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1Key Laboratory of Polar Geology and Marine Mineral Resources (China University of Geosciences at
Beijing), Ministry of Education, Beijing, China, 2School of Ocean Sciences, China University of
Geosciences (Beijing), Beijing, China, 3Hainan Institute, China University of Geosciences (Beijing),
Sanya, China
Gas hydrates, as an environmentally friendly energy resource, are primarily

distributed in marine sediments, with the vast majority occurring in subseafloor

fine-grained sediments. However, the formation mechanisms of gas hydrates

within fine-grained sediments remain poorly constrained. In addition to the

temperature and pressure conditions, variations in sedimentary layer properties

resulting from distinct sedimentary processes critically control gas hydrate

accumulation. Since the Quaternary, substantial environmental and

sedimentary dynamic changes in the northern South China Sea have likely

influenced gas hydrate enrichment. This paper investigates the variability of

sedimentary processes and its implications for gas hydrate accumulation by

integrating analyses of sediment grain-size parameters, clay mineral

characteristics, biological data, and geochemical data. The results indicated

that the gas hydrate reservoir in the study area was predominantly bearing in

fine-grained turbidite sediments. In contrast, the overlying hydrate-free layer is

primarily influenced by traction flow dynamics, specifically contour currents. The

differences in the sedimentary processes are mainly governed by sea-level

fluctuations and climate variations, which modulate the hydrodynamic intensity

and sediment provenance. During periods of low sea level and colder climate

conditions, gravity flows preferentially develop fine-grained turbidite deposits.

Sediments form in such sedimentological and environmental conditions

promote gas hydrate accumulation. Conversely, during periods of high sea

level and warmer climate conditions, the enhanced contour current intensity

and velocity are accompanied by increased illite/smectite mixed-layer content,

whose complex internal structure and large specific surface area reduce

sediment porosity and permeability, thereby inhibiting gas hydrate formation.

These findings not only reveal the coupling between sedimentary processes and

gas hydrate enrichment but also elucidate the underlying mechanisms driving
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this relationship. Moreover, they establish a link between paleoclimate conditions

and gas hydrate enrichment by positioning sedimentary processes as an

intermediary. This study contributes significantly to the understanding of gas

hydrate accumulation theory and its environmental implications.
KEYWORDS

gas hydrates, sedimentary processes, sediment provenance, paleoenvironment, South
China Sea
1 Introduction

Gas hydrates are considered promising clean energy resources

(Smith and Fritz, 1989; Collett, 2002; Pohlman et al., 2009). They

are ice-like white crystalline solids formed from water and gas

molecules under specific temperature and pressure conditions

(Kvenvolden, 1993). Gas hydrates have a high energy efficiency

and excellent potential for energy storage (Boswell and Collett,

2006; Boswell, 2009; Lei and Hu, 2023). They also significantly affect

the environment, particularly due to their high climate sensitivity.

Under global warming, they may release large amounts of methane

into the oceans and atmosphere (Dickens, 2003; Ruppel and

Kessler, 2017; Dyonisius et al., 2020). Owing to these

characteristics, in recent years, increasing attention has been

directed toward fundamental research on natural gas hydrates.

Studies indicate that more than 90% of offshore gas hydrate

resources are hosted in fine-grained sediments (Boswell and

Collett, 2006; Ren et al., 2020). However, most existing theories

on gas hydrate accumulation are derived based on sandy reservoirs,

which provide clearer mechanisms for gas hydrate formation and

enrichment in coarse-grained sediments (Colwell et al., 2004;

Boswell, 2009; Ito et al., 2015; Heeschen et al., 2016).

Furthermore, the accumulation patterns of gas hydrates in fine-

grained sediments differ significantly from those in coarse-grained

sediments, and the underlying mechanism remains poorly

understood (Lei and Santamarina, 2018; Ren et al., 2020; Bai

et al., 2022).

In recent years, global gas hydrate explorations and scientific

ocean drilling programs, including those in the Nankai Trough,

Ulleung Basin, and South China Sea (SCS), have identified various

sedimentary processes associated with gas hydrate accumulation

systems. These include turbidites (Torres et al., 2008; Noguchi et al.,

2011; Chun et al., 2022; Lin et al., 2023), mass transport deposits

(MTDs) (Riedel et al., 2012), contourites (Hustoft et al., 2009), and

sediment waves (Bai et al., 2019).

Numerous studies have demonstrated that there is a strong

correlation between turbidite deposition processes and the gas

hydrate-bearing layer in both coarse and fine-grained sediments

(Torres et al., 2008; Ito et al., 2015; Su et al., 2021). For example,

studies of sandy gas hydrate reservoirs in the Nankai Trough
02
indicate that turbidite sediments play a key role in gas hydrate

accumulation within coarse-grained sediments (Ito et al., 2018;

Kimura et al., 2019). Additionally, turbidite layers promote gas

hydrate enrichment in fine-grained sediments, as observed on the

northern continental slope of the SCS and the Ulleung Basin (Li

et al., 2018, 2019; Su et al., 2021; Chun et al., 2022). Complex

sedimentary processes are interbedded within gas hydrate

accumulation layers. Geophysical methods, particularly seismic

facies interpretation of 2-D and 3-D seismic reflection data, have

been commonly employed to identify various sedimentary

processes (Chen et al., 2021; Rebesco et al., 2014; Stow and

Faugères, 2008). Although seismic facies analysis is effective for

identifying sedimentary processes at the macro-scale, its limited

resolution hinders the detection of sedimentary process features on

the micro-scale. Consequently, detailed analyses of the sedimentary

process within gas hydrate reservoirs and adjacent non-gas hydrate

layers remain insufficient. Furthermore, the coupling mechanisms

between sedimentary processes and gas hydrate accumulation are

not yet fully understood.

