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The small-scale event layers in the continental margin contain abundant
dynamic environment information, and pose a challenge to the interpretation
of continuous sedimentary records, giving geological significance to their
accurate identify and possible genesis. Here, pulsed turbidite layers since the
last glacial maximum (LGM) in a gravity core in the northwestern South China Sea
(SCS) was analyzed to investigate the precisely identification, possible causes and
the role of marine environmental change during the late Quaternary in formation
of these small-scale event layers in the SCS. Eight potential pulsed turbidite
layers, according to the petrographic characteristics, grain size parameters and
element geochemistry, were identified. Meanwhile, indicators including total
sulfur (TS)/total organic carbon (TOC) ratio, CaCO3z content, and chromium-
reducible sulfur (CRS) revealed these horizons were mostly related to methane
seep events. Constrained by foraminifera shells AMS™C results, these events
were determined to have occurred from the LGM to early Holocene, Similar
records in the northern and southern slopes suggests the universal occurrence
of these small-scale layers in the SCS. The comprehensive analysis showed that
the development of these event layers over the past 25 ka can be divided into
three stages, 25-15.5 ka, 15.5-7 ka and 7 ka to present. Late Quaternary Ocean
environment changes, especially sea level and bottom water temperature,
controlled the occurrence of regional small-scale event layers in the SCS. The
regional scale mechanism is that the pressure and temperature change affect the
stability of hydrate and the methane seepage, and thus the strata stability.
Corresponding to the lowest, the rapid increase and the highest levels of the
sea level and bottom water temperature, the temporal evolution pattern of
small-scale event layers in the SCS showed a highest, decreased and lowest
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frequency, respectively. The linkage between the late Quaternary marine
environmental change and turbidite deposition through gas activities in this
study can act as a useful reference for further understanding the continental
margin sedimentary process.

KEYWORDS

turbidite deposition, methane seep, sea-level, bottom water temperature, South

China Sea

1 Introduction

The continental margin experiences active sedimentation and is
a transit station for the transportation of materials from land to
deep ocean. As a geomorphic unit connecting the shallow
continental shelf and deep ocean basin, the continental slope
contains various sedimentary types, e.g. hemipelagic, gravity-flow,
and contourite depositions. The turbidity current, a gravity flow
composed of sediment and water with a density greater than that of
the surrounding water, is a characteristic geological agent of
sediment transport and deposition in the slope Sedimentologists
have struggled to decipher the environmental signals contained in
the strata due to the unsteady environment resulting from frequent
turbidity currents. Therefore, extracting information for the
continuous evolution of the geological environment from
instantaneously triggered deep-sea turbidite deposition is an
challenge in deep-sea sedimentology (Zaragosi et al., 2006;
Toucanne et al., 2008; Pouderoux et al., 2012; Lombo Tombo
et al, 2015; Yu et al,, 2017; Li et al., 2021a). The occurrence of
deep-sea turbidity currents is closely related to strata collapse,
which presents hidden dangers to engineering safety. Large-scale
strata collapse can result in the formation of a tsunami (Nisbet and
Piper, 1998), thereby posing danger to residents. In addition, the
coarse-grained sedimentary strata formed under the turbidite
environment are good reservoirs of deep-sea oil and gas hydrate,
which is of great significance for the exploration of deep-sea
resources (Rothwell et al., 1998; Mienert et al., 2005; Liang et al.,
2017; Liu et al., 2020).

