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Abstract: The geochemical characteristics of a 2.1 m BBW25 core, collected from the Beibu Gulf,
have been investigated in terms of the major and trace elements, organic matter, and CaCO3 and
AMS 14C dating by XRF, ICP-OES, ICP-MS, and more. We have found through previous research
that there are issues with unclear delineation of sedimentary evolution environments and inexact
responses between chemical weathering intensity and major paleoclimate events in the Beibu Gulf.
The AMS 14C dating results indicate that the sedimentary age at the bottom was 19.24 ky b.p.
CaCO3, δ13C, C/N, and Sr/Ba indexes show a sedimentary environment change from terrestrial
to marine environments and a “jump” of ~4000 years in continent–ocean changes. The evolution
of the sedimentary environment of Beibu Gulf was divided into three environments and five sub-
environments. The changes in chemical weathering intensity indicators recorded by the CIX and
the Fe/Al ratio respond well to the East Asian monsoon cycle, the meltwater events, and the
alternation of cold and warm events. This study explains the chemical weathering intensity and
sedimentary environment in the BBW25 core by geochemical characteristics and further reveals the
paleoenvironmental characteristics and possible driving mechanisms over the past ~20,000 years.

Keywords: Beibu Gulf; core sediment; geochemical characteristics; sedimentary environment; climate
change

1. Introduction

As part of the South China Sea, the largest marginal sea in the western Pacific, the Beibu
Gulf preserved information on changes in the marine environment with sediments since the
late last glacial maximum (LGM), and its deposition processes are highly impacted by land–
sea interactions, sea-level changes, East Asian monsoons (EAMs), and other processes. The
Beibu Gulf, located on the northwestern edge of the South China Sea, is a semi-enclosed
bay with an area of approximately 12.93 × 104 km2, an average depth of 42 m, and a
maximum depth of 100 m. It is located in the shelf area of the South China Sea and is
connected to this sea through the Qiongzhou Strait. Due to its unique geographical location,
diverse seabed topography, and complex ocean currents and hydrodynamic environment,
its marine sediments preserve rich paleoclimatic information in East Asia [1–11].

Since the end of the last glacial maximum (LGM) (20,000 years before the present), the
climate system of the Beibu Gulf has experienced the Heinrich1 (H1) cold, Bølling-Allerød
(BA) warm, Meltwater Pulse 1B (MWP-1B), Younger Dryas (YD) cold, and Holocene rhyth-
mic cooling (Bond) events. Prior studies have extensively investigated the geochemical

J. Mar. Sci. Eng. 2024, 12, 615. https://doi.org/10.3390/jmse12040615 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12040615
https://doi.org/10.3390/jmse12040615
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse12040615
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12040615?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 615 2 of 21

characteristics of these sediments and provided important information on sea level, sea sur-
face temperature (SST), and circulation changes; sediment source-to-sink processes; as well
as chemical weathering intensity changes and coastal erosion processes in the surrounding
continents. The acquisition of knowledge regarding the interactions between paleoclimate
and continent–ocean changes is crucial for the comparative analysis and comprehensive
understanding of present and future interconnections among these systems. Currently,
there are disagreements regarding the delineation of sedimentary evolution environments
and responses between the chemical weathering intensity and major paleoclimate events
in the Beibu Gulf [12–19].

The C4 and B106 cores in the central and southern parts of the Beibu Gulf indicated that
the Beibu Gulf was a terrestrial to marine–terrestrial alternating sedimentary environment
prior to 13.4 ka BP. The STAT22 core indicated a marine–terrestrial alternating sedimentary
environment at around 11.1 ka BP. The inconsistent paleoclimatic events in different latitude
regions may reflect the lagging response of low-latitude regions to the global climate or the
existence of regional special climate change mechanisms. In fact, in the South China Sea,
there are differences in the Paleoclimatic events revealed by data from different cores, and
even different research methods used at the same core can yield different results, possibly
due to limitations in certain methods or environmental constraints. The TWS-1, ZK20,
ZK001, and PC338 cores in the South China Sea indicated that the chemical weathering
intensity in the northwest of the South China Sea was significantly higher in the Holocene
than in the glacial stage, while the KT2 core indicated an opposite conclusion [20–26].

Through a review of previous research, it was found that the classification of sedi-
mentary environments in the Beibu Gulf mainly focused on the Holocene or the late last
deglaciation, without considering the early last deglaciation or the LGM. Simultaneously,
the indicators for chemical weathering intensity and sedimentary environments have re-
mained largely unchanged, and the new indicators developed in recent years have not been
introduced. Therefore, this study discusses changes in the marine environment of the Beibu
Gulf and high-resolution information on possible climate responses through investigating
geochemical characteristics in the core sediments. Thus, our work aims at improving our
understanding of the changes in the marine environment of marginal seas over the past
20,000 years and their correlation with global climate change.