Fine-grained sediments on the continental slope of the northern

SCS host highly saturated gas hydrates. The successful trial

productions in 2017 and 2020 demonstrated the region’s

significant exploitation potential (Li et al., 2018; Ye et al., 2020).

Since the Quaternary, the northern SCS has experienced diverse

sedimentary processes and complex environmental changes, which

have likely influenced the gas hydrate enrichment (Xu et al., 2017;

Wang et al., 2020). Therefore, the northern SCS is an ideal natural

laboratory for investigating the relationship between sedimentary

processes and gas hydrate accumulation in fine-grained sediments.

In this study, we focused on the Shenhu area, which was selected by

the Guangzhou Marine Geological Survey (GMGS) as a key site for

gas hydrate exploratory drilling expeditions conducted in 2015–

2016 (GMGS3 and GMGS4) (Ji et al., 2012; Su et al., 2021). In

summary, the aims of this study were (1) to identify the sedimentary

processes of gas hydrate-bearing and non-gas hydrate layers

through analyses of actual sediment samples; (2) to elucidate the

coupling relationship between gas hydrate accumulation and

sedimentary processes; and (3) to investigate the underlying

mechanisms of this coupling and construct corresponding

evolutionary models.
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2 Geological setting

The Shenhu area is situated in the central part of the northern

continental margin of the SCS, which is characterized by a complex

geological structure and numerous submarine canyons along the

slope (Figure 1a) (Qiao et al., 2015).

The Luzon Strait, with a sill depth of approximately 2400 m, is

the only deep-water passage connecting the SCS to the western

Pacific Ocean (Lan et al., 2013). This strait serves as a major

conduit for water masses entering the SCS from the western

Pacific. The ocean circulation in this region is influenced by the

Kuroshio Current, the primary western boundary current of the

North Pacific Ocean. The complex ocean circulation in the SCS

significantly affects the deep-water sedimentary processes in the

Shenhu area, making them highly dynamic (Liu et al., 2024).

Along the slope, the ocean circulation is composed of westward

contour currents influenced by the Kuroshio Current (Figure 1),

especially the SCS Branch of the Kuroshio Current (Shaw and

Chao, 1994; Qiu et al., 2011; Luan et al., 2012; Nan et al., 2015).

The SCS has the highest sedimentation rate globally, with

sediment thicknesses ranging from 500 m to 10 km (Shao et al.,

2007; Zhang et al., 2019).

The study area lies within the Shenhu area at water depths of

500–3000 m and is located opposite the Pearl River Mouth to the

northwest and Taiwan to the northeast (Figure 1a) Zhang et al.,

2018). In this study, we used drilling data from GMGS4 Site W07

(Figure 1b), which is located atop a structure highly influenced by

complex sedimentary processes and has favorable gas hydrate

accumulation (Su et al., 2021). The seafloor temperature and

geothermal gradients in site W07 are conducive to gas hydrate

accumulation, with values of approximately 4.04°C and 56.1°C/km,

respectively (Figure 2).The gas sources of the hydrates in the

research area comprise both microbial and thermogenic gases,

with the dominant thermogenic gas migrating upward from deep

formations through faults, mud diapirs, and gas chimneys, and
Frontiers in Marine Science 03
eventually accumulating in the hydrate stability zone to form

high-saturation gas hydrates (Zhang et al., 2017, 2019).
3 Materials and methods

3.1 Samples

Site W07, the drilling core site used in this study, is located in

the uppermost part of the research area, with a water depth of

914.27 m and a borehole depth of 159 m below the seafloor (mbsf).

In this study, we focused on the gas hydrate-bearing layers (121–152

mbsf) (Bai et al., 2024) and the continuously cored adjacent

sedimentary layers, covering depths of 102–156 mbsf (Figure 3).

The gas hydrates in the study site mainly consisted of methane gas

and belong to type I gas hydrates (Song et al., 2022), with

approximately 152m thickness of the hydrate stable zone (HSZ)

(Figure 2). The maximum age of the studied layer is estimated to be

3.95 Ma based on biostratigraphic analysis of calcareous

nannofossils from the GMGS4 cruise report (Figure 3). A total of

132 samples were collected for grain-size measurements to

reconstruct the deep-water sedimentary processes. A subset of 31

samples was analyzed using X-ray diffraction (XRD) to determine

the clay mineral composition and infer the sedimentary

provenance. Additionally, the major and trace element

concentrations of 39 samples were measured, and the

foraminiferal abundances of 37 samples were analyzed.
3.2 Grain-size measurements

The grain-size parameters of all 132 samples were measured at

the GMGS Test Center using a Marvin Mastersizer 2000 laser

diffraction size analyzer. The samples were pretreated with

deionized water and 0.5 mol/L sodium hexametaphosphate
FIGURE 1

(a) The map of and main contour currents study area, modified from Kuang et al. (2025) and Hu et al. (2021); (b) enlarge the red box in (a), the
drilling area of GMGS3 and 4, modified from Zhang et al. (2019).
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(Na6P6O18) as a dispersant. To prevent fine particle aggregation, the

suspension was left to stand for ~24 hours and gently stirred every 8

hours. The grain-size data, including the mean grain size, sorting,

kurtosis, and skewness, were analyzed using the logarithmic

(original) Folk and Ward (1957) graphical measures. The

calculation Equations 1–4 are as follows:

