and sketches reveals that in the layer extending

Core Clay
facies

Sand

facies

Slump-folded sandy
sediment in clay

Slump-folded
sandy sediments

Hemipelagic and pelagic deposits

Deformed thin sand layers with clay clasts

Core Clay

86.0

FIGURE 5

10.3389/fmars.2025.1599494

from 83.50 meters below seafloor (mbsf) to 83.64 mbsf, the core has
experienced significant soft-sediment deformation. This deformation
is characterized by sediment slumping, which has resulted in the
formation offolds and a laterally compressed appearance (Figure 5A).
The lithology of this layer is predominantly clay. However, several
sandy layers, each measuring 1 cm in thickness, are interspersed
within the folded sediments and arranged alternately with the clay
layers. Furthermore, the color of the sediments exhibits a variation
ranging from green-grey to dark grey.

Core Clay
facies

Sand

Deformed
thin
sand

layers

Sand

Deformed thin sand layers

Hemipelagic and pelagic deposits

Typical core sketches of Site WO5. (A) Green-grey clay mainly exhibits Core Facies A: Slump-folded sandy sediment in clay and Core Facies K:
Hemipelagic and pelagic deposits, with visible wormholes. (B) Green-grey clay mainly exhibits Core Facies B, deformed thin sand layers with clay
clasts. (C) Green-grey clay, with many sand layers visible, exhibits Core Facies C: Deformed thin sand layers and Core Facies K: Hemipelagic and

pelagic deposits.
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Core Facies B: Deformed thin sand layers with clay clasts. The
sediments exhibit distinct deformation characteristics in the core
photographs, and the stratigraphic dip has also changed (Figures 3
and 5B). Furthermore, through core sketches, it can be observed
that dark grey sandy sediments intrude into the original green-grey
clay, subsequently mixing with them. The injective layer is
characterized by coarser sediment particles, typically exceeding 1
cm in thickness. Additionally, clay clasts are observable within the
layer at approximately 85.64 mbsf.

Core Facies C: Deformed thin sand layers. This Core Facies C is
quite similar to the aforementioned Core Facies B. In the layer from

10.3389/fmars.2025.1599494

86.00 mbsf to 86.80 mbsf, there are noticeable injections of sandy
sediments (Figure 5C). The thickness of these injective layers is
relatively thin, mostly less than 1 cm. There exists a multitude of
injective layers, characterized by their notably steep angles. These
injective layers may be oriented perpendicularly to the strata, with
heights reaching up to 20 cm.

Core Facies D: Distorted stratified sediments. Based on the core
and sketches from the layer between 93.98 mbsf and 94.50 mbsf, it
can be observed that the lithology of this interval primarily exhibits
variations in color and dip (Figure 6A). The in situ sediments
consist of green-grey clay. In contrast, the distorted layers are

Core Clay
facies

Hemipelagic and
pelagic deposits

Wormhole

Deformed thin sand layers

Distorted stratified sediments

Highly distorted stratified sediments

FIGURE 6

Core Clay
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Core Clay
facies

Sand

Hemipelagic and pelagic deposits

Clay clasts under bioturbation

ic and pelagic

Single sand layer

Typical core sketches of Site WO5. (A) Green-grey clay, primarily developed in Core Facies D: Distorted stratified sediments and Core Facies K:
Hemipelagic and pelagic deposits, with visible wormholes. (B) Green-grey to dark grey clay, with significant sand layers, mainly developed in Core
Facies C: Deformed thin sand layers and Core Facies E: Highly distorted stratified sediments. (C) Light grey to dark grey clay, primarily developed in
Core Facies F: Clay clasts under bioturbation, Core Facies H: Single sand layer, and Core Facies K: Hemipelagic and pelagic deposits, with turbidite

deposits visible at the bottom.
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composed of dark grey clay, which is characterized by a stratified
appearance. The two types of sediment alternate, with each layer
being approximately 1 cm in thickness. A few deformed layers also
contain coarse-grained sediments.

