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1Key Laboratory of Tectonics and Petroleum Resources, Ministry of Education, China University of
Geosciences, Wuhan, China, 2School of Earth Resources, China University of Geosciences,
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4Department of Geological Sciences, Texas Christian University, Fort Worth, TX, United States
Introduction: Milankovitch theory has extensive application in sequence

stratigraphy and the establishment of time scales. However, it is rarely applied to

shallow strata rich in hydrates. Cyclostratigraphic analysis of the Quaternary

unconsolidated sediments can help identify climate and sea level changes that

correspond to orbital cycles and improve our understanding of the dynamic

evolution of hydrates.

Methods: Using the natural gamma-ray log data from the deepwater area well W01

in the Qiongdongnan Basin, Milankovitch cycle analysis was conducted to identify

the primary astronomical period in W01. Anchored to existing AMS-14 C age from

bivalve shell as reference point, an astronomical age scale of W01 was established.

Simultaneously, through the analyses of major trace elements and total organic

carbon content (TOC) in sediment samples, how astronomical orbital cycles

influenced past environmental conditions. Furthermore, employing sedimentary

noise models, the relative sea level change of well W01 was reconstructed.

Results: Sedimentary cycles of 27.34 m and 6.73 mwere identified in the GR data

from well W01, corresponding to orbital periods of 405 kyr and 100 kyr

eccentricity, with a duration of approximately 2.5 Myr. The spectral analysis of

paleoenvironmental proxies reveals a sedimentary cycle of approximately 27 m,

while the sedimentary noise model reconstructs the fluctuating rise in sea level

change. An obliquity modulation period of approximately 170 kyr was identified in

the TOC data, which may reflect the combined effects of obliquity and other

orbital parameters.

Discussion: Spectral analysis of paleoenvironmental indicators showed that long

eccentricity cycle had varying degrees of influence on changes in paleoclimate,
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paleosalinity, and paleoredox conditions. Additionally, a 1.2 Myr cycle was

identified as a significant factor influencing sea level changes during the early

Pleistocene in the South China Sea (SCS). In addition, it is confirmed that the

dominant period of the glacial-interglacial cycle in the SCS from 0.6 Ma to the

present is 100 kyr period. Synthesize the above analysis, during phases of low

amplitude in the 405 kyr cycle or minimum value of the 100 kyr cycle, which are

associated with lower temperature, conditions become more conducive to

hydrate accumulation.
KEYWORDS

Milankovitch cycle, paleoenvironment, sea level change, gas hydrate, carbon cycle,

Qiongdongnan Basin
1 Introduction

Gas hydrates are considered to be a potential clean and

sustainable energy resource. However, their exploitation poses

significant challenges due to technical difficulties and

environmental concerns. It has been detected in marine regions

globally, influencing global climate change, carbon cycling, and

contributing large-scale seafloor landslides (Yu et al., 2019; Wei

et al., 2022; Zhang et al., 2012; Song et al., 2019). The stability of gas

hydrates depends on temperature and water pressure, and their

dynamic conversion is driven by these variations (Song, 2003).

Increased seawater temperature or the decrease in pressure due to

sea-level descent leads to the decomposition of hydrates. Methane

formed by the dissociation of gas hydrates, as a greenhouse gas,

plays a role in the microbial sulfate reduction (MSR) promoting

carbon sequestration, which in turn impacts climate change and the

global carbon cycle (Liu X. T. et al., 2024). Research indicates the

pivotal role of Milankovitch cycles in the evolution of gas hydrate

formation and decomposition (Liu et al., 2016). The sedimentary

response of Milankovitch cycles has indicated that paleoclimate and

sea level changes are modulated by orbital cycles (Zachos et al.,

2001b; Li H. Z. et al., 2023). Majorowicz et al. (2012) conducted a

digital simulation of gas hydrate formation and decomposition in

the Mackenzie Delta region, focusing on the 41ka and 100ka cycles

of paleowater temperature changes since 5.5Ma. Their findings

suggested that most gas hydrate accumulation in basins formed

simultaneously with in situ accumulation of conventional natural

gas converted in situ at the beginning of the 100ka cycle

(Majorowicz et al., 2012). This case demonstrated that the

changes in upper and lower boundary changes of the gas hydrate

demonstrated the cyclicity of 41ka since 3Myr, proving that the

dynamic accumulation of gas hydrate is affected by orbital cycles.

Thus, studying Milankovitch cycles facilitates the understanding of

the dynamic evolution of gas hydrate accumulation.

Milankovitch theory examines the relationship between insolation

and Earth’s climate on a global scale and reveals the corresponding

relationship between sedimentary cycles and climate change at
02
different scales (Milankovitch, 1948; Lin et al., 2023). Periodic

changes in the Earth’s orbital parameters (i.e., eccentricity, obliquity

and precession) can induce climatic changes, indirectly affecting

accommodation space within basins (Wu et al., 2011). Recognizing

the potential of astronomical cycles in stratigraphy research, scholars

have conducted studies on strata of different ages and have achieved

relatively significant results (Gong et al., 2004;Tian et al., 2005;Wuand

Liu, 2015; Shi et al., 2019; Ma et al., 2023). Sun and Mao conducted

high-frequency sequence division on the stratigraphy of the Dongying

Sag and Qiongdongnan Basin (QDNB), introducing a new and

effective method for constructing a correlative framework of high-

resolution sequences (Sun et al., 2017; Mao et al., 2012). However,

researchon cyclostratigraphy records in the shallow layers of the SCS is

still lacking, and the environmental response mechanisms remain

unclear. Other shallow sea setting also lack adequate stratigraphic

records of cycles.

Currently, investigations of gas hydrates in the SCS are still in the

regional survey stage. Significant breakthroughs in understanding the

mechanisms of hydrate accumulation and patterns of enrichment

have not yet occurred. Meanwhile, the scale of mineralization and the

distribution characteristics of gas hydrate beds in exploration areas

remains unclear (Su et al., 2022). Engaging in studies on

Milankovitch cycles and establishing an astronomical time scale

(AST), along with utilizing major trace elements to explore the

response of paleoclimate and sea level changes to these cycles, can

serve as valuable references for predicting the distribution and

understanding the dynamic evolution of gas hydrates in shallow

sea settings. This study intends to conduct cyclostratigraphic analysis

in the QDNB and establish an AST. Following this, based on the

analysis of paleoenvironment and sea level changes, the relationship

between gas hydrates and orbital cycles will be elucidated.
2 Background and data

Since the late Cretaceous, the Northern SCS continental margin

experienced multiple phases of lacunae and the development of
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several Tertiary basins, including the progression of Beibu Gulf

from the west to the east, followed by the Yinggehai Basin, QDNB,

Pearl River Mouth Basin (Shi et al., 2017). Among these, the QDNB,

located in the northern part of the SCS, is bordered by the Yinggehai

Basin to the west and contiguous with the Shenhu Uplift to its

eastern side. The basin is linked to the Yongle Uplift in the south

and separated from Hainan Island by the sea to the north (Figure 1)

(Gan et al., 2019; Wang et al., 2011). The basin consists of four

tectonic belts, the Northern Depression, the Central Uplift, the

Central Depression and the Southern Uplift (Figure 1) (Li et al.,

2013; Ma et al., 2022). Previous exploration data indicate that the

QDNB displays a typical ‘rift-sag’ structural configuration,

reflecting two main tectonic phases in its evolution: an early

rifting stage and a subsequent post-rift thermal subsidence phase

(Xu, 2023; Yan et al., 2005). During the rifting stage of QDNB,

influenced by the SCS expansion and compression from the

Indochina Plate, the basin underwent two phases of extension,

the Early Oligocene extension and the Late Oligocene extension.

