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1 Introduction  
 
Gas hydrate, as a promising form of clean energy, have 
attracted significant attention in energy geology due to 
their high energy density and vast potential reserves 
(Tr®hu et al., 2006; Chong et al., 2016; Li et al., 2016; 
Pang et al., 2021). Moreover, as natural gas hydrate 
primarily consists of methaneða potent greenhouse gasð
studies have identified them as a key component in the 
global methane cycle, with considerable implications for 
climate change. Therefore, research on gas hydrate holds 
substantial environmental significance (Tinivella et al., 
2019; Li and Han, 2021; Li et al., 2023). 
Gas hydrates are stable under high-pressure and low-
temperature conditions, and are therefore predominantly 
found in submarine sediments. Owing to the unique 
physicochemical conditions, the accumulation of gas 
hydrates is a dynamic process influenced significantly by 
paleoclimatic factors, such as temperature and sea-level 

fluctuations (Phrampus et al., 2014; Ruppel and Kessler, 
2017). Cold environments with low water temperatures are 
generally considered favorable for the stable occurrence of 
gas hydrates (Ruppel and Kessler, 2017). However, some 
studies suggest that in warmer environments, increased 
hydrostatic pressure due to sea-level rise may promote the 
stable preservation of gas hydrates (Kroeger et al., 2023). 
Additionally, sedimentary environmentsðincluding 
properties, sources, and depositional processesðmay also 
play a controlling role in the formation of hydrate 
reservoirs. In sandy sediments, coarser grain sizes 
typically result in larger pore spaces and higher 
permeability, which facilitate hydrate accumulation 
(Colwell et al., 2004; Ito et al., 2015; Heeschen et al., 
2016). Studies in the Nankai Trough (Fujii et al., 2015), 
KrishnaïGodavari Basin (Boswell et al., 2019), and 
Alaminos Canyon in the Gulf of Mexico (Boswell et al., 
2012) have shown that particle size is an effective 
indicator for identifying high-quality hydrate reservoirs 
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Abstract: The Dongsha area, a key target for gas hydrate exploration, is influenced by multiple factors, including 

sedimentary processes and the paleoenvironment, which play critical roles in gas hydrate formation. To elucidate the 

coupling among sedimentary processes, paleoenvironment, and gas hydrate accumulation, this study investigates the Site 

DS-W16 using particle size analysis, biological component content, and geochemistry data. Oxygen isotope data from 

foraminifera and biostratigraphic evidence indicate that sedimentation at the bottom of core interval from Site DS-W16 

began during MIS 11 (Marine isotope stage). The sedimentation dynamics of the studied layers are complex, involving 

gravity flows, traction currents, and suspended deposition. Organic matter shows a significant correlation with transgressiveï

regressive cycle. The site DS-W16 contains two distinct gas hydrate reservoirs: a shallow reservoir (10ï24 mbsf) and a 

deep reservoir (below 182 mbsf). The paleomarine environment influences gas hydrate accumulation by altering 

sedimentary processes and sediment characteristics, especially the distribution of biological components. Both shallow and 

deep gas hydrate reservoirs formed under dynamic conditions dominated by traction currents and are characterized by a 

higher abundance of foraminifera. Sedimentary layers rich in foraminifera and modified by traction currents represent key 