2. Material and Methods
2.1. Materials

As shown in Figure 1, sampling point BBW25 is located in the offshore area southwest
of Hainan Island (108◦08.9166′ E, 18◦07.2945′ N). A gravity piston sampler was used
to sample the columnar core sediment, with an overlying water depth of 84 m and an
overall length of approximately 2.1 m. The samples had high viscosity and exhibited a
homogeneous fluid–soft plastic mud state. Occasionally, bivalve and gastropod debris
could be seen in the upper part. The lithology was mainly clay with a small amount of
fine sand. The lower sediment contained almost no shell debris and was composed of clay
(Figure 1). The core samples were stored in a freezer (below −20 ◦C) in the cabin laboratory
of the ship and then transferred to Guangdong Ocean University for cryopreservation.
To avoid the effects of benthic disturbance, resuspension, and seafloor re-sedimentation,
the core was cut into 210 samples (1 cm per sample). All samples were wrapped with
pre-sanitized aluminum foil and sealed in sterile polyethylene bags. One quarter of each
sample was taken for subsequent experiments in this study.
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Figure 1. BBW25 sediment core: (a) Topographic map of core BBW25 sampling location, surround-
ing areas, and the cores mentioned in the article; (b) core profile. 
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The samples were first placed in an oven at 60 °C for drying and then ground to 

below 200 mesh. Rock powder samples were sent to BETA Laboratory for AMS 14C dating. 
The sample type was organic sediment, and the pre-treatment method was acid washing. 
The half-life of 14C used for dating was 5568 years. The calibration program was Be-
taCal4.20, the calibration method was the HPD method, and the database used was MA-
RINE20. Measured ages were corrected by 13C fractionation to obtain conventional ages, 
and the conventional ages were corrected by the tree ring to obtain calendar ages. To fa-
cilitate the calculation, interval averages with high confidence (2σ, 95.4%) of the corrected 
ages were mainly used in the comparison of AMS 14C ages. The corrected calendar ages 
were calculated on this basis. Chemical element contents of rock powder samples were 
measured using a (NITON XL3T) handheld X-ray fluorescence spectrometer (XRF—
School of Marine Sciences, Guangxi University, Nanning, China). Major element contents 
of the processed samples were detected using (HORIBA) inductively coupled plasma op-
tical emission spectroscopy (ICP-OES—Nanjing Hongchuang Exploration Technology 
Service Co. Ltd., Nanjing, China) and the processing and experimental processes were 
referred to Chemical analysis methods of silicate rocks Part 31: Determination of 12 com-
ponents such as silica [27]. The rock powder samples were washed with 10% hydrochloric 
acid (Qingtian Biotechnology Co. Ltd., Nanning, China) for 24 h. The solid residues were 
rinsed with deionized water, centrifuged eight times for a neutral pH, and dried at 60 °C. 
After acid washing, TOC and TN contents of the rock powder samples were detected us-
ing the (vario MACRO cube) element analyzer (School of Marine Sciences, Guangxi Uni-
versity, Nanning, China). After acid washing, the samples were mixed with rod-shaped 
copper oxide and platinum wire as catalysts, then burnt at 800–850 °C in the experimental 
furnace with O2 introduced. The generated CO2 was released after condensation and pu-
rification in a liquid nitrogen cold trap for detection of organic carbon isotope (δ13CV-PDB). 
δ13CV-PDB contents of the rock powder samples were detected using the (Vario EL III/Iso-
prime) elemental analyzer–isotope ratio mass spectrometer (EA-IRMS—Instrumental 
Analysis Center of Shanghai Jiao Tong University, Shanghai, China). The content of Sr 
and Ba selected extraction from the core was detected using (Agilent 7900) Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS—Nanjing Hongchuang Exploration Tech-
nology Service Co. Ltd., Nanjing, China), while the processing and experimental 

Figure 1. BBW25 sediment core: (a) Topographic map of core BBW25 sampling location, surrounding
areas, and the cores mentioned in the article; (b) core profile.

2.2. Methods

The samples were first placed in an oven at 60 ◦C for drying and then ground to
below 200 mesh. Rock powder samples were sent to BETA Laboratory for AMS 14C
dating. The sample type was organic sediment, and the pre-treatment method was acid
washing. The half-life of 14C used for dating was 5568 years. The calibration program
was BetaCal4.20, the calibration method was the HPD method, and the database used was
MARINE20. Measured ages were corrected by 13C fractionation to obtain conventional
ages, and the conventional ages were corrected by the tree ring to obtain calendar ages. To
facilitate the calculation, interval averages with high confidence (2σ, 95.4%) of the corrected
ages were mainly used in the comparison of AMS 14C ages. The corrected calendar ages
were calculated on this basis. Chemical element contents of rock powder samples were
measured using a (NITON XL3T) handheld X-ray fluorescence spectrometer (XRF—School
of Marine Sciences, Guangxi University, Nanning, China). Major element contents of the
processed samples were detected using (HORIBA) inductively coupled plasma optical
emission spectroscopy (ICP-OES—Nanjing Hongchuang Exploration Technology Service
Co. Ltd., Nanjing, China) and the processing and experimental processes were referred
to Chemical analysis methods of silicate rocks Part 31: Determination of 12 components
such as silica [27]. The rock powder samples were washed with 10% hydrochloric acid
(Qingtian Biotechnology Co. Ltd., Nanning, China) for 24 h. The solid residues were rinsed
with deionized water, centrifuged eight times for a neutral pH, and dried at 60 ◦C. After
acid washing, TOC and TN contents of the rock powder samples were detected using the
(vario MACRO cube) element analyzer (School of Marine Sciences, Guangxi University,
Nanning, China). After acid washing, the samples were mixed with rod-shaped copper
oxide and platinum wire as catalysts, then burnt at 800–850 ◦C in the experimental furnace
with O2 introduced. The generated CO2 was released after condensation and purification
in a liquid nitrogen cold trap for detection of organic carbon isotope (δ13CV-PDB). δ13CV-PDB
contents of the rock powder samples were detected using the (Vario EL III/Isoprime)
elemental analyzer–isotope ratio mass spectrometer (EA-IRMS—Instrumental Analysis
Center of Shanghai Jiao Tong University, Shanghai, China). The content of Sr and Ba selected
extraction from the core was detected using (Agilent 7900) Inductively Coupled Plasma
Mass Spectrometry (ICP-MS—Nanjing Hongchuang Exploration Technology Service Co.
Ltd., Nanjing, China), while the processing and experimental procedures were referred to
Chemical Analysis Methods of Silicate Rocks Part 30: Determination of 44 [28,29].
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3. Results