Intense extensional activity resulted in the formation of multiple

sets of primary basement faults, controlling sedimentation and

establishing the fundamental uplift-depression pattern of QDNB.

Around 21 Ma, the expansion of the SCS largely ceased, marking

the transition of the QDNB into a sag stage. During the sag stage,

the QDNB was largely in a tectonically quiescent period. However,

the post-rift phase was influenced by superimposed tectonic events,

with relatively active tectonic and magmatic activities occurring in

the Late Miocene (Du, 2022; Xu, 2023).

Starting from the Oligocene, the Yacheng, Lingshui, Sanya,

Meishan, Huangliu, Yinggehai and Ledong Formation were

deposited successively (Figure 2) (Wei et al., 2001; Yuan et al., 2008).

Since the Oligocene, the QDNB has progressively transitioned from a
Frontiers in Marine Science 03
meso-deep lacustrine depositional environment to littoral-shallow

marine and restricted marine settings, initiating the deposition of

marine strata. During the Miocene, marine transgression expanded,

leading to the onset of hemipelagic sedimentation. The Ledong

Formation of the Quaternary largely exhibits a typical shelf-slope

depositional system, predominantly characterized by deep-sea to

hemipelagic facies (Zhu et al., 2015; Du et al., 2021). In this study, we

mainly focuson theYinggehai andLedongFormations. TheYinggehai

Formation primarily consists of extensive mudstones deposited in a

shallow to moderately deep marine setting. The Ledong Formation is

mainly composed of light gray and greenish-gray clay strata,

intermingled with thin sandstones and abundant bioclasts, along

with unconsolidated rocks, and large number of mass transport

deposits (MTDs) were found simultaneously (Wu, 2023; Liang

et al., 2019).

Numeroushydratedrilling expeditionshavebeenconducted in the

northern SCS, resulting in the discovery of several significant hydrate

deposits (Wuet al., 2013). In the past years, hydrate production tests in

QDNB have also achieved substantial breakthroughs (Liang et al.,

2019), and the Ledong formation (Quaternary strata) is the main gas

hydrate reservoir (Lai et al., 2021; Meng et al., 2021). The majority of

the samples obtained fromunconsolidated sediments within the stable

zone of the seafloor characterized by relatively high porosity and

permeability, hydrates reservoirs are primarily composed of clayey

loose sediments and interbeddedwith thin layers of sandydeposits (Xu

et al., 2021). There are multiple types of gas hydrates are present,

mainly distributed in the silty clay, sandy hydrates have even been

found (Lianget al., 2019;Wei et al., 2019).The basin containsmultiples

sets of source rocks capable of supplying gas for hydrate accumulation,

ensuring abundant gas source conditions, gas chimney and numerous

faults provide efficient migration pathways for gas (Zhang W. et al.,
FIGURE 1

Regional topographic structure map of SCS. (A) The location of the Qiongdongnan Basin in the northern SCS. Qiongdongnan Basin location is
marked with blue dotted line. (B) Geographical location and tectonic belts of the Qiongdongnan Basin. Basin structure data from Wang, 2022; Du
et al., 2024.
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2017; Zhou et al., 2019; Xu et al., 2021; Zuo et al., 2022). In addition, the

potential sandy submarine fan reservoirs and the developedMTDs cap

layers in the LedongFormation also create favorable conditions for the

enrichment of hydrates (Fang et al., 2022).

The well W01 is located in the Lingnan low uplift with a water

depth exceeding 1500m, thus minimizing the impact of sea surface

conditions on the seabed deposition. Log data from well W01

indicate stable mud or silt-bearing mud deposits (Figure 3). Gas

hydrates are generally found in sediments within 0-300 meters below

the sea floor (mbsf), mainly in the Ledong Formation (Du et al., 2024).

From the well logging data of well W01, criteria such as decreased

acoustic transit time, increased resistivity, and reduced porosity have

been utilized to delineate potential zones of gas hydrates within the

studied stratigraphic interval (Ning et al., 2020) (Figure 3). An active

cold seep ecosystemwas identified byROV investigations and outcrop

observations at the site W01, characterized by abundant cold seep

fauna and authigenic carbonates, indicating significant methane

leakage activity at this location (Figure 3). The W01 is situated at the

top of the gas chimney, through which deeper hydrocarbon gases

migrate toward the shallow subsurface (Deng et al., 2023). Methane

generated by the dissociations of gas hydrates is transported through
Frontiers in Marine Science 04
leakage pathways to the seafloor, providing the material basis for the

cold seep ecosystem (He et al., 2022; Deng et al., 2023). The W01

encountered two sets of hydrate reservoirs, at depth of 5.2-43.2mbsf

and 52.2-118.2mbsf, primarily consisting of massive and patchy. A

sandy reservoir at 56-64mbsf developed pore-filling hydrates, with a

high saturation of up to 80%. The W01 developed multiple MTDs,

which effectively block vertical migration, allowing gas to migrate

along lateral direction, thus promoting hydrate formation (He et al.,

2022; Meng et al., 2021). The thick top authigenic carbonate layer also

as a cap rock, sealing the underlying silty hydrate deposits (Luo and

Cao, 2023).

Natural gamma ray log data are primarily selected for

conducting cyclostratigraphic analysis in this study. It is crucial to

select various geophysical and geochemical parameters from

stratigraphic records that reflect past climate changes as proxy

indicators for identifying Milankovitch cycles (Wu et al., 2011).

Well log data, characterized by continuous and high-resolution

sampling, are often utilized as ideal data for analyzing these cycles

due to their advantageous properties. Natural gamma ray logs are

particularly sensitive to changes in lithology and facies, such as

distinguishing between sedimentary mud and sandstone, effectively
FIGURE 2

Schematic stratigraphy of the Qiongdongnan Basin, showing the sequence classification, lithologies, depositional environments, relative changes in
sea level and tectonic stages in the Cenozoic (modified from Wei et al., 2001; Wu, 2023).
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reflecting their variations with depth and changes in depositional

environments and paleoclimate (Peng et al., 2022; Gao et al., 2022).

Consequently, natural gamma ray log data have been extensively

employed in reconstructing paleoenvironments and paleoclimates,

with broad application in astrochronological research.
3 Methods

3.1 Element test method

3.1.1 Major and trace element
Elemental analyses were conducted on 33 samples from well

W01, collected at depths ranging from 1515 to 1675 meters using a

non-uniform sampling approach. The samples were obtained from

marine geological survey conducted by the Guangzhou Marine

Geological Survey Bureau in the QDNB in GMGS6 during the

physical drilling and recovery of gas hydrate cores. Major oxides

and trace element concentrations were determined using ICP-OES.