The area around the South China Sea (SCS) contains developed
river systems draining basins with active erosion. In the northern
SCS margin, currents include different layers of western boundary
currents (Wang et al,, 2011; Zhou et al, 2017; Zhu et al.,, 2019),
Guangdong Coastal Current and the SCS Warm Current (Guan and
Fang, 2006). Additionaly, frequent typhoons and strong internal
waves (Alford et al., 2015; Zhang et al., 2018a) combined with the
supply of a large number of terrigenous materials lead to frequent
turbidity currents on the northern slope of the SCS. Many turbidite
layers have been identified in the core samples of the SCS
continental slope area in recent decades using geophysics,
sedimentology, geochemistry, and mineralogy proxies (Zhao
et al.,, 2011; Jiang et al., 2014; Yu et al, 2017; Li et al.,, 2019; Liu
et al.,, 2020). This revealed that turbidites with a water depth of
1,000-4,500 m from the slope to the basin have been widely
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distributed since the last glacial period. Most previous studies
focused on medium- to large-scale turbidity activities, with
discussion on large-scale collapse or enormous terrestrial
materials input. In contrast, there have been relatively few studies
on records of small -scale pulsed turbidite events contained in core
samples. On the other hand, the proposed complex and diverse
turbidity current triggering mechanisms have remained
controversial, and include typhoons, earthquakes, floods, etc
(Lombo Tombo et al., 2015; Zhang et al., 2018a; Maloney et al.,
2020). Proposed mechanisms regulating long term turbidity
currents include tectonic activity, sea-level fluctuation, and
climate related periodic high sediment supply pulse (Maslin et al.,
1998; Ducassou et al.,, 2009; Lombo Tombo et al., 2015). The
hydrate dissociation is a characteristic geological agent in the
continental slope that has attracted extensive attention in recent
years. Methane leakage can induce collapse and disastrous turbidity
current over large scales (Paull et al., 1991; Nisbet and Piper, 1998).
For example, the extremely thick turbidite layer of the
Mediterranean is related to strata instability induced by methane
leakage generated by hydrate decomposition (Rothwell et al., 1998).
The enormous collapse of the Norwegian continental margin is also
related to the reduction of gas hydrate stability (Mienert et al., 2005;
Cremiere et al., 2016), and even triggered a tsunami (Bondevik et al.,
2005). The SCS is one of the most important gas hydrate reservoirs.
Bottom simulating reflectors, mud volcanoes, mud diapirs and gas
chimneys have all been found in ashes associated with natural gas
hydrates. In addition, due to the unstable state of hydrate, methane
seepage is common in the SCS slope. Recent studies showed
widespread methane leakage in the SCS slope. However, most
leaks are of a small scale and weak intensity. No catastrophic
collapse resulting from large-scale leakage is contained in
geological records. Therefore, various uncertainties remain,
including: (1) How could we identify the deep-sea turbidite layers
in the SCS precisely; (2) whether such the small-scale coarse-
grained event layers commonly existing in the SCS slope are
related to methane leakage activities; (3) the role of marine
environmental change during the late Quaternary in formation of
these small-scale event layers. The present study selected a gravity
core from the “Haima” seep area in the northwestern SCS,
comprehensively compared with the records of other cores taken
from the southern and northern slopes of the SCS to discuss the
possible relationship between turbidite records and methane
leakage and control mechanism in the SCS since the LGM.
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2 Materials and methods

2.1 Materials

The core Q6 (water depth: 1,400 m; length: 2.72 m) used in the
present study was collected by the Guangzhou Marine Geological
Survey using the Haiyang-6 vessel between April and May, 2019
(Figure 1). The core site is on the north western continental slope of
the SCS. In general, the core shows relatively homogeneous silty-
clay deposition, besides for three obviously coarsened sand layers
(Figure 2). The potential pulsed turbidite layers of the core were
identified using petrography, sedimentology, and geochemistry
proxies. The layers significantly affected by methane leakage were
identified using geochemistry proxies. Eight layers were chosen for
AMS'™C ages measurements (Figure 2) using planktonic
foraminifera Globorotilia menardii shells in BETA laboratory
(US.), and the results has been reported in our previous work
(Miao et al., 2021a).
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2.2 Grain-size analyses

Solutions of 15 mL 30% H,0, and 5 mL 3 mol/L HCI were
added to remove organic matter and carbonate. All samples were
fully desalted and dispersed before measurements. The samples
were analyzed using a Mastersizer 2000 instrument (range: 0.02-
2,000 pm; resolution: 0.01®P) at the Key Laboratory of Submarine
Geosciences and Prospecting, Ministry of Education, China. The
error based on repeated measurements was estimated to be less
than 3%.