3.1. Construction of the Stratigraphic Age and Sedimentation Rate Frameworks Based on AMS 14C

Samples were taken for AMS 14C testing at depths of 40, 75, 120, 160, and 210 cm in
the core. These results are represented by “cal. ka BP”, which means “calibrated thousand
years before present”, abbreviated as “ka BP”. The age framework should be established
based on these results, and the Bayesian age-depth model should be utilized to acquire
more comprehensive and precise age information of the BBW25 sediment core [30]. The
sedimentation rate of the upper profile is 0.008 cm/yr, and the lower profile is 0.102 cm/yr.

According to Figure 2 and Table 1, the age at the bottom of the sedimentary column
in borehole BBW25 is 19.24 ka BP. In the sections above and below the burial depth of
119–120 cm, the age of the sediments changes significantly. The sedimentation rates of the
upper and lower sections also have obvious changes, which can be attributed to changes in
climate, sea level, or the source of the sediments [11].
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Table 1. BBW25 core AMS 14C age results.

Depth (cm) Conventional
Radiocarbon Age

Age Correction
(95.4% Probability)

Calibrated Average
Calendar Age

40 3850 ± 30 BP

(72.5%)
2456–2271 cal BC
4405–4220 cal BP

4281 BP(22.9%)
2260–2204 cal BC
4209–4153 cal BP

75 7880 ± 30 BP
(95.4%)

6368–6068 cal BC
8317–8017 cal BP

8167 BP

119 12,890 ± 40 BP
(95.4%)

12,891–12,299 cal BC
14,840–14,248 cal BP

14,544 BP

120 15,850 ± 50 BP
(95.4%)

16,648–16,180 cal BC
18,597–18,129 cal BP

18,363 BP

160 15,290 ± 50 BP

(53%)
16,545–16,354 cal BC
18,494–18,303 cal BP

18,521 BP(42.4%)
16,803–16,649 cal BC
18,752–18,598 cal BP

210 16,700 ± 50 BP
(95.4%)

17,542–17,047 cal BC
19,491–18,996 cal BP

19,244 BP

3.2. Changes in Major Elements

Contents of major elements in core sediments also show a similar age-depth model
pattern to that in the upper and lower profiles. Contents of major elements vary with the
burial depth as shown in Figure 3. Among them, CaO and MgO contents exhibited patterns
similar to those in the upper and lower sections in the age framework. The average content
is ranked as SiO2 > Al2O3 > Fe2O3 > CaO > K2O > Na2O > TiO2 > P2O5. Among them,
the SiO2 content range is 50–70%; Al2O3 content is 8–15%; Fe2O3 content is 3–7%; CaO
content is 0.2–8.5%; K2O and MgO content is 1–4%; Na2O content is 0.9–1.3%; TiO2 content
is 0.6–1.1%; P2O5 content is 0.09–0.2%; and MnO content is 0.02–0.07%. Figure 3a shows
the results of the ICP-MS tests, which were performed at 10 cm intervals, for a total of
20 samples tested. Figure 3b shows the results of the XRF tests, which were performed at
1 cm intervals, for a total of 210 samples tested.

3.3. Changes in Organic Matter

Organic matter proxies and the content of Sr and Ba in the core sediments also show
a similar age-depth model pattern to that in upper and lower sections. The variation in
organic matter content with burial depth is shown in Figure 4, with a similar pattern of
upper and lower sections in the age framework. The TOC content range of core sediment
was 0.28–0.71%; TN content was 0.03–0.12%; and δ13CV-PDB (hereafter abbreviated as δ13C)
content ranged between −25.5 and −18.54‰. Organic matter was tested at 2 cm intervals
and a total of 105 samples were tested. The Sr content range of core sediment was 7–238.8%;
and Ba content was 1.5–18.63%. Sr and Ba were tested at 5 cm intervals and a total of
42 samples were tested.
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3.4. Changes in Carbonate Contents

The carbonate content in the core sediment also shows a similar age-depth model
pattern to that of the upper and lower sections. The variation in carbonate content with
depth is shown in Figure 5. During the hydrochloric acid dissolution process of the
organic matter pretreatment in core sediment, the mass of escaped CO2 can be derived by
calculating the change in sample mass before and after the hydrochloric acid dissolution.
Through calculating the mass of emitted CO2, we can calculate the percentage of CO3

2 and
CaCO3 in the sample. The variation trends of the three groups of data are relatively similar
when comparing the CO3

2 content with the CaO and Ca contents measured by ICP-MS
and XRF, respectively. Thus, it can be concluded that carbonate mostly existed in the form
of calcium carbonate in the sediment. Due to significant errors, the XRF test results had to
be corrected. Figure 5 shows that the Ca contents in sediments were relatively high with
significant changes. Thus, the relative error can be ignored. Also, Figure 5 indicates that
the XRF and ICP-MS test results have consistent changes, proving a good correspondence
between the results. Therefore, in this study, the ICP-MS test result data are used to calibrate
XRF test result data.
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4. Discussion
4.1. Response of Sedimentary Environments in the Beibu Gulf to Sea Level and Sea Surface
Temperature (SST) in the South China Sea over the Past 20,000 years
4.1.1. Changes in Sea Level and SST and the Sedimentary Environment Indicators