All samples underwent deorganic matter and decarbonate treatment.

The sediment was rinsed three times with deionized water, dried at

80°C, and ground into powder. A hydrofluoric acid-nitric acid-

perchloric acid dissolution system was employed to remove

fluorine ions, preparing a sample solution with a hydrochloric acid

concentration of 2% (volume fraction) and a sample concentration of

1 mg/cm3. Using predetermined measurement conditions, spectra

were acquired, developed, and fixed. The net blackness value of each
Frontiers in Marine Science 05
spectral line was measured against standard curves to determine the

elemental content (National Bureau of Technical Supervision, 2007).

The measurements were conducted at the Guangzhou Marine

Geological Survey Bureau, with specific calculated values provided

in Appendix Tables 1 and 2.

3.1.2 Total organic carbon
Samples were dried and ground into powder. Approximately 10-

20 mg of each sample was weighted to determine TOC data using the

CHN elemental analyzer. Subsequently, weighted 50-100mg of each

sample and placed in a 20ml glass bottle, and an excess of carbon-free

standard HCl was added to the bottles. The acidified samples were

shaken for 5 minutes, placed in an ultrasonic water bath and then

dried in an oven overnight at 50°C. After removal from the oven, the

samples were allowed to equilibrate in ambient air for 24 hours until

weight stabilization, and the final mass was recorded. Then, the

samples were ground and homogenized, and quantitative samples

were weighed. Finally, the organic carbon content was determined

using the CHN elemental analyzer.
3.2 Cyclostratigraphic research methods

3.2.1 Spectral analysis
Spectral analysis is crucial for identifying Milankovitch cycles

recorded in sediments. This involves enhancing the signal intensity of

the time series, transforming it into a function of frequency, and
FIGURE 3

Well 01 Logging Lithology Description. The lithology is predominantly shale, and core images shows carbonate rock, low-saturation gas hydrate
shale, and high-saturation gas hydrate shale in sequence. The possible gas hydrate intervals are identified based on logging curves (part of the core
images are from Zhang et al., 2023; cold seep image from He et al., 2022).
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identifying the periodic components (Wu et al., 2011). Initially,

natural gamma radiation (GR) data were preprocessed to create a

unified series, including interpolation, removal of outliers, and

detrending. Then, the 2p Multi-Taper Method (MTM) was

employed to analyze the detrended GR series, converting depth

domain signals to frequency domain signals and identifying cyclic

signals within the data (Thomson, 1982). Compared to the traditional

periodogram method, the MTM exhibits less deviation and variance,

making it an energy spectral analysis method with low variance and

high resolution (Jiang et al., 2001). In addition, evolutionary Fast

Fourier Transform (eFFT) was used to delineate the variation in

sedimentary cycles with changes in depth and time. This approach

can reveal the variation characteristics of different wavelength bands

across both depth and frequency domains, as well as changes in

sedimentation rates (Huang, 2014). The correlation coefficient

(COCO) and evolutionary correlation coefficient (eCOCO)

functions was applied to track changes in sedimentation rates (Li

et al., 2018a).

3.2.2 Astronomical tuning
Astronomical tuning is a key component in cyclostratigraphy

for establishing an astronomical chronology. Through this process,

a high-precision, continuous AST can be developed, thus offering a

new approach to geochronology (Huang, 2014). This primarily

refers to the direct calibration of proxy indicators of ancient climate

change onto theoretical target curves representing orbital

eccentricity, obliquity, precession, or insolation. Due to variations

in sedimentation rates, the thicknesses of these layers may be
Frontiers in Marine Science 06
stretched or condensed. However, the durations they represent

should remain constant. Based on this principle, a chronological

model can be established, allows the conversion of the data

sequence from the depth domain to the time domain.

Subsequently, through iterative refinement, a more reasonable

AST can be developed. For Cenozoic strata, filtered curves can be

directly compared with theoretical target curves derived by Laskar,

thus enabling the establishment of an astronomical tuning scale via

astronomical tuning (Laskar et al., 2004). However, for Mesozoic or

older strata, only a “floating” AST can be established through this

method. If absolute ages exist within the studied intervals, they can

serve as anchor points to convert the floating astrochronology into a

high-precision, continuous absolute timescale (Huang, 2014).

3.2.3 Astronomical parameters
Milankovitch cycles represent rhythmic changes in Sun-Earth

orbital parameters, reflecting variations in the astronomical orbital

forcing. Consequently, their distribution is isochronous, and the

proportion of each period remains relatively stable within a certain

geological time interval, reflecting changes in sedimentary structure,

tectonic and thickness (Huang, 2014; Zhang T. et al., 2017). Berger

and Laskar proposed various methods to calculate Sun-Earth orbital

(Berger et al., 1989; Laskar et al., 2004). Among them, Laskar’s

scheme accounts for the influencing factors of the Earth-Moon

interaction, making it one of the most recognized schemes among

scholars. In this study, the scheme devised by Laskar was employed

to calculate theoretical variations in eccentricity, obliquity and

precession during the 0-10Ma summer solstice at 17° north
FIGURE 4

Spectral analysis of theoretical astronomical period parameters in 0-10Ma. (A) Insolation. (B) Eccentricity. (C) Obliquity. (D) precession. The
eccentricity period of 405,130, 125, 100, 95kyr, the obliquity period of 53.4 and 41kyr, and the precession period of 23.6, 22.3 and 19kyr are
clearly identified.
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latitude (Figure 4). The analysis identified five eccentricity periods

(405 kyr, 130 kyr, 125 kyr, 100 kyr and 95 kyr), two obliquity

periods (53.4 kyr and 41 kyr), and three precession periods (23.6

kyr, 22.3 kyr and 19 kyr), which were used to identify the

Milankovitch cycle within the target interval. When the

sedimentary cycle thickness extracted from the stratum shows a

certain proportional relationship that matches the proportional of

the theoretical orbital period, it is considered that the stratum was

driven by the astronomical period (Huang, 2014; Wu et al., 2011).

However, when determining astronomical cycles based on the

proportional relationship, the error between the proportion of

thickness and the theoretical period should be controlled within

5% (Jin et al., 1999).
3.3 Sedimentary noise model

Li proposed sedimentary noise models based on astronomical

cycle theory and time series analysis methods, aimed at

reconstructing ancient marine and lake levels (Li et al., 2018b).

The alternative indicators measured within sedimentary rocks serve

as proxies of ancient climate and sea level variations, encompassing

both signals and noise. These components account for disturbances

from storms, tides, and biological factors, as well as measurement

errors and other noise sources, which render the signals more

complex and introduce noise related to astronomical orbital forcing

(Hinnov, 2013; Mudelsee, 2010). The recorded relative intensity of

sedimentary noise in the geological formation exhibits a negative

correlation with paleowater depth. As paleowater depth increases,

sedimentary noise decreases, and vice versa.

The dynamic noise after orbital tuning (DYNOT) model, based

on climate proxy records, is employed to determine sea-level

changes driven by astronomical forcings (Li et al., 2018b).