Core Facies E: Highly distorted stratified sediments. Core Facies
E is quite similar to Core Facies D, with the main difference being
that Core Facies E is primarily composed of short segments
(Figure 6B). From the 94.92 mbsf to the 95.40 mbsf layer,
deformed sediments can be seen spread out in irregular shapes.
They are primarily dark grey clay, which is very different from the
green-grey clay already there. The deformed sediments vary in
length, ranging from 1 cm to 10 cm, with distinctive characteristics.

Core Facies F: Clay clasts under bioturbation. In the layer from
144.78 mbsf to 145.09 mbsf, there is a clear distinction between the
dark grey deformed layer and the light grey in situ sediments
(Figure 6C). The deformed layer is primarily composed of clay,
with a small amount of coarse-grained sand, distributed almost
vertically. Additionally, the deformed layer exhibits bioturbation,
with obvious wormholes visible. The interiors of these wormholes
are filled with sands of irregular shapes and sizes.

Core Facies G: Highly distorted stratified sediments under
bioturbation. Like Core Facies E, Core Facies G is mainly made
up of highly distorted stratified sediments that are dark grey. These
sediments typically measure less than 10 cm in length and exhibit a
diverse range of shapes (Figure 7A). Moreover, due to the influence
of bioturbation, numerous wormholes have been formed, which are
filled with sand inside.

Turbidity currents

Turbidity currents are also a type of sediment gravity flow that
develops perpendicular to the continental slope. The sediments
formed by turbidity currents are typically sands, which mainly
exhibit low GR values in well logging (Figure 3). In this work, the
core facies of turbidity currents are primarily divided into two
categories (Supplementary Table SI).

Core Facies H: Single sand layer. Based on the core photographs
and sketches, it can be observed that in the layer from 145.38 mbsf
to 145.50 mbsf, the sediment is predominantly sand, with a dark
grey color (Figure 6C). The sediment grain size exhibits a fine
gradation from the bottom to the top, demonstrating normal
graded bedding. The thickness of the sand layer is approximately
10 cm.

Core Facies I: Multiple thin sand layers. The multiple sand
layers are corresponding to the single sand layer, where the number
of sand layers increases. Their thickness decreases, typically less
than 1 cm (Figure 7B). Erosional surfaces are observable at the base
of the sand layers. As one ascends through these layers, there is a
noticeable decrease in sediment grain size, which is characteristic of
typical turbidity currents and manifests as features indicative of
event sedimentology.

Bottom currents

Contrary to sediment gravity flows, bottom currents develop
along the continental slope, and the grain size of the sediments
formed by bottom currents can vary depending on their velocity. In
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this study, a typical bottom current Core Facies ] was identified,
which is primarily composed of clayey silt and can be observed in
the layer from 127.97 mbsf to 128.02 mbsf (Figure 7C). Unlike
turbidity currents, the deposits formed by bottom currents exhibit a
bidirectional grading sequence. In this sequence, the grain size of
sediments initially coarsens and subsequently fines from the bottom
to the top. Both the upper and lower surfaces are in gradational
contact with in situ sediments, which primarily consist of
hemipelagic and pelagic deposits, without any evident erosional
surfaces (Supplementary Table SI).

Hemipelagic and pelagic deposits

Hemipelagic and pelagic deposits are typically found between the
continental slope and the deep-sea basin. They are unusually well-
developed in the study area and comprise green-grey clays without
clear stratification (Figure 7C). The sediment particles are very fine and
generally rich in foraminifera. In some regions, bioturbation structures,
such as wormbholes, have been identified. These structures are
observable in the core section ranging from 128.20 mbsf to 128.60
mbsf and are designated as Core Facies K (Supplementary Table SI).

Based on core photographs and sketches of Site W05 (Figures 5-7),
this work has summarized the core facies types of the deep-water
sedimentary system (Figure 8), which mainly include sediment gravity
flows composed of MTDs (Figures 8A-G), turbidity currents
(Figures 8H, I), bottom currents (Figure 8]), as well as hemipelagic
and pelagic deposits (Figure 8K).

Internal characteristics of MTDs

Based on seismic and well logging data, three sets of MTDs,
namely MTD1, MTD2, and MTD3, can be identified in the study
area (Figures 3, 4). To enhance the understanding of the internal
structural characteristics of MTDs from the bottom to the top, this
work selected MTDI for analysis due to its continuous core
sampling. First, the core photographs of MTD1 and its upper and
lower surface parts were analyzed (Supplementary Figures S1 and
S2). Then, they were drawn so that different core features could be
seen, such as sediment gravity flows, bottom currents, as well as
hemipelagic and pelagic deposits (Figure 9).