As shown in Figure 6, previous studies have obtained information about the relative
change in sea level in the South China Sea based on sea level changes in the Sunda shelf,
Malacca Strait, and Red River Delta, as well as SST changes in the South China Sea based
on changes in long-chain alkenones and Uk

37 in the 17940 core profile [9,31]. Sea level
in the South China Sea was positively correlated with the mean SST. As temperatures
increased, the ice age ended and glacial melting caused the sea level to rise. As shown
in Figure 6, the sea level during the LGM in the South China Sea was estimated to be at
least 110 m below its current position, resulting in complete exposure of the Beibu Gulf as
terrestrial land. Subsequently, throughout the last deglaciation period, there was a gradual
rise in sea level that led to the submergence of previously exposed land, transforming the
sedimentary environment of the Beibu Gulf from terrestrial to marine. The BBW25 core
sedimentary column was buried at a depth of approximately 84 m in modern times. At
approximately 14.6–14.3 ka BP, the sea level was approximately between −87.5 and −82 m
when the depth of the BBW25 core sedimentary column was 119–120 cm (depositional
age about 14.54 ka BP). This was the location of significant changes in most geochemical
characteristic indicators.

The Sr–Ba ratio is a geochemical indicator of paleosalinity in sediments and has been
used to indicate the changes and evolution environments of transgression in the Beibu
Gulf [22,32,33]. Previous studies in deltaic environments have found that Sr/Ba is <1 in
freshwater (rivers), <1–3 in brackish water (delta front), <3–8 in saline water (prodelta),
and >8 in normal seawater (shallow sea environment and residual sand) [34,35]. The C/N
ratio and δ13C are important indicators for determining the source of organic matter in
sediments. Based on the ratio of total organic carbon and nitrogen contents in sediments,
distinguishing between terrestrial and marine organic matter is possible. Generally, aquatic
algae are rich in proteins and lipids, and their organic matter has a lower C/N ratio.
Terrestrial higher plants are rich in their carbon content such as cellulose and lignin, while
proteins comprise less than 20%. Their organic matter has a higher C/N ratio [36]. Previous
studies on the TOC and TN of sediments in various sedimentary environments have found
that the C/N ratio of marine sediments ranges between 4–7, while in terrestrial sediments
it is ≥12. The C/N ratios for high-salinity and subtidal sediments are about 11.6 and 9.3,
respectively. The C/N ratio of mixed marine and terrestrial sediments ranges between
8–12 [37–39]. Based on the C/N changes observed in the borehole in this study, the C/N
ratios of 4–8 in the BBW25 core indicates marine sedimentation, while values >8 indicate
marine–terrestrial alternating sedimentation. Previous studies on the δ13C of sediments in
a large number of different sedimentary environments revealed that the δ13C of freshwater
algae and terrestrial end-members was in the range of −25–−30‰; the δ13C of marine algae
and seawater end-members was in the range of −16–−23‰; and the δ13C of sediments at
the bottom of the ocean was in the range of −18–−24‰ [36,37,40–42]. Based on the δ13C of
BBW25 core sediments in this study, δ13C of −18–−23‰ indicated a marine sedimentary
environment, δ13C of −23–−24‰ indicated a marine–terrestrial alternating sedimentary
environment, and δ13C of −24–−26‰ indicated a terrestrial sedimentary environment.
The BBW25 core is mainly composed of clay particles, with no drastic changes in particle
size. Previous studies on minerals in the Beibu Gulf have shown that when hydrodynamic
forces are strong, kaolin tends to be present [43]. However, the kaolin content in the upper
section of the core is higher than that in the lower section, and there is no kaolin in the lower
section, indicating that the upper part of the core is in a marine sedimentary environment.
The tectonic subsidence over the past 20,000 years has mainly been concentrated in the
Qiongzhou Strait because the Beibu Gulf was a mainly terrestrial environment during
the last glacial period, and the Qiongzhou Strait was mainly developed from 11 to 7 ka
BP [11,44,45], while the drastic changes in geochemical characteristics of the BBW25 core
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occurred at about 14 ka BP. Thus, the changes in the sedimentary environment reflected
by the geochemical characteristics of core sediments in the Beibu Gulf can be attributed
to the rise in sea level observed in the South China Sea. Figure 5’s research indicates that
calcium existed in sediments in the form of calcium carbonate. Calcium carbonate can
reflect the proportion of biogenic sources in sediments and can be used as a representative
for marine inputs. Low contents were associated with an increased transfer of debris from
the surrounding continent, while high contents were associated with increased inputs of
marine biogenic sources [46].
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4.1.2. Establishment of a “Simplified Age-Depth Framework” and Phasing of
Sedimentary Evolution