intervals for preferential gas hydrate accumulation.  
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(The maximum saturation of gas hydrates can reach over 
40%). However, offshore hydrate resources are often more 
abundant in fine-grained sediments with low porosity and 
permeability. Recent studies indicate that in fine-grained 
sediments, the differences in particle size parameters 
between hydrate-bearing and non-hydrate layers are 
minimal, and particle size has limited utility in 
characterizing high-quality hydrate reservoirs (Zhang G X 
et al., 2015; Ren et al., 2020; Zhang W et al., 2020b). 
Although particle size has limited significance in 
indicating hydrate accumulation in fine-grained sediments, 
recent studies suggest that mineral composition may serve 
as a useful indicator for hydrate reservoirs. Laboratory 
sediment simulations suggest that, from a thermodynamic 
perspective, quartz promotes hydrate formation due to its 
surface hydrophilicity (Yu et al., 2024), whereas clay 
minerals inhibit hydrate formation because of the presence 
of strongly bound water (Wang et al., 2023; Ren et al., 
2024). This conclusion is further supported by studies 
using field samples (Bai et al., 2024). Additionally, 
sedimentary processes exert a controlling influence on 
hydrate accumulation. Turbidite deposits are generally 
considered favorable for hydrate accumulation; however, 
this understanding is primarily derived from studies of 
sandy reservoirs (Ito et al., 2015). In fine-grained 
sediments, hydrates have also been observed in fine-
grained turbidites. However, these turbidites do not exhibit 
significant coarsening compared to overlying or 
underlying sediments influenced by other sedimentary 
dynamics (Su et al., 2021; Bai et al., 2024). Therefore, the 
mechanisms by which sedimentary processes control 
hydrate-rich reservoirs in fine-grained sediments remain 
unclear. Sediment attributes, sources, and depositional 
processes are all closely linked to the evolution of regional 
paleoclimate and paleomarine environments. The 
paleomarine environment influences hydrate accumulation 
both by governing the physical and chemical conditions 
and by determining the composition of sedimentary layers. 
Thus, sediments serve as effective archives of hydrate 
accumulation and represent a crucial link between hydrate 
formation and paleomarine environmental evolution.  
The Dongsha area in the northern South China Sea has 
been confirmed to be rich in gas hydrate resources, most 
of which are hosted in sedimentary layers deposited since 
the middle Pleistocene (Zhang et al., 2015). Since the 
middle Pleistocene, global climate has undergone 
significant variability, accompanied by large sea-level 
fluctuations (Yang et al., 2008; Yi et al., 2012; Feng et al., 
2024; Li et al., 2024; Menon et al., 2024), providing a 
favorable context for studying hydrate accumulation and 
the evolution of the paleomarine environment. In parallel, 
the sedimentary and hydrogeological conditions in the 
northern South China Sea have remained complex since 
the Middle Pleistocene. This region receives sediments 
from multiple sources, including Luzon, the Pearl River, 
Taiwan Island, Hainan Island, and the Red River, and is 
strongly influenced by climatic and environmental 
changes (Liu et al., 2013; Hu et al., 2022). In terms of 
sediment dynamics, sea-level fluctuations can affect 
sedimentary processes (Wang et al., 2018; Zhao et al., 
2025). Typically, during periods of low sea level, the short 

transport distance evidently facilitates a greater 
supplement of coarse-grained terrigenous materials into 
the ocean, which is conducive to the generation of 
turbidity currents (Yuan et al., 2009; Zhao et al., 2017; Li 
et al., 2019). By contrast, during periods of high sea level, 
the regional hydrodynamic force is relatively weak, 
dominated by traction currents and suspended 
sedimentation (Wang et al., 2018; Yang et al., 2025). 
Additionally, various ocean currentsðincluding surface 
and deep circulations, as well as the South China Sea 
Branch of the Kuroshio Current (SCSBK)ðregulate 
sediment transport and evolution in the northern South 
China Sea (Liu et al., 2003, 2011; Bai et al., 2019). These 
factors collectively exert potential control over hydrate 
accumulation. However, systematic investigations into 
how sedimentary environments influence hydrate 
reservoirs, and the reveal of paleoclimatic drivers of 
hydrate accumulation, remain limited. This study focuses 
on the Dongsha area in the northern South China Sea. 
Sediment samples were analyzed for grain size and 
geochemistry to reconstruct the paleomarine 
environmental evolution and assess its implications for 
hydrate reservoir formation. This work not only advances 
the understanding of hydrate reservoir formation, but also 
contributes to research on the environmental significance 
of hydrates and their role in the global methane cycle. 