MTD1 is located approximately between 19 mbsf to 42 mbsf
(Figure 3). This study, through the analysis of complete and
continuous core samples between 18 mbsf to 43 mbsf, has
identified a variety of core facies types. Core facies A exhibits the
development of slump-folded deformed sediments within the layer
extending from 37.28 mbsf to 37.36 mbsf (Figure 9A). The scale is
not large, with several centimeters in size, and filled with sandy
sediments internally. Core Facies C primarily consists of a large
number of deformed thin sand layers, with the thickness generally
being about 1 cm (Figure 9B). The shapes are mainly in the form of
elongated strips with irregular extension directions. Core Facies D is
primarily distinguished by variations in the orientation of the strata
(Figure 9C). This core facies exhibits relatively weak internal
deformation of the sediments, along with a notably large dip
angle of the sedimentary layers, which is also evident in the well
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FIGURE 7

Typical core sketches of Site WO5. (A) Dark grey clay, with numerous wormholes and sand layers visible, primarily exhibiting Core Facies G: Highly
distorted stratified sediments under bioturbation. (B) Light grey clay, with a significant presence of thin sand layers and turbidite deposits, is mainly
characterized by Core Facies |I: Multiple thin sand layers and Core Facies K: Hemipelagic and pelagic deposits. (C) Green-grey clay, characterized by
bottom current deposits at the uppermost layer, hemipelagic and pelagic deposits in the middle, and turbidite deposits at the bottom.

logging data (Figure 3). Core Facies E exhibits the most intense
deformation, characterized by a significant presence of irregular
sedimentary masses (Figure 9D). These masses are predominantly
composed of dark grey clay, which is distinctly separated from the
in-situ sediments and situated at the base of MTD1 (Figure 3).
The above are core facies of different types of MTDs
(Figures 9A-D). According to core data, MTD1 is characterized
by the presence of turbidity currents (Figure 9E) and hemipelagic
and pelagic deposits (Figure 9E). Additionally, bottom currents
have been identified in the underlying strata of MTD1 (Figure 9F),
indicating the complexity of the sedimentary processes. Turbidite
deposits are mainly composed of multiple thin sand layers with a
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thickness of about 0.5 cm, and the thickness of the bottom current
deposits is also relatively small, approximately 1 cm (Figures 9E, F).

Discussion

Identification of MTDs in different datasets
with various resolutions

Based on the results obtained from the text above, it can be

observed that different data sources have varying resolutions.
Seismic data has the lowest vertical resolution, often showing a
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set of MTDs as a whole with chaotic, low-amplitude reflections, like
MTD1 (Figures 2, 4B) (Cardona et al., 2022). Well logging data
exhibits a higher resolution, allowing for the differentiation of
multiple small-scale MTDs, such as MTDla, within a given set.
This distinction is based on parameters including P-wave velocity,
density, and dip logging (Figures 3, 10) (Sun and Alves, 2020;
Crutchley et al., 2022). When combined with core samples, studying
the core facies can show how each small-scale MTDs is structured
inside (Supplementary Figures S1, S2; Figures 9, 11) (Tripsanas
et al., 2008; Lu et al., 2020). For instance, the MTD1 described in
this study is composed of MTD1a, MTD1b, and MTDIc on log-
scale data (Figure 10). It is evident that within large sets of MTDs,
there are hemipelagic and pelagic deposits, and even turbidite
deposits, which are different from what is observed on seismic-
scale profiles (Figure 4B). According to the core-scale vertical high-
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resolution core facies, each small-scale MTDs, such as MTDla,
MTD1b, and MTDIc, is composed of various sedimentary systems.
Additionally, these deposits exhibit the development of both
hemipelagic and pelagic sediments internally. (Figure 11). From
this, it can be seen that differences in data resolution can lead to
variations in the identification of MTDs, a phenomenon also
observed in other study areas (Crutchley et al., 2022; Lu et al., 2025).