Table 1 shows that there is a “jump” in the age of the sediments at the depth of
119–120 cm, ~4000 years, making classifying sedimentary environments and analyzing
chemical weathering intensity in the age-depth framework difficult. This phenomenon
also occurred in the STAT22 core (both the STAT22 and BBW25 cores were located in
the southern part of the Beibu Gulf). The ages at the burial depths of 290–295 cm and
305–310 cm in the STAT22 core were 11.11 and 17.99 ka BP, respectively, with an age “jump”
of ~7000 years for two samples at consecutive burial depths. However, this phenomenon
has not been explained. The classification of sedimentary environments in the Beibu Gulf
based on the STAT22 core study also began from the Holocene [22]. Our study analyzed
the sedimentation rates of seafloor sediments at the depths of 119–120, 160, and 210 cm, as
well as the range of sedimentary environment indicators among the depths (sedimentary
environment indicators) (Table 1 and Figure 7). It was found that the sedimentation
rate of the 150–160 cm core section was 0.253 cm/yr, while the that of the 160–190 cm
core section in the same sedimentary environment was 0.069 cm/yr. The sedimentation
rates of the two depths differed significantly, which could be due to the mixing of new
and old sediments during the last deglaciation, resulting in inaccurate age test results.
Previous researchers who studied cores in the South China Sea proposed the theory of
“tropical shelf weathering during the ice age” [26]. It was found that during the last ice
age, the temperature drop in low-latitude tropical regions was relatively small, resulting
in a decrease in sea level and widespread exposure of the continental shelf. Under the
combined actions of suitable temperature and humidity, strong groundwater circulation,
sufficient reaction time, and a large mineral surface area, the overlying loose deposits
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underwent further chemical weathering. At the same time, new land emerged during the
LGM. The shelf sediments, which were previously deposited at high sea levels during the
interglacial period, may have been re-weathered and transported by river erosion to the
river basins near the northwest slope of the South China Sea. Starting from the deglaciation,
the sea level rise caused a reduction in the exposed area of the continental shelf. The
northwest of the South China Sea received more initial weathering products from river
basins through ocean current suspension transport [24,25,48]. Studies on the R1 core near
the Weizhou Island in the Beibu Gulf of the South China Sea found that fossils in the late
Pleistocene strata (buried at a depth of about 1.5 m) contained Holocene marine sediments
and transgression records [49].
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In summary, the sediment source timelines in the Beibu Gulf during the last deglacia-
tion were complex. To facilitate the analysis of core sedimentary records, only the carbon-14
age data at burial depths of 119–210 cm was used to establish the “simplified age-depth
framework” for the lower section of the core.

Based on the “jump” in calcium carbonate content, combined with the phased variation
characteristics of C/N, Sr/Ba, and δ13C (Figures 6 and 7), the evolution of the sedimen-
tary environment in the Beibu Gulf was divided into the following three sedimentary
environments and five sedimentary sub-environments:

(1) Terrestrial sedimentary environment—paleo-estuarine sub-environment (from 210
to 190 cm) (19.24–18.21 ka BP): This period corresponds to the end of the LGM and the
beginning of the last deglaciation. The SST and sea level of the South China Sea did not
exhibit a significant increase. During this period, the sea level in the South China Sea was
observed to be lower than the current maximum water depth in the Beibu Gulf [50]. In the
BBW25 core, from the burial depth of 190 cm to the bottom, the C/N ratio was relatively
high; δ13C was <−24‰ and δ13C at the bottom of the core was <−25‰. This indicated
that the organic matter input was mainly represented by freshwater plants or terrestrial
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particulate matter. The Sr/Ba ratios were all <1, indicating that sedimentation originated
from terrestrial environments. The ratios jointly indicated terrestrial deposits below 190 cm
in the BBW25 core.

(2) Marine–terrestrial alternating sedimentary environment—transgression and regres-
sion sub-environment (from 190 to 150 cm) (18.21–16.15 ka BP): During this period, the SST
and sea level in the South China Sea slowly rose, with seawater possibly entering the Beibu
Gulf. At the burial depths of 190–150 cm in the core, the C/N ratio decreased compared
to that in the terrestrial environment. At a ratio of 8–9, there was a decreasing and then
increasing trend, which may record a transgression and regression. Sr/Ba and δ13C showed
that at burial depths of 190–166 cm, Sr/Ba was 1–3, which indicates brackish conditions.
δ13C was between −22 and −23‰, which corresponds to the seawater end-member organic
matter input, indicating a transgression process at that time. Subsequently, at the burial
depth of 150 cm, δ13C decreased to between −23 and −24‰. There were both marine
and terrestrial organic matter inputs. The decrease of Sr/Ba < 1 indicates a transition to
terrestrial sedimentation, and a regression event was recorded. The age of this regression
event was relatively consistent with the recorded age of the H1 cold event, which may be
due to an impact of the H1 cold event on sea level.

(3) Marine–terrestrial alternating sedimentary environment—transgression sub-
environment (from 150 to 119 cm) (16.15–14.54 ka BP): During this period, the SST and sea
level in the South China Sea rose rapidly. The sea level rose from −103 m to approximately
−86 m. The seawater entered from the mouth of the Nanbu Gulf, arriving at the current
BBW25 at a depth of 84 m. The sedimentary record coincided with the sea level. In general,
the trends of C/N and calcium carbonate in sediments were opposite [50]. As the sea level
rose and seawater invaded the land, the carbonate content increased, and the C/N ratio
decreased to below eight. This indicated that the growth of marine calcareous organisms
was beginning to flourish, and the dilution effect of terrestrial debris may be weakened [51],
leading to an increase in the carbonate content, while the terrestrial contribution of organic
matter continued to decrease. ∆13C was in the range of −23–−24‰, and Sr/Ba was in the
range of 1–8, suggesting a continuous environment of transgression.