 
2 Geological Setting 

 
The South China Sea (SCS), the largest marginal sea in 

Southeast Asia, lies at the intersection of the Eurasian, 
Pacific, and IndoïAustralian plates. Several Cenozoic 
basins have developed in the SCS, including the 
Qiongdongnan Basin on the west passive continental 
margin, the Pearl River Mouth Basin on the center quasi-
passive continental margin, and the Taixinan Basin on the 
east active continental margin (Bai et al., 2019; Zhang et 
al., 2020a; Li et al., 2022) (Fig. 1a). The Dongsha area is 
located in the northeastern slope of the SCS, overlying the 
central uplift zone of the Taixinan Basin. Water depths 
range from 300 m to 2100 m, increasing toward the 
southeast (Fig. 1a). Since the middle Miocene, the basin 
experienced a stable phase thermodynamic subsidence. 
However, due to the influence of inherited early fractures, 
fault activity remains intense. Numerous newly formed 
faults propagate upward, penetrating the overlying 
sediments and reaching the seafloor (Gong et al., 2008). 
Mud diapirs and gas chimneys have also been identified in 
this region, potentially serving as additional migration 
pathway (Li et al., 2013). Through these pathways, 
thermogenic gas from deeply buried sediments and 
biogenic gas generated during the Pliocene and 
Pleistocene can migrate upward into the gas hydrate 
stability zone (GHSZ) (Zhang et al., 2015). Previous 
studies have identified four layers of gas source rocks in 
the Taixinan Basin with relatively high organic matter 
maturity, indicating favorable conditions for thermogenic 
gas generation (Guan et al., 2022). Additionally, the mean 
total organic carbon (TOC) content of samples collected 
from multiple sites in the Dongsha area ranges from 0.6 to 
0.7 wt%. Despite their low maturity, these samples have 
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reached the threshold for in-situ methane generation and 
gas hydrates formation (Su et al., 2023). As a result, the 
Dongsha area exhibits high gas production potential and 
an efficient fluid migration system, offering excellent 
conditions for gas hydrate formation.  
Hydrologically, the SCS connects to the Pacific Ocean 
through the Luzon Strait in the east. The Kuroshio 
Current, as it passes through the Luzon Strait, can intrude 
westward into the northern SCS, forming a loop-like 
circulation that affects regional current patterns (Gan et 
al., 2006). The intermediate circulation of the SCS (350ï
1350 m) is mainly anticyclonic, whereas the deep 
circulation (below 1350 m) is influenced by the intrusion 

of the Kuroshio Current and North Pacific Deep Water, 
exhibiting a cyclonic gyre (Shao et al., 2007; Wang et al., 
2011; Su et al., 2023).  

 
3 Methods and Material   
 
3.1 Samples  
The Site DS-W16 is located on a topographic high 

along the northern continental slope of the SCS (Fig. 1b), 
at a water depth of 871 m and a drilling depth of 213 mbsf 
(meters below the seafloor). In this study, 216 samples 
were systematically collected for comprehensive analyses, 
including organic geochemical testing, major and trace 

    
 

Fig. 1. Geological background map of study area. 
(a) Water depth and geographical location of the study area (modified from Zhao et al., 2021; Bai et al., 2024); (b) multibeam-reconstructed 

seafloor topography, where water depth shallows from blue to red.  Enlarged view of the red rectangle in Fig. 1a shows the drilling locations of 

GMGS2 (modified from Zhang et al., 2015); SCSBK: South China Sea Branch of the Kuroshio Current (Hu et al., 2000). 



203     Acta Geologica Sinica (English Edition), 2026, 100(1): 200ï219 

 

element measurements, and particle size analysis. These 
analyses aim to reconstruct sedimentary processes and 
paleoenvironmental conditions, identify the source of 
organic matter, and elucidate the accumulation mechanism 
of gas hydrates. Additionally, the abundance of 
foraminifera and calcareous nannofossils were quantified. 

 
3.2 The measurement of particle size  
The Mastersizer 2000 laser particle sizer (Malvern 
Instruments) was used to analyze particle size via laser 
diffraction. This instrument measures particle size ranging 
from 0.02ï2200 ɛm, with a relative error of less than 3%. 
Particle size measurements were conducted by the 
laboratory of Guangzhou Marine Geological Survey 
(GMGS). Particle size parameters, including mean grain 
size, sorting, kurtosis, and skewness, were calculated 
following the method of (Folk and Ward, 1957). The 
calculation formulas are as follows: 

 
(1) 

 

(2) 

 

(3) 
 

(4) 
 

In the cumulative probability curve, ű represents the 
particle size (ű) corresponding to the percentage x. The ű 
value is calculated from particle diameter using the 
formula ű  = ī logd , where d is in millimeters (mm). 

 
3.3 Major and trace elements analysis 
Major elements were analyzed using an Axios XRF 
(SYC186) following the GB/T14506.28ï2010 standard. 
Trace elements were determined using an ICP-OES 
Opima 4300DV (SYC002) and ICP-MSX Series2 
(SYC153), in accordance with GB/T20260.8-2006 and 
GB/T20260.10ï2006, respectively. All analyses were 
performed at the laboratory of GMGS. 