Based on the well logging data and core facies, this work has
delineated the MTDIla interval, which is approximately located
between 19.15 and 20.65 mbsf (Figure 10). On the logs, the P-wave
velocity of this layer exhibits a marked increase from approximately
1500 m/s to around 1550 m/s. Concurrently, there is an observed
rise in density, accompanied by a sudden alteration in dip (Sun and
Alves, 2020; Crutchley et al., 2022). In the cores (Supplementary
Figures S1, S2; Figures 9, 11), MTD1a primarily develops two types
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of core facies, including Core Facies D and Core Facies K. It is
evident that hemipelagic and pelagic deposits develop
within MTD1a.

MTD1b is roughly between 24.00 and 31.60 mbsf (Figure 10),
where the P-wave velocity remains relatively constant. The density
is slightly higher than in the MTD1a, and the dip changes are also
very clear. In the cores (Supplementary Figures S1, S2; Figures 9,
11), MTD1b develops three types of core facies, which are Core
Facies C, Core Facies D, and Core Facies K. Particularly, the
development of deformed thin sand layers is compelling evidence
of the existence of MTDs, which have also been discovered in the
Pearl River Mouth Basin in the northern South China Sea and are
likely mainly debris flows (Moscardelli and Wood, 2008; Sobiesiak
et al.,, 2018; Lu et al., 2025).
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MTDIc is located approximately between 35.40 and 41.90 mbsf,
with an overall thickness of about 6.50 m, which is slightly reduced
compared to MTD1b (Figure 10). Logs show that MTDIlc is
characterized by an increase in P-wave velocity and density, which
is corresponding with the IODP sites all over the world (Sun and
Alves, 2020). The core exhibits a more complex pattern with various
deformation features (Supplementary Figures S1 and S2, Figures 9
and 11). The core deformation is severe, which develops four distinct
core facies, including Core Facies A, Core Facies C, Core Facies E, and
Core Facies K. Based on the core facies, MTD1c may mainly consist
of slumps and debris flows, which is very similar to the Storegga slide
(Moscardelli and Wood, 2008; Sobiesiak et al., 2018; Karstens et al.,
2023). Furthermore, the phenomenon of sediment deformation can
also be observed at outcrops (Shanmugam, 2012).
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current deposits.

There is a significant difference in the identification of MTDs
based on different resolutions, such as core-log-seismic data. MTDs
are not entirely composed of deformed sediments; they also include
a large number of hemipelagic and pelagic deposits and even
turbidite deposits, providing strong evidence for understanding
the sedimentary processes of MTDs.

Sedimentary processes and patterns of
MTDs

For a long time, the sedimentary processes and patterns of
MTDs have been inconclusive. Due to the lack of complete and
continuous core samples, little literature clearly and distinctly
points out their sedimentary processes (Bull et al., 2009;
Shanmugam, 2022). It is known that MTDs are complex
sedimentary bodies resulting from the collapse and seaward
transportation of slope sediments, but how are the sets of MTDs
observed on seismic profiles formed?

Based on high-resolution core data, patterns for the
sedimentary process of MTDs have been proposed. The first
pattern, referred to as Pattern 1, is characterized by a slope
leading to the deep-sea basin that comprises undisturbed in situ
sediments. These sediments are generally classified as hemipelagic
and pelagic deposits (Figure 12A). Subsequently, the slope becomes
unstable and experiences a collapse, resulting in the transport of a
significant volume of sediments to the deep-sea basin. These
sediments subsequently cover the existing in situ hemipelagic and
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pelagic deposits, leading to the formation of MTDs, which bear
some resemblance to free-slip flows (Figure 12B) (Sobiesiak et al.,
2018). In this case, if drilling is conducted here, like Site W05, when
core samples are collected, hemipelagic and pelagic deposits or
turbidite deposits within the MTDs cannot be found. Consequently,
this observed pattern does not correspond with the actual
geological conditions.