(4) Marine sedimentary environment—paleo-bay sub-environment (from 119 to 100 cm)
(14.54–11.7 ka BP): This period was the beginning of the BA warm event and the end of the
YD cold event as well as the occurrence of the MWP-1B event. The South China Sea’s SST
remained in a fluctuating state without significant increase, influenced by the alternation of
warm and cold events. However, under the influence of the MWP-1B event [52], the sea
level of South China Sea rose rapidly, from −86 m to approximately −56 m. In this core
section, δ13C organic matter rose above −23‰. The C/N ratio decreased, while the Sr/Ba
ratio increased rapidly. All these proxies together indicated a clear shift towards marine
environmental conditions. Subsequently, seawater continued to invade northward through
narrow waterways, affecting the nearshore sedimentation in the Beibu Gulf.

(5) Marine sedimentation environment—modern gulf sub-environment (from 100 to
0 cm) (11.7–1.07 ka BP–present-day): The Holocene epoch witnessed a stabilization of
both sea surface temperature (SST) and sea level in the South China Sea, following their
earlier rise around 5.5 ka and 8 ka, respectively. It was not until approximately 8.5 ka
BP that Hainan Island became completely detached from the Leizhou Peninsula, thereby
connecting the Beibu Gulf to the South China Sea through the Qiongzhou Strait. During
the early-to-middle Holocene (10–8.5 ka BP and 7–5 ka BP), SST variations were primarily
influenced by the East Asian monsoon [53–57]. This phenomenon can also account for
the significant fluctuations observed in the sedimentary environmental record indicators
within the BBW25 core during the early and middle Holocene. The intensification of
monsoon activity resulted in enhanced circulation within the Beibu Gulf, exacerbating
terrestrial erosion processes and, consequently, amplifying dilution effects. Therefore, more
terrestrial and marine materials were mixed into the sediment. As shown in Figure 6,
drastic fluctuations were observed in the sedimentary environment record indicators at
burial depths of 100–10 cm (11.7–1.07 ka BP) in the core. But they were all within the range
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of marine sedimentary fluctuations, indicating the formation of the modern ocean. δ13C
rose above −20‰ at burial depths of 10–0 cm (1.07 ka BP–present-day), suggesting the
direct input of organic matter to surface sediments by seawater. This indicates that the
modern marine environment in the Beibu Gulf was formed around 1000 years ago.

Previous studies on the thickness of A kong core in the Beibu Gulf found that the
depth of marine sediments in the Holocene were located above 1 m; the depth of marine–
terrestrial transitional sediments were from 1 to 1.4 m; and the depth of terrestrial stratum
sediments were from 1.4 to 2.7 m during the late Pleistocene. The Holocene transgression
layer was thinner than the late Pleistocene sedimentary layer [58,59], which was consistent
with the thickness recorded in the BBW25 core. The division of sedimentary environments
in the Beibu Gulf by previous researchers was different from that of this study. After
analyzing the total Sr/Ba and sporopollen in the STAT22 core, it was believed that the paleo-
estuarine sub-environment in the Beibu Gulf was between 11.1 and 9 ka BP, the period of
expansion from the paleo-estuarine sub-environment to the paleo-bay sub-environment and
maintaining stability was 9–6–4 ka BP, and the period of the modern gulf sub-environment
and maintaining stability was from 4–1 ka BP–the present-day. The comprehensive analysis
of pollen, spores, and algae in the C4 and B106 cores suggested that the Beibu Gulf was in a
terrestrial to marine-terrestrial alternating sub-environment before 13.4 ka BP; a paleo-bay
sub-environment from 13.4 to 11.7 ka BP; and a modern marine sub-environment from
11.7 ka BP to the present day [9,21].

4.2. Response of the Intensity of Terrestrial Weathering in the Potential Source Area to Climate
Events in East Asia over the Past 20,000 Years

Previous studies have demonstrated that chemical weathering can alter the elemental
composition of sediments, both in terms of major and trace elements. These changes are
primarily influenced by climate variations. The process of element migration within sedi-
ment source areas has the potential to reverse climate change patterns and provide insights
into paleoclimate reconstruction. Geochemical characteristics and ratios of sedimentary
elements serve as commonly employed indicators for quantifying the intensity of chemical
weathering. Therefore, it is crucial to carefully select effective element tracers for assessing
chemical weathering intensity and reconstructing paleoclimate events [60–63].

4.2.1. Source Area Analysis of Core Sediments

By comparing the findings from previous studies on the sediment source-to-sink
process in the northwest South China Sea (Figure 8) with the core location examined in this
study, it is inferred that the BBW25 core sediment originates from the Red River, Pearl River
(including Qinjiang river within its water system), and Hainan Island. Previous research
has indicated that the chemical weathering of sediments in these areas is influenced by
the East Asian monsoon, exhibiting a similar intensity trend to monsoon precipitation
records of East Asia, oxygen isotopes found in Greenland ice cores, and the SST of the
northern South China Sea [26,64,65]. The chemical weathering records of the BBW25
core, covering the northwest South China Sea, are predominantly influenced by the East
Asian monsoon. Therefore, we anticipate conducting a comparative analysis between the
chemical weathering indicators of the BBW25 core and the indicators reflecting changes in
the East Asian monsoon, aiming to investigate the significant climatic events recorded by
the core since the late LGM.