DYNOT values are computed as the ratio of the variance of the

non-orbit signal to the total variance with a sliding time window of

measurement noise, with higher DYNOT values observed during

periods of relatively low sea levels. The r1 model complements the

DYNOT model, serving as the second independent noise indicator

for relative sea level change (Li et al., 2018b). Climate change tends

to incorporate previous values over a range of timescales, known as

autocorrelation or persistence, with the lag-1 autocorrelation

coefficient being the most widely used measure (Meyers and

Hinnov, 2010; Mudelsee et al., 2014). The increase in noise with

decreasing relative sea level leads to a decrease in r1 values. Both
models were simultaneously applied in this study to reconstruct the

sea level change trend of the research interval.
4 Results

4.1 Milankovitch cycle records

MTM spectral analysis results indicate that the primary

sedimentary cycle thickness in well W01 are mainly 27.34 m, 6.73

m, 2.90 m, 1.94 m, 1.43 m and 1.29 m, all surpassing the 95%

confidence level. Additionally, the eFFT spectral exhibits the
Frontiers in Marine Science 07
wavelength of 27.34m has a relatively strong signal throughout

the entire section (Figure 5A). The proportional relationship among

27.34, 6.73, 2.90, 1.29 is 21.32: 5.26: 2.18: 1, similar to the theoretical

astronomical orbital period proportion of 405 kyr: 100 kyr:41 kyr:

19 kyr in the 0-10Ma, with proportion errors all less than 5%. The

error proportion for the long eccentricity is even less than 0.2%,

indicating that the aforementioned astronomical cycles are present

within the studied profile.

COCO and eCOCO analyses were conducted on well W01,

reveals three optimal sedimentation rates: 3.625, 5.25 and 6.75 cm/

kyr. Given that the majority of sedimentation rates in the eCOCO

spectra average around 7 cm/kyr, the optimal average

sedimentation rate for well W01 is determined to be 6.75 cm/kyr,

corresponding to 7 orbital cycles and suggesting a robust

preservation of orbital cycle signals in the stratigraphy (Figure 6).

The sedimentation rates in the studied section shows little variation,

indicating both the provenance input and sedimentary

environment remained relatively stable (Figure 6). At this

sedimentation rate, the duration of sedimentary cycles measuring

27.34 m, 6.73 m, 2.90 m and 1.29 m correspond approximately to

405 kyr, 99.7 kyr, 42.9 kyr, 19.1kyr. Since the 405 kyr long

eccentricity cycle remains stable throughout geological history,

the 27.34 m sedimentary cycle in well W01 should represent the

405kyr long eccentricity period. The 6.73 m sedimentary cycles are

associated with the 100kyr short eccentricity period, while the 2.90

m and the 1.61 m sedimentary cycles correspond to the 41kyr

obliquity period and 19kyr precession period respectively.

By extracting the 405 kyr signal from well W01 using Gaussian

filter with a bandwidth of 0.032 ± 0.01cycle/m (Kodama and

Hinnov, 2015), an age model is established based on the

correspondence of the 27.34 m sedimentary cycle to the 405 kyr

eccentricity period. Utilizing this age model, the depth domain

sequence was tuned to the time domain. The tuned time domain

data were then interpolated and detrended before spectral analysis.

The results exhibits prominent 405 kyr, 100 kyr, 41 kyr, and 19 kyr

periods in W01, all surpassing the 99% confidence level and closely

matching the theoretical periods (Figure 5B). This confirms that the

aforementioned filtering result is reliable and the selection of

depositional cycles and astronomical periods is correct. Among

these, the eFFT spectral for the 405 kyr long eccentricity is the most

pronounced and continuous, followed by those for short

eccentricity and obliquity (Figure 5B).
4.2 Major and trace elements analysis

Many materials record information about paleoenvironmental

changes preserved in strata. Certain chemical elements, particularly

specific indicator elements, can provide insights into the evolution of

paleoclimate, paleosalinity, and paleodepth. We selected several

environmentally significant indicators for paleoenvironmental analysis.

We used Rb/Sr and Sr/Cu ratios as paleoclimate indices. Due to

differences in the chemical reactivity of Rb and Sr, Rb is relatively

stable during weathering, whereas Sr is prone to leaching. Leaching

of Sr is less prevalent under dry and cold climatic conditions (Zhang

et al., 2016; Lei et al., 2017). Therefore, the Rb/Sr ratio as well as can
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be used to elucidate changes in paleoclimatic environments. A lower

Rb/Sr ratio indicates drier conditions (Liu H. et al., 2024; Yang et al.,

2021). Moreover, Cu is primarily transported into sediments

through organic matter, making it an ideal indicator for organic

matter flux (Tribovillard et al., 2006). The Sr/Cu ratio ranging from

1.3 to 5.0 indicates a warm and humid climate, while values greater

than 5.0 suggest an arid climate (Lerman, 1978). The variation trend

of Rb/Sr ranging between 0.279 and 0.747, with an average of 0.478

(Figure 7), indicating a relatively low overall value. The Sr/Cu ratio

shows a mirror-image relationship to Rb/Sr. The Sr/Cu ratio of the

samples ranged from 8.45 to 298, with an average of 21.71, the

highest values at the uppermost section are likely attributed to the

lithology being authigenic carbonate rocks.

The migration and enrichment of Rb and K in water are

significantly related to clay materials. Compared to K, Rb is more

readily adsorbed by clay. Therefore, a higher Rb/K ratio indicates

both a greater distance from land and deeper water (Xiong and

Xiao, 2011; Cao et al., 2024). Zr is a typical lithophile element that

primarily migrates mechanically and deposits in nearshore areas.

However, the distribution of Zr in sedimentary rocks is influenced

by the presence of Al. Therefore, the Zr/Al ratio is a better indicator

of terrigenous components transported over short distances and

changes in water depth (Xi et al., 2004; Cao et al., 2024). Except for a

small portion, there are insignificant variations in the Rb/K and Zr/

Al ratios. At the depth of 1570-1585m, Rb/K showed a significant

decrease and Zr/Al ratio exceeded 40. Throughout the entire profile,

Rb/K ratios of samples ranged from 38.61 to 56.46, averaging 46.87.
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The Zr/Al ratio spanned from 9.43 to 152.69 with an average of

21.81, predominantly concentrating in low values (Figure 7).

In freshwater environments, Sr and Ba exist as dissolved salts.

When thewater begins to concentrate, Baprecipitatesfirst, followedby

Sr.Therefore, ahigherSr/Baratio indicateshigher salinity levels (Xiong

and Xiao, 2011; Liang et al., 2024). Similarly, the Th/U is often used as

an indicator for paleosalinity analysis. Th is easily adsorbed by clay

minerals, while U is prone to leaching. In marine sediments, Th/U

ratios are typically less than2,whereas in terrestrial environments, they

tend to be higher (Tan et al., 2019). The variation in Sr/Ba and Th/U

ratios is relatively conspicuous. The Sr/Ba values of the samples range

from 0.30 to 0.70, with an average value of 0.49. The Th/U ratio is

between 2.71 and 6.50, averaging4.48 (Figure 7). Particularly, at the

depth of 1515-1520m, there is a significant increase in Th/U values,

presumably due to the carbonate lithology.