Mean grain size =
j16 + j50 + j84

3
(1)

Sorting =
j84 − j16

4
+
j95 −  j5

6:6
(2)

Skewness =
j84 + j16 − 2j50

2(j84 − j16)
+
j95 + j5 − 2j50

2(j95 − j5)
(3)

Kurtosis =
j95 − j5

2:44(j75 − j25)
(4)

where j is the phi-scale grain size (j = −log2d, with d being the

grain diameter in mm), which is plotted on the X-axis. The

subscripts indicate the specific cumulative percentages on the Y-

axis, corresponding to their intersections with the cumulative

frequency curve (Wentworth, 1929).
3.3 X-ray diffraction

A D8 Advance instrument (Bruker Corp., Germany) was used

to acquire XRD data for the bulk and clay minerals. The

methodology adhered to the protocols outlined by Moore and

Reynolds (1989), Sakharov et al. (1999), and Hillier (1999).
FIGURE 3

Gas hydrate saturation, resistivity, lithology, ages, and grain size parameters columns for Site W07. The orange and blue points indicate Type 1 and
Type 2, respectively. The green shaded area indicates the gas hydrate reservoirs.
FIGURE 2

The gas hydrate stability diagram of Site W07. The temperature line
(black solid line) intersects the stability curve (black dashed line), and
the horizontal line at the intersection is the bottom of the HSZ. The
research layer (between the white dashed line), sedimentary
subsections (U is for the upper subsection; L is for the lower
subsection), and the gas hydrate-bearing layer (green shaded area)
are labeled in the diagram.
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The ClayQuan software was used to process the results (Yang et al.,

2024; Zhou et al., 2023). The XRD analysis was conducted

collaboratively by the Key Laboratory of Polar Geology and

Marine Mineral Resources, Ministry of Education, and the Micro

Structure Analytical Laboratory, Peking University.
3.4 Element geochemical analysis

The major and trace elements and rare earth elements (REE)

measurements were performed using a PerkinElmer Optima 8300

ICP-OES instrument at the Laboratory of the GMGS.
3.5 Biological analysis

The foraminifera abundance measurements conducted in this

study were performed by the Laboratory of the GMGS. The dried

sediment samples (approximately 6–20 g) were soaked in distilled

water to facilitate effective separation. Subsequently, the samples

were wet-sieved using a copper sieve with a 0.063 mm aperture, and

the >0.063 mm fraction was dried. Finally, the >0.15 mm fraction

was used to quantify the foraminiferal abundance. The benthic and

planktonic foraminifera were analysed separately. Additionally, the

identification and relative abundance statistics of the calcareous

nannofossils were conducted by the Laboratory of the GMGS.
4 Results

4.1 Grain-size parameters

In this study, the sediment grain-size distribution at Site W07

was analyzed using several parameters, including the mean grain

size, sorting, skewness, kurtosis, and median grain size.

For the 132 samples, the mean grain size ranged from 5.66 to

7.87 j (average of 6.91 j); the sorting values ranged from 1.40 to

3.00 (average of 1.83); the skewness and kurtosis ranges were from

−0.27 to 0.42 and from 0.86 to 1.26 (averages of 0.15 and 1.02),

respectively; and the median grain size ranged from 5.66 to 7.84 j
(average of 6.78 j) (Figure 3).
4.2 Bulk and clay mineral components

In the sediment samples, the main minerals included quartz,

feldspar, carbonates, and clay minerals (over 95%). The quartz

content ranged from 23% to 46% (average of 36.8%), the feldspar

content ranged from 8% to 14% (average of 11.0%), the

carbonate content ranged from 14% to 42% (average of 28.2%),

and the clay mineral content ranged from 11% to 30% (average of

18.2%) (Figures 4a–d).

The XRD analysis of the clay minerals revealed that the principal

clay minerals at Site W07 included the illite-smectite (I/S) mixed

layer, illite, kaolinite, and chlorite. The I/S mixed layer and illite
Frontiers in Marine Science 05
accounted for 46–75% (average of 57.3%) and 13–28% (average of

21.7%) of the clay minerals, respectively, while the kaolinite and

chlorite contents ranged from 6% to 12% (average of 9.3%) and from

6% to15% (average of 11.7%), respectively (Figures 4e–h).
4.3 Geochemical data

We measured the major, trace, and REE contents of the

sediment samples from Site W07. Some of the elements were used

to calculate indicators such as the P/Al, A/Ti, P/Ti, Sr/Ba, and Zr/Ti

ratios, which are vital for sedimentary environment reconstruction.