4.2.2. Effective Chemical Weathering Intensity

The various geochemical elements in the BBW25 core sediments were greatly affected
by the marine and terrestrial environments, making it difficult to conduct a comprehen-
sive comparison of chemical weathering intensity. Therefore, selecting climate indicators
that were less affected by sedimentary environments was crucial. As shown in Figure 9,
major elements such as Al, Fe, K, and Na did not show a marked “jump” at the depth of
119–120 cm. Thus, these elements were less affected by the marine and terrestrial environ-
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mental conditions. Therefore, using these elements to establish weathering indicators was
more effective.
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Hainan Island; 4⃝ Qiongdongnan Basin; 5⃝ Pearl River Estuary Basin; 6⃝ Xisha Trough; 7⃝ Sea Basin.
(4) Black spot: BBW25 core; (5) yellow spots: STAT cores; pink stars: PC cores.

During chemical weathering, Al is a conservative and non-migratory element and
remains unchanged compared to the mother rock and sediments. Na is highly mo-
bile and readily departs from the mother rock and sediments. Therefore, Na is usu-
ally depleted in weathering products. K is easily leached from primary minerals but
is resistant to leaching and is immobilized by secondary clay minerals in the weather-
ing profiles. The modified chemical alteration index (CIX) can link the three elements
(CIX = 100 × Al2O3/(Al2O3 + Na2O + K2O)). This index can well-eliminate the influence
of carbonates and phosphates on silicates [68–72]. The Al/Fe ratio refers to the degree of
aluminum removal and iron enrichment. The higher the value, the stronger the degree of
weathering, indicating a humid and hot climate. On the contrary, a lower value indicates
a relatively dry and cold climate [73–75]. This research chose the CIX and Al/Fe ratio as
indicators of the intensity of chemical weathering in the sedimentary record in the core.

4.2.3. Response of Chemical Weathering Intensity Changes Recorded in Core to the Last
Major Climate Event

Previous studies on the weathering records have indicated that the chemical weath-
ering intensity of rocks under relatively warm and humid climates is higher than that
during cold and dry periods [76–78]. When the sediment source remains stable, the rock
type can serve as an indicator of weathering intensity. Kaolin is predominantly formed
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in a warm and humid acidic environment through extensive leaching of feldspar, mica,
and pyroxene, thus representing a highly weathered mineral. In contrast, illite forms
under dry and cold climatic conditions by undergoing weathering processes that involve
potassium removal. If the climate becomes humid and hot and chemical weathering is
thorough, potassium is taken away, and illite will further decompose into kaolinite [26].
The temperature during the late LGM–deglaciation stage was found to be lower than that
of the Holocene, as indicated by the global average surface temperature curve in Figure 6.
Additionally, it was observed that the upper section of the BBW25 core exhibited lower
levels of illite and potassium content compared to those of the lower section, suggesting
a correlation between chemical weathering intensity and variations in cold and warm
climates. The chemical weathering recorded in the BBW25 core sediments can be attributed
to the northwest region of the South China Sea, which was influenced by the East Asian
monsoon [26]. Simultaneously, a comparison was made between the chemical weathering
indicators under the “simplified framework” and the indicators for recording East Asian
monsoon changes (Figure 9) to demonstrate their reliability.
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of 1144 core in South China Sea [79], δ18O of stalagmites in Sanbao Cave [80], δ18O of ice core in
Greenland [81], grain size of loess in China [82], δ13C(TOC) of Lake Huguangmaer [83], and monsoon
precipitation records of East Asia [84].

Based on the recorded changes in chemical weathering intensity in the core under the
“simplified framework” and the analysis of major climate events since the end of the LGM
(Figure 9), the BBW25 core records can be divided into the following three periods and
eight climate events:

(1) Records of strong East Asian winter monsoon and weak cycles from the late LGM
to the early deglaciation.

Previous studies have indicated that the South China Sea experienced a prevailing
winter monsoon during the late last glacial maximum (LGM). The variations in chemical
weathering intensity may serve as indicators of both intensified winter monsoon and
reduced cyclical changes during this period. Consequently, the elevated terrestrial input
characteristics likely reflect the substantial sea level drop and oceanic current dynamics
driven by the robust winter monsoon during the late LGM [85–87].

(2) Records of alternating cold and warm climate events and meltwater events during
the last deglaciation.
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1⃝ The H1 cold event with cold and dry happened at high latitudes in the Northern
Hemisphere, but with a slight increase in humidity in comparison to that in the late
LGM [88,89]. The H1 cold event was clearly documented in the BBW25 core, with a distinct
decline observed in the chemical weathering intensity indicated by the Fe/Al ratio and
CIX. Simultaneously, δ18O levels increased in South China Sea cores during the H1 cold
event, suggesting that both the northern part of the South China Sea and southern China
experienced a cold and arid climate during this period. The coarsening of particles in
loess sediments, reduction in carbon isotopes within lakes, and decreased precipitation all
indicate a dry and frigid climate across East Asia.

2⃝ The BA warm event happened because of the involvement of thermohaline cir-
culation during the last deglaciation, and geological reconstruction data and numerical
simulations confirmed this point. Greenland’s temperature increased by about 10 ◦C during
this event [90–95]. The δ18O records of stalagmites and the South China Sea cores as well as
the carbon isotope records of lacustrine sediments showed that the BA warm regions in the
Northern Hemisphere. The rising trend in precipitation in East Asia at this time suggested
a warm and humid climate. The enhanced chemical weathering intensity recorded in the
BBW25 core during this stage was the response to the BA warm event. Meanwhile, the
sedimentary environment indicator records responded well to the MWP-1A event. At this
time, the significant rise in sea level led to a transition from terrestrial inputs to marine in-
puts. Therefore, it was believed that the low terrestrial input and high weathering intensity
at this time can serve as indirect evidence for the synchronous start of the MWP-1A and BA
warm events.