2.3 Geochemical element analyses

Prior to the analyses, 0.05 g freeze-dried sample was dissolved
twice in HF-HNO; (1:1) and dried again at 190°C for 48 h.
Approximately ~50 g of the mixture was then prepared and
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Map showing the study area in the SCS. The red star indicates the sampling location of Q6 and the magenta cycles indicate referenced cores in this study
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FIGURE 2

Photographs and lithological description of the core Q6.
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measured. Nearly 10% of these samples were analyzed in replicates
to determine the measurement error, and the elemental
compositions of a GSD-9 reference standard were measured to
confirm the accuracy of the analyses. The geochemical element
analysis, including the measurement of major and trace elements
was conducted by the Experiment-Testing Center of Marine
Geology, Ministry of Land and Resources. The major elements in
the sediments were analyzed using inductively coupled plasma
atomic emission spectroscopy (ICP-AES), and the standard
deviation of these measurements was < 1%. The trace elements in
the sediments were analyzed by ICP mass spectrometry (ICP-MS),
and the standard deviation of these measurements was < 5%.
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2.4 Total organic carbon analyses

Accurately weigh about 1g of freeze-dried sediment and ground
to 200 mesh. Approximately 2 mL of 1 mol/L HCI was then added,
and the sample was soaked and submitted to ultrasound to remove
inorganic carbon. The sample was then placed on a low-
temperature electric heating plate for 12 h to volatilize HCL. After
drying, 50 mg of sediment was placed in an elemental analyzer
(Elementar Vario ELIII, Germany) and organic carbon (TOC) was
determined in the CN mode. The sediment was dried under low
temperature, after which 50 mg was extracted and placed directly on
the elemental analyzer for the determination of total carbon (TC). A
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standard sample GSD-9 and 10% parallel sample were analyzed
concurrently during the test. The standard deviations of TC and
TOC were 0.004% and 0.006%, respectively. The measurement was
completed in the Key Laboratory of Marine Geology and
Metallogeny, First Institute of Oceanography, Ministry of Natural
Resources. CaCOj; content was calculated as:

CaCO4(%) = (TC - TOC) x 8.33 (1)

2.5 Chromium reducible sulfur analyses

Chromium-reducible sulfur (CRS) was analyzed according to
the method described by Canfield et al. (1986). The bulk sediments
were dried and grounded to homogeneous powders of 200 mesh
size. Then, pyrite extraction was carried out by weighing 50-200 mg
samples. CRS was reduced using 1.0 M CrCl,-0.5 M HCI and 3N
HCI solutions under a continuous flow of nitrogen for 2 h at 200-
250°C. The liberated H,S was trapped in an AgNO;-NH,OH
solution and converted into Ag,S precipitates. The percentage of
pyrite could be calculated by the amount of Ag,S extracted.

3 Results and discussion
3.1 Identification of turbidite layers

The turbidite layer often produces obvious unconformity in
comparison with stable and continuous hemipelagic sediments.
This is due to the significant scouring of the underlying strata by
the high concentration of suspended sediment, resulting in
significant variation in grain size (including higher sand content,
coarser mean grain size or median grain size, and a finer positive
sequence from bottom to top), higher coarse-grained detrital
minerals, such as quartz and zircon, and higher Si/Al, Si/Fe, and
Zr/Rb ratios (Fournier et al., 2016; Fauquembergue et al., 2019; Di
etal, 2021; Liu et al., 20215 Li et al., 2021a). Core Q6 contains three
layers with obvious coarsening grain size at 88-96 cm, 116-128 cm,
and 254-260 cm, respectively. These layers are in obvious
unconforming contact with the underlying strata, of which the
sand particles in the 88-96 cm and 116-128 cm layers are clearly
visible by the naked eye (Figure 2). The characteristic grain size end-
members were extracted using the inversion model (Dobigeon et al.,
2009; Schmidt et al., 2010; Joussain et al., 2016) (Figure 3) to further
identify the possible small-scale pulsed turbidite layers not visible by
the naked eye and to limit the dynamic changes of the deposition
process. The first three fractions explained ~96.3% of all variations,
and covered almost all the core data. Therefore, three end-members
were chosen to explain data variation. End-member 1 (EM 1) varied
between 1 um-30 pm, with a peak of 5 um; End-member 2 (EM 2)
varied between 1 um-40 pm, with a peak of 6 um; End-member 3
(EM 3) showed the widest range of between 1 um-300 um, with a
peak of 30 um. EM 3 showed similar trends with sand fraction
content and median grain size (Figure 4). Therefore, this end
member was the key to regulating variations in grain size. EM 3
also showed several obvious pulse peaks, which were a good