The details are shown in Figure 5. The P/Ti ratios ranged from

0.0924 to 0.1915 (average of 0.1502), the Al/Ti ratios ranged

from 13.67 to 19.64 (average of 16.32), and the P/Al ratios ranged

from 0.0127 to 0.053 (average of 0.0094). Additionally, the Sr/Ba

ratios ranged from 0.430 to 2.147 (average of 1.045). The Zr/Ti ratios

ranged from 0.031 to 0.0472 (average of 0.0375).
4.4 Biological content

The foraminifera abundance, defined as the number of

undistorted, intact foraminifera shells per gram (ind/g), was

determined following the method of Azharuddin et al. (2017). For

the samples from Site W07, the total foraminifera abundance ranged

from 12 to 14,878 ind/g, exhibiting a general trend of decreasing with

increasing depth. The planktonic foraminifera abundance ranged

from 11 to 14,720 ind/g, whereas the benthic foraminifera abundance

ranged from 0.2 to 158.4 ind/g. In addition, the planktic/benthic

foraminifera (P/B) ratio increased with depth, ranging from 13 to

423. The relative abundance of the calcareous nannofossils is defined

as the number of individuals per field of view (ind/F). For the samples

from the research layer, the relative calcareous nannofossil

abundance ranged from 57.6 to 292.2 ind/F, exhibiting a general

trend of decreasing with increasing depth.
5 Discussion

5.1 Sedimentary process identification

5.1.1 Division of sedimentary layer
The grain-size parameters and lithology of the gas hydrate-

bearing sediments and adjacent layers at Site W07 exhibit

pronounced heterogeneity (Figure 3). Grain-size parameters

provide essential insights into sedimentary hydrodynamic

processes. Accordingly, the K-means sediment classification

method was employed to classify the grain-size parameter data

(Zhou et al., 2023). The results of the grain-size parameter analysis

are presented in Figure 3. The results indicated that the sediments at

Site W07 can be divided into two categories: Type 1 (orange points

in Figure 3) and Type 2 (blue points in Figure 3).

The grain-size distribution curves of the different sediment

types at Site W07 exhibited distinct patterns. The Type 1
frontiersin.org
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sediments exhibited sharp unimodal grain-size distribution curves

(Figure 6a). For the Type 1 sediments, the grain sizes were

predominantly distributed at j = 6, with kurtosis values ranging

from 0.98 to 1.26 (mean of 1.07) (Figure 6a). Nearly all of the grain-
Frontiers in Marine Science 06
size distributions of the Type 1 sediment samples exhibited positive

skewness, with values ranging from 0.01 to 0.42 (average of 0.29). In

contrast, the Type 2 sediments predominantly exhibited bimodal or

broad unimodal grain-size distribution curves (Figure 6b). For the
FIGURE 4

Depth profiles of bulk and clay mineral components. (a) is for quartz contents. (b) is for feldspar contents. (c) It is for carbonate contents. (d) It is for
clay minerals contents. (e) is for I/S mixed layer contents. (f) is for illite contents. (g) It is for kaolinite contents. (h) It is for chlorite contents. The blue
and orange shaded areas indicate the upper subsection and the lower subsection, respectively.
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Type 2 sediments, the kurtosis values ranged from 0.86 to 1.17

(mean of 0.99). Additionally, the skewness of the Type 2 sediment

samples ranged from −0.27 to 0.28 (average of 0.05), indicating

predominantly negative to slight positive distributions (Figure 6b).

Within the bimodal distribution of the Type 2 sediments, two

prominent grain-size peaks occurred at j = 2 and j = 8 (Figure 6b).

A comparison of the grain-size distribution curves of the Type 1

and 2 sediments suggested that distinct sedimentary hydrodynamic

processes governed their formation. The unimodal distributions of

the Type 1 sediments indicated that they were formed by a uniform,

continuous, and stable sedimentary process (McManus, 1988;

Ordonez et al., 2016; Su et al., 2021). In contrast, the Type 2
Frontiers in Marine Science 07
sediments were influenced by more complex hydrodynamic

modifications than the Type 1 sediments (Ordonez et al., 2016;

Stow & Smillie, 2020).

As shown in Figure 3, the majority of the blue points (Type 2) were

predominantly plotted in the upper half of the grain-size parameter

columns, and only a few scattered orange points were plotted in this

area (Type 1), whereas the lower sections exhibited the opposite

distribution. At Site W07, the sediments are stratified into upper and

lower subsections. The boundary between the distinct sedimentary

hydrodynamic processes was identified to occur at a depth of 120.75

mbsf, coinciding with the interface of the gas hydrate reservoir and the

non-gas hydrate layer (Bai et al., 2024).
FIGURE 6

The particle size distribution curve of the (a) Type1 and (b) Type2.
FIGURE 5

Depth profiles of geochemical data. (a) is for P/Ti ratio. (b) It is for the Al/Ti ratio. (c) if for P/Al ratio. (d) It is for the Sr/Ba ratio. (e) It is for the Zr/Ti
ratio. The blue and orange shaded areas indicate the upper subsection and the lower subsection, respectively.
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5.1.2 Upper subsection sedimentary process
For the upper sediment subsection at Site W07, the sediment

grain-size distribution is predominantly Type 2 (Figure 3). The C-

M (one-percentile coarsest grain size (C) versus median grain size

(M)) diagram of the grain-size parameters directly reflects the

hydrodynamic conditions within the sedimentary layer (Passega,

1964). The trend line of the data points on the C-M diagram for the

sediment samples from the upper subsection was oriented obliquely

relative to both the C-M baseline and X-axis (Figure 7a). This

orientation indicates that the sedimentary dynamics were not

governed by gravity flow or deep-water suspension but were

primarily influenced by traction flow (Passega, 1964; Stow &

Smillie, 2020).

Some recent studies have utilised grain-size data from a large

amount of modern contourite sediments to derive identification

diagrams for contourite currents (Brackenridge et al., 2018; Yu

et al., 2020). This method is capable of quantitatively identifying

contourite sedimentary processes based on the grain size

parameters of the sediments. It was discovered that the grain-size

parameters of the upper subsection of the study layer closely align

with the fitting curve associated with the weak bottom current

process in a contourite current (Figure 7b). Given the extensive

sedimentary records of contour currents in the study area accurately

reflecting the input of terrestrial sediments (Gong et al., 2013; Chen

et al., 2014; Chen et al., 2021), the upper subsection was primarily

formed under the influence of traction flow and was most likely

impacted by the along-slope contourite currents.