3⃝ During the YD period, δ18O of the Greenland ice core decreased, which indicated
the cooling of high-latitude regions in the Northern Hemisphere. The SST in the South
China Sea showed a decrease in temperature during the YD cold event compared to that
during the BA warm event. The grain size of loess on the Loess Plateau became coarser,
and δ18O of stalagmites rose. The pollen records of lacustrine sediments indicated an
increase in psychrophilic plants during the YD cold event [96–98]. The decrease in chemical
weathering intensity recorded by BBW25 was a response to the YD cold event.

(3) Early Holocene climate oscillations and records of abrupt climate changes from the
Middle to the Late Holocene.

1⃝ Previous studies have found that during the climate warming process towards the
Holocene at the end of the last deglaciation, there were multiple climate oscillations in
the early Holocene, manifested as transient dry and cold events; this was caused by the
strongest summer monsoon event and winter monsoon strengthening event during the
early Holocene ice age [15,87]. According to [14], three cooling events were found to occur
at 9.4, 10.3, and 11.1 ka BP, respectively. The changes characteristics of the three cycles
recorded by chemical weathering in the BBW25 core sediments from the late Younger Dryas
event to early Holocene respond to the circle climate change events of the temperature
decreasing and the winter monsoon strengthening during the ice age, while the temperature
increasing and the summer monsoon strengthening during the interglacial period within a
century scale of the early Holocene [99].

2⃝ There were several climate events from the Middle to the Late Holocene, among
which the 8.2 ka BP event, as the beginning of the Middle Holocene, was possibly the
strongest cold event since the Holocene; changes in the monsoon precipitation in the
Northern Hemisphere were mainly caused by freshwater injection [100,101]. Figure 9
shows that the intensity of weathering recorded in the core had a significant decrease from
8.8 to 8 ka BP. After 8 ka BP, chemical weathering intensified, indicating the onset of a warm
and humid climate.

3⃝ A decline in chemical weathering recorded by the Al/Fe ratio from 7 ka BP to 5 ka
BP may be related to the 5.9 ka BP event, which was a sudden cold climate change that
occurred in the Middle Holocene; during this period, the dormant ENSO climate became
active again [102,103]. This cold event has been recorded in lake sediments, loess sediments,
ice core, and the change in sea level in China [104–106].
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4⃝ The most recent decline in chemical weathering in the core from modern times
may have been caused by the Little Ice Age, with typical time of 0.4 ka BP and record age
range of 0.6–0.15 ka BP in China [15,107]. The sedimentary data suggest that the Little Ice
Age may have been the most severe cold event in the past three millennia. Glacier and
lake records in the middle and high latitudes of the Northern Hemisphere indicate a cold
climate, while stalagmite records in the low latitudes of the Northern Hemisphere suggest
an arid climate [108–111].

The average values of CIX and Fe/Al ratio in the Holocene and the late LGM–
deglaciation stage were 74.88 and 2.44, respectively, and 74.84 and 2.27, indicating that the
chemical weathering intensity recorded in the study area during the Holocene was slightly
higher than that during the late LGM—deglaciation stage.

5. Conclusions

According to the profile variation in the content of major and trace elements, TOC
and TN, CaCO3, and the value of δ13C on the P36 core sediments combined with AMS 14C
dating, the following points could be concluded:

(1) The BBW25 sediment core was deposited from the late Pleistocene. And taking the
depth of 119 cm as the boundary, the BBW25 core could be divided into two sedimentary
sections based on the change of geochemical characteristics: the low section and the upper
section. The upper section is the depth of 0 to 119 cm which sedimentary ages are from
present day to 14.54 ka BP. And the low section is the depth of 119 to 210 cm, whose
sedimentary ages are from 14.54 to 19.24 ka BP. The reason for this phenomenon is due to a
sedimentary environment change from terrestrial to marine environments.

(2) According to sedimentary environment indicators, the Beibu Gulf is divided into
three sedimentary environments (terrestrial, marine–terrestrial alternating, and marine)
and five sedimentary sub-environments (paleo-bay, transgression regression, transgression,
paleo-bay, and modern gulf). By analyzing the sedimentary indicators in this study and
previous research on other cores in the Beibu Gulf. The division of sedimentary environ-
ments in the Beibu Gulf obtained was more similar to the results obtained by previous
researchers through a comprehensive analysis of C4 and B106 cores. This also indicated
that the extracted Sr/Ba value was more accurate in dividing sedimentary environments
than the total Sr/Ba value.

(3) The major climate events recorded by the CIX and the Al/Fe ratio in the BBW25 core
since the late LGM include the East Asian winter monsoon cycle in the late LGM, the H1 cold
event, the BA warm event, the MWP-1A event, the YD cold event, the 8.2 ka B.P. cold event,
the 5.9 ka B.P. cold event, and the Little Ice Age event; the chemical weathering intensity
recorded in the Holocene is slightly greater than that of the late LGM–deglaciation stage.

(4) In summary, the comparison of the sedimentary environments and chemical weath-
ering intensity changes in BBW25 core sedimentary records with major climate events since
the end of the LGM can help to prove the reliability of the simplified framework established
in this paper. It can fully contribute to a better understanding of marine paleoenvironmen-
tal change in the Beibu Gulf and regional response of the marginal seas over to the sea level
of South China Sea changes and the northern Hemisphere climate reconstruction since the
late LGM, and which can be used as a reference for the future climate change research.
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