Frontiers in Marine Science

10.3389/fmars.2023.1147751

indication of the above three potential turbidite layers and in
good agreement with the local peak records of Si/Al, Si/Fe and
Zr/RD ratios. Based on the above evidence, eight possible turbidite
layers were identified: 88-96 cm, 116-128 c¢m, 140-148 cm, 160-
162 cm, 212-214 cm, 230 cm, 238-240 cm, and 254-260 cm.
Particle size distribution curves for these layers show obvious
bimodal distribution with an additional coarse-grained peak than
the hemipelagic layers (Figure 3). The C-M diagram based on the
sediment cumulative frequencies of 1% (coarsest component) and
50% (median grain size) contents were used to assess the dynamic
deposition environment through different sediment transport
dynamics (Passega, 1957; Passega, 1977). Here, turbidite
deposition was parallel to the C=M line. The C-M diagram of
these eight potential turbidite layers was used to determine that the
distributions of the 88-96 cm, 116-128 cm, and 254-260 cm layers
were roughly parallel to the C=M line (Figure 5A), which is a typical
turbidite deposition feature. In contrast, the distributions of the
140-148 cm, 160-162 cm, 212-214 cm, 230 cm, and 238-240 cm
layers were roughly parallel to the horizontal axis (Figure 5B). Since
these distributions were consistent with the distribution
characteristics of other hemipelagic layers (Figure 5C), the genesis
could not yet be determined. Some layers may contain coarser
particles in a limited range due to hydrodynamic factors such as
bottom current enhancement. Alternatively, some layers may show
small-scale turbidite deposition resulting from gas hydrate
dissociation environment (to be analyzed below). The samples did
not show typical turbidite characteristics due to their small number.
It should be noted that there was no clear positive grain sequence
structure of turbidite layers, which may be transformed by later
hydrodynamic forces. The hydrodynamics of the northern slope of
the SCS is complex and includes a highly active contour current
activity (Chen et al,, 2014; Zhao et al., 2015). The northwestern
slope encounters the anticyclonic intermediate water circulation of
the SCS (Chen et al., 2014), which is likely to transform the existing
sediments. However, no obvious sedimentological evidence exists at
present, calling for the need for further analyzes in combination
with more data. Although the geochemical indices of the 212-214
cm and 230 cm layers were high, there was no indication of EM 3
(Figure 4). This result could possibly be attributed by the increase in
the content of authigenic minerals, such as opal.

3.2 Identification of methane seep events

The sediments of the methane seep environment usually show
abnormal enrichment of authigenic carbonate and pyrite due to the
existence of sulfate-driven anaerobic oxidation of methane (SD-
AOM) (Jorgensen et al., 2004; Peckmann et al., 2004; Bayon et al.,
2007; Bayon et al., 2013; Han et al., 2014; Crémiére et al., 2016; Lin
etal, 2016; Liu et al,, 2020). This eventually leads to clear changes in
sediment geochemical characteristics, such as the CRS, TS/TOC
ratio and CaCOj (Peketi et al., 2012; Sato et al., 2012; Li et al., 2018;
Miao et al., 2021a; Miao et al.,, 2021b; Miao et al., 2022). Under a
normal environment without methane seepage, labile organic
matter is gradually degraded by sulfate-reducing bacteria via
organoclastic sulfate reduction (OSR) and this biogeochemical
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(A) Fraction of data variance explained by the unmixing model vs. number of end-members. (B) Volume percent vs. grain size (um) diagram of the

three end- members (EM1, EM2, and EM3) identified in core Q6 (C).