5.1.3 Lower subsection sedimentary process
For the lower subsection at Site W07, the sediment grain-size

distribution is predominantly Type 1 (Figure 3). Unlike the upper

subsection, the trend line of the data points of the lower subsection

sediment samples was oriented parallel to the C-M baseline

(Figure 8a), a hallmark of gravity-flow processes (Passega, 1964).

Figure 8b illustrates that the distribution of the data points of the

lower subsection samples did not exhibit a measurable correlation

with the best-fit trend line used on contourite currents identification

diagrams. Based on the features of both diagrams and considering
Frontiers in Marine Science 08
the canyon geomorphology at the study site (Zhang et al., 2020;

Wang et al., 2023), we infer that the formation of the lower

subsection was primarily driven by a fine-grained turbidite

process, which is distinct from the sedimentary dynamics of the

upper subsection. The results of the particle size analysis indicated

that the lower sedimentary layer is neither the product of stable,

uniform sedimentary dynamics nor governed by a simple canyon

slump system, and this complexity may significantly influence the

gas hydrate accumulation.
5.2 Sediment provenance

Figures 4e–h illustrates that the trend of the clay mineral

component value changed at the transition boundary between the

two distinct sedimentary processes. Figure 4 further reveals the

occurrence of significant longitudinal differences in the mineral

composition within the studied sediment interval, particularly

between the upper and lower subsections. The upper subsection

has a significantly higher concentration of felsic minerals (quartz

and feldspar), whereas the lower subsection has a higher total clay

mineral content (Figures 4e, f). Additionally, the clay mineral

species in the upper and lower subsections differ markedly. The

split violin plot shown in Figure 9 clearly demonstrates the

variations in the clay mineral components in the upper and lower

subsection sediments. Notably, the variations in the I/S mixed layer,

illite, and chlorite contents are the most pronounced. The I/S mixed

layer content is higher in the upper subsection (57–75%) and lower

in the lower subsection (46–64%). Conversely, the illite content is

lower in the upper subsection (13–23%) and higher in the lower

subsection (17–28%). The kaolinite and chlorite content variations

between the two subsections exhibit features similar to the

variations in the illite content. Specifically, the lower subsection

contains slightly more kaolinite and chlorite than the

upper subsection.

These differences in the clay minerals between the upper and

lower subsections can be attributed to distinct provenance sources.

Several studies have investigated the source-to-sink transport
FIGURE 7

(a)The C-M diagram of sediments at Site W07 upper subsection; (b) the contourite identified diagram of sediments at Site W07 upper subsection,
the red line is modified by Yu et al. (2020).
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processes between seafloor surface sediments in the SCS and

adjacent riverbed sediments, based on the similarities of their clay

mineral components (Liu et al., 2016; Hu et al., 2021). To determine

the provenances of the two subsections, we employed a ternary

diagram of the primary clay mineral groups (illite + chlorite,

kaolinite, and smectite) to compare the clay mineral contents of

the sediment samples from Site W07 (Figure 10a) and the seafloor

surface samples (indicated by shaded areas in Figure 10b).

Figure 10a indicates that the data points of the samples from

studied layer at Site W07 clustered in area A. In contrast, the clay

mineral composition of the upper subsection was shifted toward

area B. In the northern part of the SCS, three primary sediment

sources have been identified: the Pearl River (dominated by

kaolinite and illite), Taiwan (dominated by illite and chlorite),

and Luzon (dominated by smectite) (Liu et al., 2016). Area A’s

clay mineral assemblage was marked by high concentrations of illite

and chlorite, along with minor amounts of smectite and kaolinite,

reflecting a predominantly Taiwan-sourced signature with an

admixture of Luzon-derived smectite. This suggests that the
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sediments were primarily transported by currents flowing through

the Luzon and Taiwan straits, possibly including the SCS Branch of

the Kuroshio Current (SCSBKC) (Figure 1a). Moreover, the

variations in sea level and current direction and intensity since

the Quaternary have likely altered the influence zones of these three

provenance areas (Steinke et al., 2008; Liu et al., 2010).

The distribution trends of the data points of the samples from

the two subsections facilitated interpretation of the variations in the

sediment provenances. For the lower subsection, the data point

distribution resembled that of area A. In contrast, the data points of

the upper subsection had higher smectite contents, and the data

points clustered near area B, implying a greater contribution from

Luzon. The lower subsection had a lower smectite content, which

implies a weak contribution from Luzon and a predominant

influence from Taiwan. Furthermore, the lower subsection had

higher kaolinite and chlorite contents than the upper subsection,

indicating some influence from the Pearl River provenance.
5.3 Environmental changes

Differences in sedimentary processes are closely linked to

evolving paleoenvironments (Scheffler et al., 2006; Bjørlykke, 2014).

The SCS, which includes our study area, is widely recognized as a

natural laboratory for deciphering paleoenvironmental changes based

on sedimentary records (Xu et al., 2017; Wang et al., 2020). In this

study, we employed geochemical and foraminifera evidence from

sediments as proxies to reconstruct changes in the sea level, primary

productivity, and paleoenvironments in the research area.

Sea level fluctuations significantly influence various

sedimentary processes that respond to paleoenvironment changes.