Next is Pattern 2, similar to Pattern 1, where slope sediments
become unstable and are transported seaward. Sediments close to
the slope cover the in situ hemipelagic and pelagic deposits. In
contrast, sediments that are located further from the slope interact
with the underlying sediments during transportation, resulting in
the formation of a complex sedimentary body. This process is
analogous to no-slip flows (Figure 12C) (Sobiesiak et al., 2018). This
pattern can explain the presence of hemipelagic and pelagic deposits
in MTD1 (Figure 10). Moreover, unlike Pattern 2, Pattern 3 spans a
longer time frame, encompassing multiple episodes of slumping
and sedimentation processes (Figure 12D). After the first instability
event ends, hemipelagic and pelagic deposits are deposited in the
study area, covering the complex sediments. Subsequently, the
newly formed slope becomes unstable and collapses once more.
This process results in the transportation of new slope sediments
seaward, thereby repeating the previously described processes and
leading to the formation of another set of small-scale MTDs. This
cycle continues, ultimately culminating in the development of large-
scale MTDs. This pattern can explain the development of
hemipelagic and pelagic deposits and even turbidite deposits
within MTDI, and it can also explain why hemipelagic and
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pelagic deposits are developed within MTD1a, which more closely
aligns with real-world scenarios (Figure 11).

Dynamic interaction between MTDs and
gas hydrates

Gas hydrates are ice-like solid compounds with a cage-like
structure formed by the combination of relatively low molecular
weight gases such as methane and water under low temperature,
high pressure conditions (Sloan, 2003), and about 95% of them are
found in continental margins (Beaudoin et al.,, 2014). According to
well logging data and seismic interpretation, it is evident that Site
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WO5 drilled into tens of meters of turbidite sands beneath the
MTDs, which also serves as a reservoir for gas hydrates (Figure 3).
The sharp increase in the RES logging and Vp logging curves can be
used to identify the gas hydrate layer. Specifically, RES values reach
up to 200 ohm-m, while Vp exceeds 3000 m/s, occurring
approximately between 127 mbsf and 137 mbsf. Drilling results
from multiple wells indicated that a large-scale flat-lying
transitional sandy gas hydrate system is developed in the study
area. The reservoir mainly composed of coarse-grained channel-
levee and lobe bodies, covering an area of several square kilometers
(Kuang et al, 2023). The relationship between MTDs and the
accumulation of gas hydrates has been widely researched globally
(Jung and Vogt, 2004; Boswell et al., 2012). This work has also
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discovered the phenomenon of multiple large-scale MTDs

coexisting with gas hydrates in the deep-water area of the QDNB

in the northern SCS (Figures 2, 3).

The dissociation of gas hydrates in the continental slope can

trigger MTDs, and the formation of MTDs in the deep-sea plain can

also influence the accumulation and dissociation of gas hydrates

(Maslin et al., 2004; Wang et al., 2024). Specifically, suppose gas

hydrate accumulation first and is subsequently covered by MTDs,
which is Cycle @ (Figures 13A, B). In that case, MTDs can alter the
temperature and pressure conditions of the environment where gas

hydrates are located. This alteration disrupts the stability zone of

gas hydrates, resulting in an upward shift of its base. Consequently,

this process may lead to the dissociation of the hydrates

(Figure 13B) (Wang et al, 2024). As exploration progresses, a

large number of active cold seeps and seepage-type gas hydrate
systems have been discovered in the QDNB (Feng et al., 2018; Ye
et al,, 2019). Based on the U/Th and AMS "*C dating of cold seep
carbonates, the dissociation of gas hydrates occurred in three

episodes: approximately from 136.3 ka to 114.6 ka, from 48.5 ka
to 42.7 ka, and from 11.6 ka to 9.5 ka. These events may be related to
three phases of the widespread MTDs development (Wei et al.,
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2022; Zhang et al., 2023). This also indicates that the accumulation
and dissociation of gas hydrates in the study area are dynamic.
Therefore, Cycle @ proceeds to the next phase, where deep
thermogenic gas and shallow biogenic gas migrate to the gas
hydrate stability zone to accumulate and re-form large-scale gas
hydrates (Figure 13C). Subsequently, another phase of large-scale
MTDs deposition leads to the dissociation of gas hydrates
(Figure 13D), which then repeats the process of free gas and gas
hydrate accumulation stage (Figure 13C).