process would produce H,S (Jorgensen, 1982; Lim et al.,, 2011).
Hydrogen sulfide eventually mixes with iron ions in the
environment to form pyrite (Jorgensen, 1982). At this time, there
is a significant positive correlation between TS and TOC, and the
ratio of TS/TOC fluctuates between 0.1 and 0.5 (average of ~0.36)
(Berner, 1982; Wei and Algeo, 2020). However, SD-AOM resulting
from the methane seep provides a large quantity of additional
hydrogen sulfide for the pyrite formation process, promotes the
enrichment of authigenic pyrite in the methane anaerobic oxidation
zone (SMTZ), and leads to an increase in the CRS content and TS/
TOC ratio (Boetius et al., 2000; Peketi et al., 2012). In addition, the
additional H,S input destroys the positive relationship between
TOC and TS (Sato et al., 2012; Li et al., 2018; Miao et al., 2021b).The
TS/TOC ratio in the core Q6 mostly exceeded 0.36 and the organic
matter content was low (generally < 1.4%), inconsistent with the
sulfate reduction of organic debris. In particular, the TS/TOC ratios
of layers 88-96 cm, 116-128 cm, 160-162 cm, 212-214 c¢m, 230 cm,
238-240 cm, and 254-260 cm increased significantly, and were
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generally all above 0.5. The exceptions were those of layers 88-96
cm, 116-128 cm, 160-162 cm, and 254-260 cm, which were > 1.0
(Figures 6B, D). Furthermore, we further analyzed the correlation
between TOC and TS and CRS (Figure 7). We found a significant
positive between CRS and TS (R® = 0.94), indicating that TS mainly
consists of pyrite and other inorganic sulfur. At the same time, CRS
and TS have no significant correlation with TOC (R* = 0.13 and R* =
0.04, respectively), which indicates that pyrite generation has little
relationship with TOC. Moreover, SD-AOM-pyrite usually has a
heavy sulfur isotope value, which is also considered to be an
important marker for identifying methane seepage activities
(Jorgensen et al., 2004; Lin et al., 2016). In the previous work, we
also found the phenomenon of increasing sulfur isotope value of
pyrite in these horizons (Miao et al., 2021b). Therefore, this result
showed that pyrite is obviously enriched in these layers in the core
Q6 and is affected by SD-AOM (Figures 6B, G-I). In addition, SD-
AOM also makes the environment more alkaline and produces
large amounts of carbonates (Peckmann et al., 2004; Bayon et al,,
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Potential turbidite layers identification proxies of grain-size and element ratios.

2007; Bayon et al., 2013). In Q6, it is found that CaCOj; content also
increases in pyrite enriched horizons. The CaCO; content was
significantly higher than that of other hemi-pelagic layers. Similar
phenomena have been observed in other hydrate areas, such as the
Bay of Bengal (Peketi et al., 2012) and the Beikang Basin (Li et al.,
2018). Therefore, we can believe that the above layers are obviously
affected by methane seep.

3.3 Pulsed turbidite and methane
seep events: Sea-level and bottom
temperature forcing

The factors that induce strata instability and result in turbidity
current include occasional earthquakes, typhoons, volcanic activity,
instantaneous pulse of high sediment supply, sea level fluctuation,
gas hydrate decomposition, and leakage (Masson, 1996; Maslin
et al., 1998; Prins and Postma, 2000; Ducassou et al., 2009; Lombo
Tombo et al., 2015; Cremiére et al., 2016; Zhang et al., 2018b;
Maloney et al., 2020; Li et al., 2021a). The instantaneous pulse of