The Cu/Zn and V/(V+ Ni) ratios are important indicators to

distinguish the redox environment of sedimentary water (Mei, 1988;

Xiong and Xiao, 2011; Deng et al., 2020). In the analysis of ancient

redox environments, both Cu and Zn are transition metals, and their

distribution canvarywith changes inoxygen concentration.Asoxygen

levels decrease, there is a transition from Cu to Zn enrichment, and

similarly forV/(V+Ni).AhigherCu/Zn ratio indicatesmoreoxidizing

conditions. TheCu/Zn ratio observed ranged from0.118 to0.372, with

an average of 0.233. While the V/(V+ Ni) ratio varied from 0.690 to

0.765,with anaverage value of 0.733 (Figure 7). The trends of these two

ratios do not exhibit a high degree of similarity. However, both decline

between 1570-1585m.
FIGURE 5

MTM spectral analysis and eFFT of GR data results in well W01. Detrending was performed using the LOWESS method with span length of 60m.
(A) Depth domain; using a 40m running window with a 0.1m step; (B) Time domain; showing primary astronomical period of 405 kyr, 100kyr, 41kyr,
28.7kyr,21.2kyr and 19kyr, using a 500 kyr running window with a 4 kyr step.
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FIGURE 7

Sedimentary environment evolution of the shallow unconsolidated sedimentary rocks from well W01 in the QDNB deep-sea area (Lithology is
carbonate rock, mudstone, siltstone and mudstone successively. The specific data are shown in the attached table.).
FIGURE 6

“COCO” and “eCOCO” analysis of the Ledong and Yinggehai Formation for well W01 in the QDNB. The tested sedimentation rates range from 1 cm/
kyr to 30 cm/kyr, with a 0.125 cm/kyr step. The number of Monte Carlo simulations was set as 2000. The optimal sedimentation rates are 3.625,
5.25 and 6.75cm/kyr.
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4.3 Total organic matter content

According to the TOC analysis of the W01 samples (Figure 7),

the studied interval exhibits characteristics of high organic matter

content. The TOC values of the samples range from a minimum of

0.21% to a maximum of 1.21%, with an average of 0.77%. The lower

TOC values appear in the sandstone section, which is typically

considered reservoir rock rather than source rock. Hence, low TOC

values in this context are reasonable. Conversely, at the depth

interval of 1578 to1582m, the TOC values are relatively high,

exceeding 1%, indicates that the region may have entered a

mature stage and provided gas source for hydrates formation (Lu

and Zhang, 2017). The average TOC value of this section is higher

than that of the shallow layer in the QDNB, as well as the data from

GMGS5-W07 and W09, and is comparable to the average TOC

value of the main Miocene source rocks (Sun et al., 2018; Lu Y. H.

et al., 2022; Li et al., 2021). The elevated TOC values at this location

may be attributed to the methane leakage which triggers MSR,

thereby promoting carbon sequestration and increasing the TOC

(Coffin et al., 2015; Miao et al., 2022; Liu X. T. et al., 2024).
5 Discussions

5.1 Astronomical time scale

A high-precision astronomical age scale has been established for

the depth span from 1515m to 1686m in W01, utilizing the tuned

time domain curve. Notably, the 27.34m cycle thickness

corresponds to the 405 kyr long eccentricity period, displaying

the maximum amplitude, which indicates the pronounced impact

of the long eccentricity cycle on the strata. In the W01 profile from

1515 to 1686m, a total of 6.25 long eccentricity cycles, 25.41 short

eccentricity cycles,58.97 obliquity cycles and 132.56 precession

cycles were identified. The sedimentation times estimated based

on the mentioned astronomical periods are 2531.25, 2541, 2417.77,

and 2518.6 kyr respectively. The eFFT spectral analyses reveal that

the long eccentricity period displays high continuity and stability,

while the short eccentricity period and the obliquity period shows

lower energy (Figure 5). Therefore, the astronomical scale was

established based on the long eccentricity period.

For the Cenozoic formation, a direct comparison was

performed between the filtering curve and the theoretical curve,

leading to the establishment of an astronomical-geological age scale

through astronomical tuning (Laskar et al., 2004; Huang, 2014).

The studied section in W01 pertains to the Ledong Formation and

the Yinggehai Formation, encompassing an age range of 0-5.5Ma,

thus allowing for comparison with the theoretical target curve.

Comparing the W01 long eccentricity bandpass filtering with the

theoretical astronomical curve produces an estimate of an

approximate deposition time of 2500 ka (Figure 8). Investigating

the historical methane seepage in the SCS cold seeps, Zhang

employed accelerator mass spectrometry to determine the

AMS-14C ages of shells. This study drew upon part of data, with

locations and lithologies shown in Figures 1, 2. Shells play a pivotal

role as evidence in studying the transitions between land and sea.
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They were abundant along coastal areas and constitute one of the

most widely distributed materials suitable for 14C dating. By dating

these shells, a temporal scale was established against which to

measure the global fluctuations in sea levels that occurred during

the post-glacial period, can be established (Chen, 1982). Utilizing

the calibrated time of 10.4 ka at a depth of 0.51 mbsf as a control

point (Zhang et al., 2023), a reasonable AST was established. And

the process of anchoring the floating AST to the dating data was

completed according to the anchorTime method under R’s

“astrochron” package (Figure 8). Original 14C test ages attached

to Appendix Table 3.
5.2 Climate changes corresponded to
orbital cycles

The previously mentioned paleoenvironmental indicators

suggest arid climate environment during the studied interval

(Lerman, 1978; Cen et al., 2024), with water depths exceeding

25m (Zheng et al., 2015; Das and Haake, 2003), a continental

brackish water environment (Zheng and Liu, 1999; Fu et al., 2018),

and reducing conditions (Bostrom et al., 1973; Hatch and

Leventhal, 1992).

Variations in Earth’s orbital parameters play a key driving role

in solar radiation, resulting in periodic changes in the Earth ‘s

climate system at both local and global scales (Hinnov, 2018).

Previous research has illustrated that astronomical orbital periods

govern climate variations (Hinnov, 2013; Huang, 2014). Zachos

investigated the correlation between Milankovitch cycles and

climate using deep-sea core samples, demonstrating a positive

correlation (Zachos et al., 2001a, 2001b). During warmer climate

periods, the amplitude strength of long eccentricity-filtered signals

is greater, whereas during colder climate phases, the amplitude

strength is reduced, indicating a positive correlation between these

factors. At lower latitudes in the Northern Hemisphere, the amount

of sunshine received was also controlled by precession, influencing

climate change (Shi et al., 2020; Sun et al., 2021). However, we did

not find a significant correlation between astronomical orbits and

paleoclimate indexes from the data of the study area (Figure 7).