 
3.4 Total nitrogen and total organic carbon analysis 
The EA3000 (SYC169) elemental analyzer was 
employed to measure the total nitrogen (TN), total carbon 
(TC) and total organic carbon (TOC). The CaCO content 
(wt%) was calculated by multiplying the IC content (wt%) 
by 8.33 and the C/N ratio was calculated based on the 
TOC and TN contents. All analyses were conducted at the 
laboratory of GMGS. 

 
3.5 Carbon and oxygen isotope analysis 
The stable carbon and oxygen isotope compositions 
(ŭ13C and ŭ18O) were measured using a MAT253 
(SYC118) gas isotope ratio mass spectrometer. All isotope 
values were reported relative to the Vienna Pee Dee 
Belemnite standard (ăVPDB). National standard 
reference material GBW04416 was used, with a standard 
deviation of 0.03ă for ŭ13C (VPDB) measurements. 
Clean, uncontaminated foraminifera from the coarse 
fraction (>125 ɛm) were selected for oxygen isotope 

analysis. The national standard reference material 
GBW04405 was used, with a standard deviation of 0.14ă 
for ŭ18O (VPDB) measurements. All analyses were 
conducted at the laboratory of GMGS. 

 
3.6 Calcareous nannofossil and foraminifera analysis 
Calcareous nannofossils were examined using the smear 

slide method. The prepared smear was observed under a 
Zeiss Discovery V20 LEICA M165C binocular 
stereomicroscope. The foraminiferal analysis was 
conducted using the sieve-washing method, as described 
by (Chen et al., 2016). All analyses were conducted at the 
laboratory of GMGS. 

 
4 Results  
 
4.1 The saturation of gas hydrate 
At Site DS-W16, two distinct high-resistivity anomaly 

intervals were identified: one between 10ï24 mbsf and 
another below 182 mbsf. Core samples obtained from 
these high-resistivity intervals confirmed the presence of 
gas hydrates. Resistivity-based estimations indicate gas 
hydrates saturations of approximately 42% in the shallow 
interval and 50% in the deep interval (Fig. 2).  

 
4.2 The characterization of particle size 
4.2.1 Particle size frequency curve  
Most samples exhibited unimodal particle size 

distribution curves, with peak values mainly ranging from 
6.5 to 8.5 ū (2.76 and 11.05 ɛm). However, one sample 
(203.80 mbsf) exhibited a bimodal distribution, with peaks 
concentrated near ī2 ū and 6.5 ū (4000 and 11.05 ɛm), 
while another sample (203.65 msbf) showed a multimodal 
distribution (Fig. 3). 

 
4.2.2 Lithology 
The sediments at Site DS-W16 was predominantly 

composed of clayey silt (Fig. 4). Particle size data 
indicated that silt was dominant component, ranging from 
19.60% to 76.03%, with an average of 68.28%. Clay 
content ranged from 5.26% to 42.00%, with an average of 
30.75%. The sand fraction was minimal, ranging from 
0.00% to 32.29%, with an average of 0.62% (Fig. 5a). 
Only two samples (203.65 and 203.80 mbsf) contained 
gravel components, with contents of 33.87% and 42.95% 
respectively. 

 
4.2.3 Particle size parameters  
The mean grain size of the samples ranged from 1.01 to 

8.08 ū (496.55ï3.70 ɛm), with a mean value of 7.41 ū 
(5.89 ɛm) (Fig. 5b). The sorting coefficient ranged from 
1.3 to 5.38, with a mean value of 1.53 (Fig. 5c). Skewness 
ranged from ï0.26 to 0.47, with a mean value of 0.13 (Fig. 
5d). Kurtosis ranged from 0.77 to 1.18, with a mean value 
of 1.02 (Fig. 5e). 

 
4.3 Major and trace elements  
In this study, the major elements included SiO2, Al2O3, 

CaO, and CaCO3, while the trace elements included Cu, 
Zn, Mo, U, and Th. The SiO2 ranged from 22.39% to 
59.82%, with an average of 55.36%. Al2O3 ranged from 
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Fig. 2. The column of Site DS-W16.  
The red curve on the left column shows the values of LWD resistivity. The middle column shows the content of sand, silt, and clay of sediment. 

The blue curve shows the values of gas hydrates saturation, which is calculated from the values of LWD resistivity (Archie, 1942; Wang et al., 

2011). The right column shows the layers of gas hydrates and non-gas hydrates. NGHL: non gas hydrate layer; GHL: gas hydrate layer.  