high sediment supply is generally related to a sharp increase in the
quantity of erosion material. This is regulated by regional climate
conditions or the rapid entry of a large quantity of sediment into the
ocean caused by flood events (Ducassou et al., 2009). Lower
precipitation occurred both in the the East Asian summer
monsoon and Indian summer monsoon regimes during the LGM
period, whereas pulsed turbidite events occurred frequently in
many regions of the SCS (Hu et al, 2017; Li et al, 2017; Liu
etal., 2020; Di et al,, 2021; Feng et al., 2021; Li et al., 2021b). Clearly,
these observations cannot be explained by strata instability caused
by the increase in the instantaneous sediment supply in the source
area alone. There has been no record of such high-frequency
volcanic eruptions around the SCS since the LGM. Sea level
fluctuation regulates the accumulation of sediment and controls
the strata pressure by changing the accommodation space, which
may affect the hydrate dissociation and induce strata instability.
Examples include the Amazon fan, the southern Carolina rise, and
the inner Blake Ridge, etc (Paull et al., 1996; Maslin et al., 1998). As
instantaneous triggering factors, occasional earthquakes and
typhoons are difficult to identify at a geological scale and may
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(A) Layers T1, T7 and T8; (B) Layers T2-T6; (C) Hemipelagic Layers.
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need to be comprehensively analyzed in combination with
other factors.

Gas hydrate dissociation is common in the continental slope
area and is generally considered to occur due to changes in
temperature and pressure (Phrampus and Hornbach, 2012; Tong
et al,, 2013; Cremiere et al., 2016). A low temperature and high-
pressure environment are suitable for hydrate storage, whereas the
opposite is conducive to hydrate dissociation. The sea level and
bottom water temperature of the SCS have increased significantly
since the LGM (Shackleton, 1987; Fairbanks, 1989; Waelbroecka
et al.,, 2002; Lisiecki and Raymo, 2005; Bates et al., 2014; Wan and
Jian, 2014) (Figure 8). Therefore, the changes in pressure and
temperature during this process can play a key role in the hydrate

dissociation. The present study integrated the hydrate dissociation
records of several cores in the northwestern slope, northeastern
slope, central northern slope, and southern slope areas of the SCS
(Figure 8). The results showed that the dissociation of hydrate could
be roughly divided into three stages according to the characteristics
of sea level and bottom water temperature: (1) 25-15.5 ka,
characterized by a low sea level (low pressure) and low
temperature stage during which methane leakage was common;
(2) 15.5-7 ka, characterized by rising trends in sea level and
temperature and in which methane leakage activity was common
and continuous, although this activity stopped during the latter part
of this stage; (3) 7 ka to the present, characterized by a low activity
of methane leakage at a high sea level (high pressure) and high
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temperature. The effects of sea level and bottom water temperature
on gas hydrate were opposite in each stage.

The sea level dropped by over 100 m during the regression of
the late Pleistocene, resulting in a decrease in the pressure on the
seabed by 1,000 kPa (Wang et al, 2004). The reduction in total
pressure resulted in the dissociation of natural gas hydrate, the
release of large quantities of methane and water, and an increase in

Frontiers in Marine Science

slope instability. These changes occurred globally, and resulted in
nearly 200 landslides on the continental margin of the Atlantic in
the United States, the continental slope of Southwest Africa, the
continental margin of Norway, the continental margins of the
Beaufort Sea, the Caspian Sea, the north Panama continental shelf
and Newfoundland. The Amazon submarine landslide is attributed
to the rapid decline in sea level. This is because the drop in sea level

frontiersin.org


https://doi.org/10.3389/fmars.2023.1147751
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al.