To further explore whether the paleoenvironment was

modulated by astronomical periods, spectral analysis was

conducted on indexes such as Rb/Sr, Rb/K, Sr/Ba, V/(V+ Ni)

(Figures 9A–D). According to the Nyquist frequency, a minimum

of two sampled data points can identify a complete cycle, and

optimal sampling density requires at least four data points per cycle

(Kodama and Hinnov, 2015). Due to the limited data points in the

1600-1680m section, only the sample data points from 1515-1600m

were used in this analysis. Uniform interpolation was performed on

a limited number of sample points to convert non-equidistant

samples into those with a uniform interval of 1.9 m. Spectral

analysis of the three indicators revealed a prominent sedimentary

cycle thickness close to 27m, reaching a confidence level of 90%,

with Rb/Sr even reached 95%. This closely aligns with 27.34m,

ensuring high reliability. Consequently, it can be concluded that the

27m cycle thickness in the spectral analysis results of the

paleoenvironmental indicators corresponds to the 405 kyr long
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FIGURE 9

Frequency spectral analysis of W01 geochemical parameter index in depth domain. The data selected 1515-1600 m section, interpolated and the
data interval is 1.9 m, detrended using mean method [(A) Rb/Sr、(B) Rb/K、(C) Sr/Ba、(D) V/(V+ Ni)].
FIGURE 8

The astronomical time scale is established according to the previous 14C dating data by astronomical tuning with 405kyr period. The black dots
represent samples depth. The target 405kyr curve from Laskar et al., 2004; the E curve is filter curve from the detrending GR data, using Gaussian
filter with bandwidth of 0.036 ± 0.012cycle/m; the lithological legend is explained in Figure 3.
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eccentricity period, demonstrating a certain relationship between

the paleoclimate and long eccentricity period. The 405 kyr long

eccentricity period may exert a regulatory effect on the paleoclimate,

paleosalinity and paleoredox environment.
5.3 Orbital cycles and sea level fluctuations

Recent research suggests that during the late Miocene to

Pliocene, 1.2Myr amplitude modulation was the primary driver of

third-order sea-level changes and sequence development in the

QDNB, SCS (Cao et al., 2022). Similarly, in the Pearl River Estuary

Basin, the 1.2Myr obliquity modulation period was regarded as a

principal force for third-order sea-level change and sequence

development (Xu et al., 2023). Spectral analysis of the Rb/K index

reveals two predominant cycle thicknesses: 29.94m and 22.03m

(Figure 9D). However, this outcome does not explicitly establish the

relationship between water depth variation and orbital cycles.

To clarify the relationship between sea-level change and the

astronomical period in study area, we established the DYNOT

model and r1 model for W01 (Figure 10). The results indicate that

the sea level fluctuations inW01weremodulated by long astronomical

periodicity, with orbital periods driving sea level oscillation. Starting

from1686m, theDYNOTmodel andr1model capture the trendof sea

level oscillations, characterized by a fluctuating pattern of rise-decline-

rise-decline-rise-decline followed by stability. Scholars have
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established a quantitative relationship between the abundance of

planktonic foraminifera and water depth in the surface sediments of

the SCS (Xie et al., 2012; Zhang, 2020). They constructed a sea level

change curve complemented by paleoecology, genesis phases, and

characteristics of sedimentary structure, and coastal onlap recognized

in seismic reflectionprofiles.The sea levelwas comparedwith the curve

reconstructed by sedimentary noise models, and the two curves

exhibited consistency, confirming the effectiveness of astronomical

scale and the reliability of the reconstructed sea level.

Additionally, theoretical 1.2Myr curves and the 1.2Myr filtering

curve of the research profile were obtained. Through observational

analysis, a similarity in the trend of sea level changes to the amplitude

variations of the 1.2Myr filtering curve was observed between 2.5 and

0.8Ma. Nevertheless, from 0.8Ma to the present, there is no obvious

correspondence between the two curves, and there is even an anti-

phase relationship (Figure10).This indicates that the 1.2Myrcyclewas

one of the driving factors of sea level change in the QDNB during the

early Pleistocene. However, in more recent geological epochs, other

major factorsmay be controlling, such as tectonics or glaciation (Lu Y.

T. et al., 2022; Lambeck andChappell, 2001).When observing sea level

fluctuations on a million-year scale, the amplitude changes are often

several hundred meters. These fluctuations are primarily caused by

basin shape changesdue toplate tectonics (Li andWang, 2014).During

the Quaternary period, most sea level changes were due to intense

glacial activity, which led to substantial material exchange between

glaciers and the oceans (Lambeck and Chappell, 2001).
FIGURE 10

Characteristics of sea level changed driven by astronomical orbital period in Well W01 (Sea level change according to Xie et al., 2012). In DYNOT
model, the window was set to 300-500 ka, the time-bandwidth product was chosen to be 2 and the Monte Carlo simulation was run 10,000 times.
The target orbital periods were set to 405, 125, 100, 54, 41, 23, and 19 ka, with all other parameters set to their default values. In r1 model, monte
Carlo simulation was run 10000 times, window range from 300 to 500ka with all other parameters set to their default values. The 1.2 Myr curve
using Gaussian filter with bandwidth of 0.015 ± 0.003 cycle/m.
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5.4 Carbon cycle under
astronomical period

Periodic climate variations caused by astronomical cycles have

the potential to impact changes in depositional settings, thereby

governing the enrichment of TOC. More than one scientist has

discovered astronomical cycles from TOC data (Melles et al., 2012;

Li et al., 2024). TOC reflects the chemical properties of the water,

initial productivity, and preservation conditions in sedimentary

basins. These factors can indicate the burial of carbon elements,

thus reflecting the Earth’s carbon cycle during the deposition

process (Li et al., 2024).

Cyclostratigraphic analysiswas conductedonTOCdatawithin the

1515-1600m interval, revealing a prominent cycle (Figure 11A). The

results from the MTM indicate the presence of two primary

sedimentary cycle thicknesses of 16 m and 11.6 m, the eFFT analysis

reveals a sedimentary thickness of 12 meters. Comprehensively, the

two analyses indicate the presence of a sedimentary cycle with a

thickness of approximately 12 m in TOC data, with a confidence

level approaching 95%. In comparison to the 27.34m cycle thickness

corresponding to the 405 kyr period discussed earlier, the 12 m

thickness corresponds to approximately 170 kyr. This cycle

represents an unconventional astronomical period and likely

associated with a 170 kyr obliquity modulation cycle (Hinnov, 2000).

Several scholars have previously discovered the 170 kyr period in

stratigraphy (Boulila et al., 2018; Charbonnier et al., 2018; Zhang R.

et al., 2022).Huangcollectedhigh-resolutionTOCcurves fromvarious

latitudes, all of which revealed a 170 kyr period. Based on this, the
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“sedimentary threshold” model was proposed, suggesting that this

unconventional astronomical cycle influences climate through non-

linear sedimentary processes, thereby regulating Earth’s carbon cycle

(Huang et al., 2021). The identified cycle thickness from TOC data

corresponds to the 170 kyr period and extracted using afilter (Kodama

and Hinnov, 2015). Observations indicate a significant resemblance

between the fluctuating trend in TOC data within the 1515-1600 m

interval and the amplitude variation of the 170 kyr filtered curve,

highlighting the significant influence of astronomical periods on

carbon cycling in the low latitude study area (Figure 11B). When the

170 kyr value is high, TOC content also increases, suggesting a greater

potential gas source for regional hydrate accumulation. Astronomical

cycles control the periodic variations in the Earth’s solar insolation

(Weedon, 2003; Huang, 2014), which in turn leads to cyclical climate

changes, ultimately constraining surface sedimentary processes (Wu

et al., 2011). The control of these cycles on sediments is also reflected in

the geochemical characteristic and organic matter enrichment factors

of the sediments, previous studies have repeatedly demonstrated that

the astronomical cycle can effectively explain the environmental

features and organic carbon enrichment in sediments (Zhang J. G.