Conversely, suppose MTDs form first, which is Cycle @
(Figure 13B). In that case, the fine-grained MTDs are denser
internally, with lower porosity and permeability, making them an
excellent seal for gas hydrates and shallow gas (Wang et al,, 2011;
Cheng et al., 2021; Crutchley et al., 2021; Wu et al.,, 2021). When
free gas migrates to shallower regions and accumulates, MTDs can
act as seals, inhibiting the vertical migration of gas. This process
consequently facilitates the formation of extensive lateral gas
hydrates (Figure 13C) (Kuang et al, 2023). Subsequently, it
becomes caught in a dynamic cycle of multi-phase MTDs
deposition and gas hydrate dissociation, and then free gas and gas
hydrate accumulation (Figures 13C, D). Additionally, Cycle ®
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directly transitions from gas hydrate accumulation to the deposition
of multi-phase MTDs, leading to gas hydrate dissociation
(Figures 13A, B). However, it ultimately enters the free gas and
gas hydrate accumulation stage, remaining in a dynamic process
(Figures 13C, D). Overall, the formation of gas hydrates is
intricately linked to MTDs, exhibiting a dynamic coupling
relationship between the two. Nevertheless, the spatio-temporal
coupling mechanism between the two still requires in-
depth research.

Sedimentary model in the deep-water area
of the QDNB

The QDNB, located in the northwestern SCS, has a complex
sedimentary process and a variety of sedimentary systems (Gong
et al., 2020; Su et al., 2020; Zhong and Peng, 2021; Chen et al., 2022;
Li et al., 2024). This study, utilizing comprehensive and continuous
core data, a substantial volume of logging-while-drilling data, and
high-resolution 3D seismic data, has successfully identified and
characterized sediment gravity flows. This includes MTDs, turbidity
currents, as well as bottom currents. Additionally, it has examined
hemipelagic and pelagic deposits, thereby establishing a
sedimentary model for the deep-water area (Figure 14A). The
formation of MTDs is mainly due to the instability of slope
sediments, which are transported to the deep-sea. From a profile,
MTDs can include slides, slumps and debris flows (Moscardelli and
Wood, 2008; Sobiesiak et al., 2018). The bottom of the MTDs will
erode the underlying strata, causing deformation and then mixing
with in situ hemipelagic and pelagic deposits (Figure 14B).
Turbidity currents also mainly originate from the slope,
transporting sediments through turbidite channels and deposits.
The evidence of bottom current development in the core proves the
existence of bottom water in the northern SCS, providing a basis for
the study of the deep-water circulation in this area (Yuan, 2002; Liu
etal,, 2010, 2017; Chen et al.,, 2019; Wang et al., 2019b). In addition,
hemipelagic and pelagic deposits are also developed, mainly located
in the slope and deep-sea areas.

Conclusions

This work primarily utilized newly acquired core, well logging,
and seismic data from the QDNB in the northern SCS to
meticulously delineate the core facies of deep-water sedimentary
systems. A total of eleven core facies types associated with these
sedimentary systems have been summarized and categorized,
including MTDs, turbidity currents, bottom currents, as well as
hemipelagic and pelagic deposits. The various core facies of MTDs
were analyzed in detail, revealing that their internal structures
exhibit a range of sediment deformation features such as slumps
and debris flows.
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This study addressed the challenge of delineating the phases of
MTD:s across various scales of core-log-seismic datasets. It elucidated
how MTDs comprise different sedimentation types, including turbidity
currents as well as hemipelagic and pelagic deposits. Furthermore, this
research proposed sedimentary processes and patterns associated with
MTDs in deep-water environments, primarily focusing on the
destabilization and collapse of slope sediments that are subsequently
transported to deep-sea basins. The movement of MTDs could erode
underlying strata, particularly where terminal debris flow components
intermingle with in situ hemipelagic and pelagic deposits.
Subsequently, a comprehensive summary of the deep-water
sedimentary system within the QDNB has been presented.
Additionally, this work discussed the dynamic integration between
MTDs and gas hydrates. The effects can be categorized into two main
groups: first, MTDs alter the gas hydrate stability zone, leading to
dissociation; second, due to their high density, they function as seals
which facilitate hydrate accumulation. This provides new insights and
establishes a foundation for further investigation into MTDs in deep-
water settings.
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