induced an instability in natural gas hydrate and to the sliding of
overlying sediments (Maslin et al., 1998). The sea level decreased
significantly during the last glacial period, particularly in the LGM,
during which the sea level was 120 m below the currentlevel in the SCS.
The strata pressure overlying the gas hydrate decreased significantly,
inducing dissociation leakage, which was recorded widely in slope
areas of the SCS (Hu et al., 2017; Li etal., 2017; Zhang et al., 2018b; Liu
etal, 2020; Diet al,, 2021; Feng et al., 2021; Li et al., 2021b) (Figure 8).
Although the low temperature during this period was suitable for
maintaining the stability of hydrate, the significant reduction in
pressure dominated the release of gas hydrate. The factors triggering
strata instability may include an occasional earthquake, typhoon, or
flood. For example, observations of a submarine canyon in the
northern SCS confirmed that typhoon triggered turbidity currents
(Zhang et al., 2018a). At the initiation of a landslide, free gas under the
hydrate layer rises along the crack, and the hydrate in the original
metastable state will decompose and release methane gas. This release
of gas will have a significant impact on the seabed redox environment,
such as deep-water oxygen consumption (Bayon et al.,, 2013) and
seawater sulfate concentration (Cremiére et al., 2013; Kiel, 2015). These
processes explain the significant increases in CRS, TS/TOC, CaCOs
and pyrite (Figure 6).

There were rapid increases in the sea level and bottom water
temperature between 15.5-7 ka. Gas hydrate leakage records
continued to be recorded in almost all areas, and significantly
decreased or stagnated during this period (Figure 8). This result
indicated that leakage activity continued concurrent with the
significant pressurization and heating of the storage environment.
Leakage activity then almost stagnated under pressure after a period.
The rapid rise in bottom water temperature since 15.5 ka likely
promoted the dissociation of gas hydrate, offset the inhibition of
hydrate dissociation resulting from sea-level rise-induced pressure
increase to a certain extent, and maintained the occurrence of
methane leakage until the early Holocene. This mechanism is
similar to the hydrate dissociation and release of a large quantity of
methane gas from many continental margins globally during the
Quaternary glacial-interglacial transition period, which is often
attributed to the rise of bottom water temperature (Dean et al,
2015; Himmler et al., 2019; Kennett James et al., 2000; Reagan and
Moridis, 2007). Hydrate decomposition events have been identified in
the transition periods of MIS10/9 (Tong et al., 2013), MIS6/5(Chen
etal, 2019; Deng et al., 2021), MIS4/3 (Han et al,, 2014; Yang et al.,
2018), MIS2/1(Feng and Chen, 2015; Wei et al., 2020; Deng et al.,
2021) in the SCS. These events indicate that the significant change in
temperature was indeed conducive to hydrate dissociation. Although
there was no obvious change in bottom water temperature since the
early Holocene, the sea level continued to rise rapidly. The increasing
overlying sea water pressure maintained the stable state of hydrate.
Hydrate begins to form in large quantities once the appropriate
conditions are met and dissociation is halted.

The highest sea level and bottom water temperature have occurred
since 7 ka, and the records indicate significant decreases in gas hydrate
dissociation in various regions of the SCS (Figure 8). Although modern
seafloor observations show continued methane gas leakage (Zhang
etal.,2020), the stratigraphic records show no turbidite layer formed by
strata instability resulting from methane leakage.
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4 Conclusions

According to multi-disciplinary indicators, the small-scale
deep-sea turbidite and methane seep event layers in a gravity core
in the northwestern SCS were identified, and the role of the changes
in the sea level and paleoceanography environment during the late
Quaternary in the formation of the above layers was discussed, and
the following understanding was formed:

(1) Based on the petrographic characteristics, grain size
parameters and element geochemistry indicators, eight
potential pulsed turbidite layers were identified.
Meanwhile, indicators including TS/TOC ratio, CaCOs;
content, and CRS revealed these horizons were mostly
related to methane seep events.

(2) These event layers mainly occurred from the LGM to early
Holocene, when low sea level and transgression were universal
to the SCS continental slope, indicating a high incidence of
small-scale turbidite layers and methane seepage events.

(3) Development of these small-scale pulsed turbidite and
methane seep events could be divided into three stages:
25-15.5 ka, 15.5-7 ka and 7 ka. The variations in strata
pressure over hydrate resulting from the changes in sea
level and bottom water temperature were suggested the
main factors regulating methane seepage, which affected
strata stability of the continental slope and the occurrence
of pulsed turbidite events.
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