The Al/Ti ratio is an effective proxy for tracing sea level changes by

accurately reflecting the input of terrestrial sediments (Steinke et al.,

2006; Chen et al., 2013). Al and Ti predominantly originate from

terrestrial debris material (TDM), which is characterized by stable

chemical properties and a high resistance to chemical weathering

(Murray & Leinen, 1996). Additionally, the distributions of these

elements vary between mineral types: Ti is primarily associated with
FIGURE 9

The split violin plot of clay mineral components in the contourite
layer (blue) and the turbidite layer(orange).
FIGURE 8

(a) The C-M diagram of sediments at Site W07 lower subsection;(b) the contourite identified diagram of sediments at Site W07 lower subsection, the
red line is modified by Yu et al. (2020).
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heavier minerals, whereas Al is more abundant in light minerals. In

summary, the Al/Ti ratio tends to be lower during lower sea levels

and increases as the sea level rises (Chen et al., 2013). The Sr/Ba

ratio is a widely adopted proxy for paleo-salinity and is closely

associated with sea level changes (Wei & Algeo, 2020). Sea level

fluctuations can modify the mixing ratios of freshwater and

seawater, thereby influencing the Sr/Ba ratio. Generally, the Sr/Ba

ratio exhibits a proportional increase with increasing water depth.

Potential factors affecting the Al and Ti concentrations must be

eliminated to ensure the reliability of the Al/Ti ratio, particularly the

potential increase in Ti related to volcanic activity (Smith and Fritz,

1989; Li et al., 2020). Figure 5e shows that within the studied

interval, the Zr/Ti ratio remained low and exhibited a relatively

smooth trend throughout the interval. Because sedimentary Zr is

primarily derived from volcanic activity, the consistently low and

stable Zr/Ti ratios in the studied interval may indicate that

terrestrial detritus was the predominant source (Boës et al., 2011).

The PAAS-normalized REE distribution pattern (Figure 11a)

showed that both the upper and lower subsections exhibited

essentially identical REE patterns and lacked significant positive

Eu anomalies, thus further supporting the absence of active

volcanism during the research interval (Green, 2006).

Accordingly, the Al/Ti ratio (Figure 5b) is a robust proxy

indicator for sea level changes in the study area.

To use the Sr/Ba ratio as a proxy for paleo-salinity, which

reflects sea level changes, it is crucial to eliminate potential

interfering factors. Carbonate minerals and calcareous

nannofossils, including coccolithophores, primarily affect the Sr

concentration. We performed correlation analysis between the Sr

concentrations and the calcareous nannofossil abundances and the

carbonate mineral contents of the upper and lower subsections.

The results are shown in Figure 11b and c. In the upper subsection,
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the Sr concentration exhibited a weak positive correlation with the

calcareous nannofossil abundance (R2 = 0.2928; Figure 11b) and a

stronger positive correlation with the carbonate mineral content

(R2 = 0.6039; Figure 11c). In contrast, the low subsection did not

exhibit significant correlations between the Sr concentration

and these two indicators (Figures 11b, c). These results suggest

that the Sr/Ba ratio of the upper subsection may not reliably

indicate the paleo-salinity. Because the studied sediments are

unconsolidated, potential terrestrial influences, especially from

feldspar, on the Ba concentration must be excluded. Moreover,

there was a weak correlation between the Ba and feldspar contents

(Figure 11d) in the upper subsection (R2 = 0.5484), while there was

no significant correlation in the lower subsection. Thus, the Ba

concentration in the upper subsection may be overestimated due to

terrestrial inputs, whereas estimates for the lower subsection are

likely more reliable.

Accordingly, the Al/Ti ratio indicated that the sea level was

higher when the upper subsection was deposited and lower when

the lower subsection was deposited (Figure 5b). The Sr/Ba ratio

(Figure 5d) exhibited a trend similar to that of the Al/Ti ratio

(Figure 5b), with fluctuations in the upper subsection attributed to

the effects of feldspar and carbonate minerals on the Sr and Ba

concentrations. However, the Sr/Ba ratio (Figure 5d) was higher in

the upper subsection than in the lower subsection.

The P/B ratio, defined as the ratio of planktonic foraminifera

abundances to benthic foraminifera abundances, is strongly

correlated with paleo-productivity and typically increases as the

sea level rises (van der Zwaan et al., 1990; Azharuddin et al., 2017).

Tyrrell (1999) proposed that P inputs govern oceanic primary

productivity, as P is not regenerated once consumed. To mitigate

the influence of the absolute P concentration, we employed the P/Ti

and P/Al ratios as geochemical proxies for deciphering the paleo-
FIGURE 10

(a) Ternary diagram of the major clay mineral groups: illite + chlorite, kaolinite, and smectite. The eight shaded areas(A-H) of clay mineral
assemblages are distributed in surface samples. The distribution of A-H areas modified by (Liu et al., 2016).(b) Distribution of clay mineral assemblage
areas (A–H) in seafloor surface sediments of the SCS and average clay mineral assemblages in Peal River, Taiwan and Luzon (represented by pie
charts), modified by (Liu et al., 2016). Average contents of clay minerals in areas A-H are indicated.
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productivity in the study area. The paleo-productivity is an essential

factor in reconstructing paleoenvironments due to its close

association with climate change. These parameters can be used to

reconstruct the sedimentary environment and reveal longitudinal

variations within the studied interval.