et al., 2022; Li G. C. et al., 2023). Paleoclimate indicators are positively

correlated with long eccentricity cycles, when eccentricity approaches

its maximum, the earth is closer to the Sun, leading to hotter climates

and an increasing trend in sedimentation rates, with higher nutrient

input (Jin et al., 1996; Feng et al., 2023). As discussed above, both

paleoredox and sea level are influenced by astronomical cycles,

meanwhile deeper water depth with reducing waters are favorable

for organic matter preservation (Diao et al., 2014).
FIGURE 11

Total organic carbon content analysis of Well W01. (A) 1515-1600mTOC data depth domain spectral analysis, data interpolated and the data interval
is 1.9 m, detrended using LOWESS with 30m, eFFT using a 40m running window with a 0.19m step; (B) TOC data compare with filter curve, hydrate
saturation data from He et al., 2022.
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5.5 Implications for gas hydrate evolution

5.5.1 Effects of environmental factors on hydrates
The gas sources of gas hydrate include microbial gas,

thermogenic gas and their mixture, primarily identified through

the analysis of gas composition and isotope characteristics of

decomposition gas (Wei et al., 2021). Isotopic analysis of the

decomposition gases of gas hydrates in the study area indicates a

mixed origin, involving contributions from both microbial gas and

thermogenic gas (Figure 12). As previously mentioned, in intervals

between 1578m and 1582m where the TOC content exceeds 1%, the

sediments could serve as a source rock for hydrates. Considering the

gas hydrate saturation, the 1567-1584m interval displays relatively

high saturation, reaching 82.2%, suggesting that the corresponding

sandstone lithology can be a favorable reservoir (Figure 11B).

Moreover, the partial overlaps between intervals with high TOC

content and those with high hydrate saturation confirm that the

high TOC source rock in these intervals indeed provides favorable

conditions for hydrate synthesis. The high amplitude of the 170 kyr

astronomical cycle reflects elevated TOC content, which contributes

to the favorable conditions for hydrate accumulation.

A quasi-equilibrium relationship exists between gas hydrate and

its formational environment, predominantly influenced by changes

in environmental pressure and temperature. The destabilization of

gas hydrates, leading to the release of methane into the atmosphere,

can be triggered by sea-level decrease or water temperature rise,

thus altering in situ pressure or temperature conditions. Globally,

the principal factors causing substantial decomposition of gas

hydrate are sea-level lowering and climatic warming (Kvenvolden,

1988, 1993, 1994; Paull et al., 1991; Chen and Zhou, 1997). The

response to temperature changes differs between deep-water regions

and polar regions. During periods of global warming, hydrates in

deep-water regions stabilize, while hydrates in polar regions

destabilize, potentially releasing methane into the atmosphere.
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Conversely, during periods of global cooling, hydrates in deep-

water regions become unstable and release methane into the

atmosphere, while hydrates in polar regions eventually stabilize.

Thus, during global warming and cooling processes, the state of gas

hydrates responds to changes in surface pressure and temperature

(Figure 13). However, the precise impact of methane released from

gas hydrates decomposition on global climate remains uncertain.

The drilling data on gas hydrates at W01 indicate a geothermal

gradient of 78°C/km and seabed temperatures ranging from 2 to 4°C,

most hydrate drilling operations reach water depths of 1500-1700 m

(Gan et al., 2019; He et al., 2022). Hence, the overall temperature

conditions within the W01 research interval are conducive to the

formation of gas hydrates. Examining sea-level changes reconstructed

by sedimentary noise models, despite the frequent oscillations in sea

level, the overall trend was increasing (Figure 10). Consequently, the

study section is generally favorable for the accumulation of gas

hydrates from the perspective of pressure. Both paleoclimate and

sea level changes are regulated by orbital periods, and they are

associated with the formation and decomposition of gas hydrates,

indicating that hydrates are also influenced by orbital periods.

Temperature variation exhibited a positive correlation with the

amplitude of the long eccentricity, with lower long eccentricity

amplitudes corresponding to lower temperatures, favoring the

formation of gas hydrates. Pressure in deepwater areas primarily

depends on water depth, and sea-level changes are regulated by

orbital periods, thus impacting water pressure. Fluctuations in sea

level are associated with the 1.2 Myr obliquity modulation period. As

the amplitude increases, water depth increases, and the pressure

exerted on the strata increases, thereby favoring the accumulation of

gas hydrates.

Methane release from hydrate systems has long been considered

a significant mechanism in global carbon cycle perturbations (Fang

et al., 2004; Kim and Zhang, 2022). Thermogenic gas that migrated

to the bottom of the GHSZ was gradually released into the ocean

and atmospheric systems over time (Burton et al., 2020). However,

hydrate systems play a crucial regulatory role between the free gas

layer and the ocean, hindering methane release into the ocean.

Early-formed MTDs, in conjunction with hydrate-bearing

sediments, collectively form a free gas sealing system, further

sealing the free gas beneath the GHSZ and effectively preventing

methane from being released into the ocean and atmosphere

(Figure 13B) (Du et al., 2024). The dynamic evolution of hydrate

systems also reflects this aspect of the carbon cycle.

5.5.2 Relationship between glacial and
orbital cycles

During geological history, several anomalous cold phases have

occurred, referred to as glacial, characterized by notably cold

temperatures and extensive glaciation, providing favorable

conditions for hydrate formation. The major glacial that have

been studied are those in the late Cenozoic, late Paleozoic, and

late Precambrian (Wei, 1987). Studies of the late Cenozoic glacial

have predominantly focused on the Quaternary period between 0

and 0.8 Ma, commencing with the early Pleistocene Xixiabangma

glacial (Table 1). Evidence of glaciation in China can be traced back

to approximately 0.7 Ma (Cui et al., 2011). The detection of hydrates
FIGURE 12

Analysis of the origin of natural gas hydrate gas source in Well W01.
(data from He et al., 2022, 2013, classification criteria derived from
Wei et al., 2021).
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in the study interval is concentrated between 1.0 Ma and 0.1 Ma,

coinciding with an overall cooler climate period. This indicates that

the formation of gas hydrates in the deepwater area of the SCS

aligns with a broader climatic background (Figures 7, 10B). Li,

through the study of authigenic carbonates in the Dongsha area of

the SCS, emphasizes that the increase in seawater temperature

during interglacial periods is a key driver for the intensified

methane seepage, further demonstrating that warming during

interglacial periods is unfavorable for the sustained stability of

hydrates (Li N. et al., 2023).