Fig. 3. Frequency curve of grain size distribution for samples 

from Site DS-W16.  

Fig. 4. Lithology ternary diagram for samples from 

Site DS-W16.  
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5.90% to 16.71%, with an average of 15.44%. CaO ranged 
from 3.36% to 32.96%, with an average of 5.02%. CaCO3 
ranged from 4.93% to 56.45%, with an average of 7.75% 
(Fig. 6). Cu concentrations ranged from 9.17 to 42.50 
ppm, with an average of 27.16 ppm. Zn concentrations 
ranged from 43.70 to 127.00 ppm, with an average of 
99.30 ppm. Mo concentrations ranged from 0.37 to 25.00 
ppm, with an average of 1.61 ppm. Th concentrations 
ranged from 6.08 to 17.40 ppm, with an average of 14.45 
ppm. U concentrations ranged from 1.99 to 14.40 ppm, 
with an average of 3.06 ppm (Fig. 7). 

 
4.4 Organic geochemical data 
TOC, TN, C/N, ŭ13C, and ŭ18O (foraminifera) were 
analyzed in this study. The TOC ranged from 0.55 to 1.30 
(wt%), with a mean of 0.77 wt%. TN ranged from 0.01 

wt% to 0.12 wt%, with a mean of 0.08 wt%. C/N ratio 
ranged from 5.42 to 71.00, with a mean of 10.63. ŭ18O 
ranged from ī3.52ă to  ī0.51ă (V-PDB), with a mean 
of ī1.72ă (V-PDB). ŭ13C ranged from ī25.19ă to 
ī20.55ă (V-PDB), with a mean of ī22.38ă (V-PDB) 
(Fig. 8).  

 
4.5 Biology components 
The foraminifera abundance, defined as the number of 

intact and undistorted foraminifera shells per gram of 
sample (ind/g), includes total, planktonic, and benthic 
foraminifera abundances in this study. 
Total foraminifera abundance varied from 2 to 735 ind/g, 

averaging 37 ind/g. Planktonic foraminifera abundance 
varied from 2 to 724 ind/g, averaging 34 ind/g. In contrast, 
benthic foraminifera abundance was relatively low, 

    
 

Fig. 5. Column of particle size parameters from Site DS-W16.  
(a) The lithology column; (b) the mean grain size of sediment; (c) the sorting coefficient of sediment; (d) the skewness of sediment; (e) the kurtosis of 

sediment. The dashed box represents the gas hydrate reservoirs. The range of breakpoints in Fig. 5b and 5c is from 3 to 7 and 2 to 3, respectively.  
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varying from 0 to 8 ind/g, with an average of 2 ind/g. The 
relative abundance of calcareous nannofossils, defined as 
the number of intact and undistorted individuals per field 
of view (ind/F), varied from 4 to 1827 ind/F, averaging 
190 ind/F (Fig. 9).  

 
5 Discussion  

 
5.1 The vertical distribution of gas hydrate 
Hydrate saturation directly indicates the presence and 
the concentration of hydrates within the reservoir. Hydrate-
bearing reservoirs typically exhibit high resistivity during 
logging-while-drilling operations. Therefore, resistivity 
anomalies are commonly used to characterize the depth 
intervals of hydrate-bearing reservoirs and to estimate 

hydrate saturation levels (Archie, 1942; Wang et al., 2011; 
Tan et al., 2023).  
Based on geophysical data and cruise reports, a double-

layer gas hydrate reservoir has been identified at Site DS-
W16 (Sha et al., 2015; Liu et al., 2021; Bai et al., 2024). 
The background resistivity at Site DS-W16 is 
approximately 1 ɋĿm . However, a sharp increase in 
resistivity is observed between 10ï24 mbsf and below 182 
mbsf, consistent with typical gas hydrate signatures. The 
shallow hydrate reservoir, located between 10ï24 mbsf, 
primarily contains nodular and massive hydrates, with an 
estimated saturation of approximately 42% (Liu et al., 
2021). The deep hydrate reservoir, located below 182 
mbsf, is characterized by dispersed hydrates, with an 
estimated saturation of approximately 50% (Sha et al., 

    
 

Fig. 6. Column of major elements and carbonate from Site DS-W16.  
The following results were calculated as weight percent (wt%): (a) SiO2; (b) Al2O3; (c) CaO; (d) CaCO3. The dashed box represents the gas 

hydrate reservoirs.  