In the bottom layer (155–147 mbsf), the overall foraminifera

abundance (Figure 12a) decreased with decreasing water depth (i.e.,

sea level drop). The planktonic foraminifera abundance

(Figure 12b) exhibited a similar decreasing trend, while the

benthic foraminifera abundance (Figure 12c) remained relatively

stable. Notably, the significant decrease in the P/B ratio (Figure 12d)

reflected a reduction in the surface primary productivity. Both the

P/Al (Figure 5c) and P/Ti (Figure 5a) ratios exhibited decreasing

trends, thereby supporting this inference. Furthermore, the Al/Ti

(Figure 5b) and Sr/Ba (Figure 5d) ratios suggested that this layer

corresponded to a persistently low sea level phase.In the middle-

lower layer (147–133 mbsf), the foraminifera abundance

(Figure 12a) initially increased, accompanied by increasing P/Al

(Figure 5c) and P/Ti (Figure 5a) ratios, which indicates enhanced

surface primary productivity. Simultaneously, both the Al/Ti

(Figure 5b) and Sr/Ba (Figure 5d) ratios increased, suggesting a

rise in sea level and a warmer climate. The unusually high P/B ratio

(Figure 12d) may result from the reducing conditions of the marine

subsurface environment. Subsequently, both the P/Al (Figure 5c)

and the P/Ti (Figure 5a) ratios decreased, demonstrating a cooling

climate, falling sea level, and reduced productivity. In the middle-

upper layer (133–121 mbsf), the foraminifera abundance
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(Figure 12a) decreased sharply before gradually recovering.

Simultaneously, both the planktonic (Figure 12b) and benthic

foraminifera abundances (Figure 12c) increased, leading to a

sharp increase in the P/Ti ratio (Figure 5a). Additionally, the P/Al

ratio (Figure 5c) increased gradually, while both the Sr/Ba

(Figure 5d) and Al/Ti ratios (Figure 5b) increased significantly.

These observations indicate a rise in sea level and a warm climate,

resulting in enhanced surface primary productivity, as evidenced by

the marked increase in the foraminifera abundance (Figure 12a).

During the deposition of the top layer (121-102mbsf), a higher sea

level and warmer climate prevailed, as indicated by the higher Al/Ti

(Figure 5b) and Sr/Ba (Figure 5d) ratios, along with a substantial

increase in foraminiferal abundance (>2 orders of magnitude)

(Figure 12). Meanwhile, GMGS4 cruise report show that this

layer exhibits a marked shift in planktonic foraminiferal

assemblage, with G. ruber, a surface-dwelling warm-water species,

rapidly becoming dominant, indicating a significant climatic

warming event (Wang, 2000; Kubota et al., 2010). The observed

decrease in the surface primary productivity, as reflected by

the decreases in the P/Al (Figure 5c) and P/Ti (Figure 5a) ratios,

may be attributed to nutrient consumption caused by the

extensive foraminifera.

Overall, the studied layer indicated a transition from a glacial

period characterized by lower sea levels to an interglacial period

characterized by higher sea levels. Moreover, the transitions of the

paleoenvironment and paleoclimate coincided with the boundary

separating the upper and lower subsections.
FIGURE 11

(a) Rare earth elements PAAS normalized distribution map of the upper subsection and the lower subsection. Dispersion diagrams showing the
correlation between Sr and calcareous nannofossil relative abundance (b), carbonate mineral (c); the correlation between Ba and feldspar (d).
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5.4 Coupling relationship between the
sedimentary processes and gas hydrate
accumulation

The sedimentary processes at Site W07 are closely correlated

with the distribution of the gas hydrate reservoirs and the non-gas

hydrate layers. The lower subsection, dominated by gravity flows,

corresponds to the gas hydrate reservoirs, whereas the upper

subsection, influenced by traction (contour) currents, corresponds

to the non-gas hydrate layers.

Turbidite processes, including both sandy and fine-grained

types, are generally considered to be favourable for gas hydrate

accumulation because their coarser and heterogeneous grain sizes

enhance the pore space and provide migration pathways for gas (Ito

et al., 2015; Su et al., 2021). At Site W07, the upper subsection has

slightly finer sediment grain sizes than the lower subsection. The

mean grain sizes were 5.66–7.87 j (average of 6.94 j) in the upper

subsection and 6.05–7.32 j (average of 6.74 j) in the lower

subsection. The median grain sizes were 5.66–7.84 j (average of

6.90 j) in the upper subsection and 5.69–7.24 j (average of 6.49 j)
in the lower subsection. However, the difference in the sorting

values between the two subsections was minimal. Some of the

samples from the upper subsection even exhibited poorer sorting,

possibly due to their higher foraminifera contents. This presents a

paradox. Although some studies suggest that a high foraminifera

content promotes gas hydrate accumulation due to their coarse

grain size and chambered structures (Chen et al., 2013; Zhang et al.,

2017; Bai et al., 2022), at Site W07, the non-gas hydrate layers have
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significantly higher foraminifera contents (Figure 12a) (Jin et al.,

2020). This suggests that coarser components do not necessarily

promote gas hydrate accumulation. Both the grain size and

foraminifera abundance indicated that grain size variations had a

limited influence on gas hydrate accumulation in fine-

grained sediments.

Furthermore, the data for Site W07 indicated that the varying

sedimentary processes led to distinct mineralogical variations.