Deep-sea sediment analysis of foraminiferal shell d18O isotopes

has widely demonstrated the periodic variations in global ice

volume, aligning with Milankovitch cycles. In particular, a series

of significant glacial-interglacial events in the Northern Hemisphere

since 3 Ma have highlighted a prominent 41 kyr obliquity period

(Raymo et al., 1989). However, during the Mid-Pleistocene (0.8

Ma), the dominant period of the glacial cycle shifted to the 100 kyr

eccentricity period, while still exhibiting robust obliquity band

energy (Hays et al., 1976). Moreover, scholars have noted the

compelling correlation between the 20 kyr precession period and

the timing of glacier movement (Liautaud et al., 2020). Zech

extensively studied the sediment outcrops of the Dyanushka

valley in northeast Siberia, determining the duration of several

glacial periods in the region and their correlation with minimum

insolation and the 41 kyr obliquity period (Zech et al., 2011).
FIGURE 13

Effects of pressure and temperature on the dynamic evolution of hydrate system. (A) During the interglacial, there were hydrates in the continental
slope and deep-sea area. (B) During the Ice Age, with sea level dropped, the pressure on the formation decreased, so hydrate in the continental
slope area remained stable, however the hydrate in the deep-sea area was partially decomposed. (modified from Kvenvolden, 1988).
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TABLE 1 A brief table of Quaternary Glaciation division in China (Cui
et al., 2011).

Age/ka MIS Chinese Glacial

0∼11 1
Little Glacial

New Glacial

11∼30 2

Dali Glacial

Last Glacial IV (YD)

Last Glacial III

30∼44

3

MIS3c

44∼54
Last Glacial
II(MIS3b)

54∼60 MIS3a

60∼75 4 Last Glacial I

75∼100 5 Last Interglacial

100∼200 6

Guxiang Glacial
(penultimate Glacial)

Stage III

200∼240 7 Interglacial

240∼300 8 Stage II

300∼320 9 Interglacial

320∼360 10 Stage I

(Continued)
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Based on the carbon and oxygen isotope data of foraminifera

from Site ODP1146, Wang analyzed the evolution of the upper

water column structure in the northern SCS since the Middle

Pleistocene (Wang et al., 2019). It was observed that from 0.9 Ma

to 0.6 Ma, the dominant glacial cycle shifted gradually from 41 kyr

to 100 kyr in the northern SCS, stabilizing at a 100 kyr period after

0.6 Ma. By comparing insolation, the 100 kyr period, and the 41 kyr
Frontiers in Marine Science 16
period with the investigated glacial periods in study area, a clear

correlation between glacial periods and the 100 kyr eccentricity

period was observed (Figure 14). The results indicate a gradual

transition of oxygen isotope cycles reflecting ice volume to a stable

100 kyr period, with a good alignment between high ice volume and

low insolation intensity during glacial phases. After 0.6 Ma, the

duration of the glacial period essentially corresponded to the

minima of the 100 kyr cycle, confirming the dominance of the

100 kyr glacial cycle in this period. Since the Quaternary, periodic

changes in the Earth’s orbital parameters have led to cyclic

variations in climate and environment, resulting in extensive

glacial activity, which has gradually become a main cause of sea

level changes (Chen, 2010; Pittet et al., 2014). Li synthesized the

global relative sea-level (RSL) records for the past 2 Ma and found

an obvious response to the Earth’s orbital parameters, with RSL

exhibiting a good negative correlation with d18OB (Li and Wang,

2016). Comparing the relationship between the mid-to-high
TABLE 1 Continued

Age/ka MIS Chinese Glacial

360∼420 11 Interglacial

420∼480 12 Zhongliangga Glacial

480∼600 13-15 Big Interglacial

600∼800 16-20 Wangkun Glacial

800∼ 22-36 Xixiabangma Glacial
FIGURE 14

Comparison of glacial and insolation, 100ka obliquity period and 41ka precession period in the study area. Global ice volume data from Lisiecki and
Raymo, 2005, and Benthic foraminifera d18O data from Wang et al., 2019. Blue bars with top numbers (MIS) denote the glacial. Purple bars at the
bottom represents hydrate in the first section of the study interval.
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latitude sea surface temperatures and the synthetized RSL, a

significant correlation was found in eccentricity and obliquity

periods, with higher impact during glacial periods. As water

temperature rises, sea levels often increase, counteracting the

effects of bottom water temperature rises. The sensitivity of GHSZ

thickness to temperature and pressure conditions varies at different

water depths, leading to different main controlling factors for GHSZ

thickness changes at various depths. Liu quantitatively analyzed the

influence of temperature and pressure changes on GHSZ thickness

and found that since the Last Glacial Maximum (LGM), changes in

GHSZ thickness in mid-layer water are mainly influenced by

seafloor temperature (Liu et al., 2021). Therefore, for hydrates in

shallow sediment layers, the low temperature environment during

glacial periods may be more conducive to hydrate stability. In

connection with the Milankovitch cycles, during the low amplitude

of the 405 kyr period or the minima of the 100 kyr period,

characterized by a lower temperature environment, there is a

greater likelihood of dynamic hydrate accumulation since the

early Pleistocene. The research findings on the Milankovitch

cycles could provide new insights for the prediction of gas hydrate.
6 Conclusions
Fron
1. Natural gamma ray data from well W01 indicates the

presence of astronomical orbital signals in the

stratigraphy, confirming the existence of Milankovitch

cycles in the shallow layers of sediments in the deepwater

region of the SCS. Based on previous age data, an absolute

astronomical time scale for W01 was established.

2. Major trace element indicators reveal variations in

paleoclimate, paleosalinity, and paleoredox, all exhibiting

a response to astronomical orbital periods. All three indices

consistently display a periodic thickness of 27 m,

corresponding to a 405 kyr period. This suggest that the

405 kyr long eccentricity period has a certain regulatory

effect on the paleoclimate, paleosalinity, and paleoredox

environmental conditions.

3. Reconstructed sea level change curve using sedimentary noise

models is consistent with the curve derived from

paleobiological data, validating the accuracy of the

established astronomical scale and the reliability of the

reconstructed sea level. Simultaneously, the trend of sea

level changes resembles the 1.2 Myr obliquity modulation

period during 2.5-0.8 Ma, indicating that the 1.2 Myr period

was one of the driving factors of sea level variations in the

QDNB during the early Pleistocene.

4. The fluctuating trend in TOC data highly mirrors the

amplitude variation in the 170 kyr filtering curve. This

similarity, coupled with the stability of the 170 kyr observed

in the eFFT analysis, underscores the regulatory influence of

astronomical periods on carbon cycling in the low-latitude

study area. There is a positive correlation between the two

factors, where higher amplitudes in the 170 kyr period signify

high TOC content.
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5. Moreover, the minimum amplitude of the 100 kyr cycle

correspond to glacial periods, providing evidence that the

dominant cycle of glacial-interglacial transitions is 100 kyr

period in thenorthernSCSover the past 0.6Ma.The influence

of astronomical orbital periods is evident in paleoclimate, sea

level variations, TOC content, and glacial-interglacial

transitions. A close connection has been established between

Milankovitch cycles and the formation and decomposition of

gas hydrates. The correlation between these two factors

indicates that for the accumulation of gas hydrate is more

favorable during the low-amplitude phase of 405 kyr

eccentricity period or the minimum values of the 100 kyr

period in the Early Pleistocene.
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