Previous studies have shown that the mineralogy significantly

influences gas hydrate formation. Quartz, due to its hydrophilic

surface, promotes hydrate nucleation (Yu et al., 2024), whereas clay

minerals hinder accumulation due to their high strong-bound water

contents and complex structures (Venaruzzo et al., 2002; Zhang

et al., 2017; Bai et al., 2022). Among clay minerals, the I/S mixed

layer plays a dominant role due to its complex internal structure

and large specific surface area, which significantly reduce porosity

and permeability, effectively hindering the migration of gases and

fluids in sediments and thereby suppressing hydrate formation

(Zhang et al., 2022; Bai et al., 2024; Yang et al., 2024). These

findings are consistent with the mineralogical variations observed at

Site W07 (Figure 4).

Analysis of the sedimentary processes and depositional

environments at Site W07 (Stage 1; Figure 13) indicated that the

gravity flow-dominated lower subsection formed under cold

climatic and low sea level conditions and that the sediments were

primarily sourced from Taiwan. Under these conditions, the

reduced inflow of the SCSBKC through the Luzon Strait limited

the Luzon-derived sediment input, while the lower sea levels
FIGURE 12

Depth profiles of biological data. (a) is for FA (foraminifera abundance). (b) is for PFA (planktonic foraminifera abundance). (c) if for BFA (benthic
foraminifera abundance). (d) is for P/B ratio. (e) It is for CRA (calcareous nannofossil relative abundance). The blue and orange shaded areas indicate
the upper subsection and the lower subsection, respectively.
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enhanced the sediment discharge from the paleo-Pearl River. The

study site’s proximity to shelf edges, where slumping events are

more frequent, also contributed to the sediment delivery. These

conditions led to mineral assemblages enriched in felsic minerals

and depleted in the I/S mixed layer, both of which are favourable for

gas hydrate accumulation. In Stage 2 (Figure 13), the contour

current-dominated upper subsection developed under warmer

climatic and higher sea level conditions. The increased inflow of

the SCSBKC through the Luzon Strait enhanced the Luzon-derived

sediment input, while the rising sea level reduced the influence of

the paleo-Pearl River discharge and suppressed gravity flow activity.

These changes resulted in mineral assemblages with lower felsic

contents and higher I/S mixed layer contents, conditions

unfavourable for gas hydrate accumulation. It is worth noting

that during periods of relatively intensified contour current

activity, the sedimentary environment may become more

oxidising, which could hinder the preservation of organic matter

by promoting its degradation (Stow and Faugères, 2008; Amsler

et al., 2022). This degradation leads to a reduction in the total

organic carbon content of the sediments, potentially suppressing

the generation of in-situ microbial gas and thereby exerting a

negative influence on gas hydrate formation (Zhang et al.,

2017, 2019).
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Due to the high sensitivity of HSZ to environmental factors,

such as geothermal gradient and formation pressure, gas hydrate

reservoirs may undergo repeated cycles of dissociation and

reformation with changes in the thickness of HSZ, making

hydrate accumulation a dynamic process. In site W07, the gas

hydrates at 121~152 mbsf formed at relatively recent ages, possibly

after 0.15 Ma (Song et al., 2022), much later than the sedimentary

formation of gas hydrate-bearing layers. Thus, the spatiotemporal

linkage between sedimentation and gas hydrate accumulation is

clarified. The prior formation of fine-grained turbidites (the lower

subsection) and overlying contourite sediments (the upper

subsection) provided suitable reservoir space for the upward

migration and accumulation of thermogenic gas or gas released

from hydrate dissociation in the underlying layers. Given the minor

contribution of microbial gas to hydrate formation in the study

area, the different enrichment of gas hydrates in the two

sedimentary subsections is primarily attributed to variations in

their sediment properties.

Therefore, the link between sedimentary processes and gas

hydrate reservoirs is governed by two key factors: (1)

mineralogical variations driven by different sedimentary

processes, and (2) the joint control of depositional environments

on both sedimentation and gas hydrate accumulation.
6 Conclusions

1) At Site W07 in the Shenhu area, traction currents (contour

currents) primarily governed the sedimentation of the upper

sediment subsection, whereas the lower subsection is composed of

fine-grained turbidites. Notably, the interface between these distinct

sedimentary layers aligns with the distribution of the gas hydrates at

this site. Moreover, the fine-grained turbidite deposits were

intimately associated with the gas hydrate reservoir.

2) Our reconstruction of the sedimentary processes, supported by

geochemical data, clarifies the differences in the sedimentary

environments in which the sediments of the gas hydrate reservoirs

and non-gas hydrate layers in the Shenhu area of the northern SCS

were deposited. The characteristics of the lower subsection reflect a

depositional environment dominated by gravity flows. This

environment was characterized by cooler conditions, a lower sea

level, and a predominant influence from sediment sources originating

in Taiwan and the paleo-Pearl River. The upper subsection has high

felsic mineral contents and low I/S mixed layer contents, thereby

promoting gas hydrate accumulation. In contrast, the deposition of

the upper subsection was characterized by traction current (contour

current) control, which is associated with warmer climatic and high

sea level conditions. In addition to sediment derived from Taiwan,

materials from the Luzon source were transported along the SCSBKC

pathway, while the influence of the paleo-Pearl River source

diminished. Conversely, the lower subsection has low felsic mineral

contents and high I/S mixed layer contents, resulting in unfavourable

conditions for gas hydrate formation.

3) Paleo-environmental changes regulated both the sedimentary

processes and sediment sources, thereby affecting the gas hydrate
FIGURE 13

The model of the coupling relationship between the sedimentary
process and gas hydrate accumulation.
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accumulation. Investigating sedimentary processes provides a

novel perspective for linking paleo-environments with gas

hydrate enrichment.
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