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The profile geochemical characteristics of a seafloor sediment core, collected from the Beibu Gulf of the South China Sea, have
been investigated in terms of the sediment grain size, the content of major and trace elements, the total organic carbon (TOC)
and organic nitrogen (TN), and the carbon isotopic composition of organic matter (δ13Corg) and AMS 14C dating. These
results show that the core sediments were deposited since 11.3 kyr BP and the profile could be clearly divided into the lower
and upper sediment section based on geochemical characteristics. The lower section covers the depth of 86 cm to 200 cm and
was deposited from 3.2 to 11.3 kyr BP, while the upper section is at the depth of 4 to 86 cm and represents sediments from 0.2
to 3.2 kyr BP. The upper section sediments are charcteristized by a much finer grain size and a clearly positive deviation of the
δ13Corg value. Obviously, the overall profile geochemical characteristics indicate that the upper section was deposited under a
significantly deeper seawater depth associated with a relatively weaker hydrodynamic and a better preservation condition
for organic matter, while the low section was deposited under a relatively shallow seawater depth with the relatively
stronger hydrodynamic condition and a relatively poor preservation condition for organic matter. Finally, it is suggested
that the transition between the lower section and the upper section occurring around 3.2 kyr BP was mostly likely due to
a dramatic marine environmental change caused by the rapid seafloor subsidence associated with the further expansion of
the Qiongzhou Strait. And further multidisciplinary studies are needed to better reveal and understand different aspects of
the significance of this marine environment change in the Beibu Gulf of the South China Sea.

1. Introduction

The South China Sea (SCS) is the largest marginal sea on the
western side of the Pacific Ocean, and its marine environ-
ment has a great impact on the continental climate environ-
ment of China [1]. Therefore, the study on its marine
environment changes is of great significance for understand-
ing and predicting the regional climatic variation in East
Asia in the future [2]. Marine sediments in the coastal con-
tinental shelf are supposed to preserve the geochemical

information of marine environmental change related to the
regional and global climates. Many studies had been carried
out on the geochemical characteristics of marine sediments
in the northern region of the South China Sea. And these
studies have provided significant information on the fluctu-
ation of sea level, the intrusion of the Kuroshio invasion, the
intensity of solar insolation, the input changes in sedimentary
sources, and the weathering condition and erosion process in
the surrounding continents [3–8]. However, most of these
previous studies focused on the coastal area of the Pearl River
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Estuary in eastern Guangdong province, China [9–12]. Few
studies have been carried out on the marine environmental
changes in the Beibu Gulf region of the South China Sea.

The Beibu Gulf is located in the northwest continental
shelf area of the South China Sea, which is a semiclosed
bay surrounded by land on three sides and mainly affected
by the diurnal tide. With the specific geographical location,
diversified submarine topography and the complex of sea
surface currents and hydrodynamic environments, the
marine environment changes of the Beibu Gulf would signif-
icantly influence the regional climate condition, especially
the South China region and surrounding continents. Several
studies had been carried on the Holocene sediments from
the Beibu Gulf of the South China Sea concerning the
regional climate and marine environment changes. The
Holocene marine sediments in the Beibu Gulf area are
mainly clay silt or silt that were mainly deposited since
10.8 kyr BP. Due to the primary differences in the arrival
time of Holocene transgression reaching to the coastal area
of the Beibu Gulf, hydrodynamic conditions, submarine
topography, and supply of sediment, the main Holocene
sediment thickness in the Beibu Gulf sea area was about
2-22m [13–18]. Some studies have been carried out on
the geochemical characteristics of the Holocene marine
sediments and reefs from the coastal areas of Guangxi
Province and Vietnam’s Red River delta in the northern
region of the Beibu Gulf to understand the regional envi-
ronmental changes, sea level changes, and marine trans-
gression [18–23]. Furthermore, the growth and extinction
of coral reefs offshore the Leizhou peninsula have also
been studied to reconstruct the sea surface temperature
(SST) variation [24–26].

The Holocene, starting at the end of the colder Younger
Dryas cooling episode around 11.7 kyr BP, is a warmer cli-
mate period accompanied by several cold fluctuations that
are intermitted for 8 to 10 times on decade to century-
scale [27]. These Holocene cold fluctuations were mainly
related to solar insolation and atmospheric circulation
changes [28], such as 8.2 kyr BP, 4.2 kyr BP, and the Little
Ice Age cold events, and they were usually superimposed
on the millennial-scale cold events with the slow cooling
trend [29, 30]. It is widely accepted that these low-
frequency millennial-scale cold events (Holocene 1500-
year-cycle rapid change climate events) in the northern
hemisphere were predominantly forced by the decrease of
solar insolation induced by the variation of the earth’s
orbital, the southward shift of the intertropical convergence
zone (ITCZ), and the subsequent weakening of the summer
monsoon strength [27, 31–33], while the mechanisms of
these cold fluctuations are assumed to be closely related to
the increase of ice meltwater flux in the North Atlantic in
the early Holocene [33], the synergistic effect of the
enhancement of volcanic activity and the decrease of sun-
spot activity in the late Holocene [34, 35], and the fluctua-
tion of thermohaline circulation or the complex interaction
between the ocean and atmosphere [36, 37]. In addition,
the Holocene is also a significant period in which human
activities also increasingly enhanced the transformation of
the earth’s environment, such as the formation of the ozone

hole, soil desertification, acid rain and haze, and the aggrava-
tion of the greenhouse effect.

Obviously, the geochemical study of marine sediments is
important to understand the regional marine environment
change and its effects on the regional climate change in the
Beibu Gulf of the South China Sea since the Holocene.
Therefore, by investigating the profile variation of sediment
grain size (Mz); the content of TOC, TN, and major and
trace elements; and the δ13Corg composition in a sediment
core collected from the northeastern Beibu Gulf of the South
China Sea, this study was aimed at providing high-resolution
information on the marine environment changes and
possible climate responses in the Beibu Gulf region, as well
as deepening the understanding of marine environmental
changes in the marginal sea and its correlation to the global
climate change since the Holocene.

2. Material and Methods

2.1. Geological and Geographic Background of the Beibu Gulf.
Located on the northwest margin of the South China Sea, the
Beibu Gulf is a semienclosed bay with an area of about
12:93 × 104 km2 and lies in the continental shelf sedimentary
area [38]. The Beibu Gulf is surrounded by land on three
sides and has been developed since the Holocene along with
the global sea level rise. In geology tectonics, the Beibu Gulf
is considered as an intracontinental rift basin dominated by
Cenozoic sedimentation and is mainly distributed by two
secondary sedimentary basins, the Beibuwan basin and the
Yinggehai basin. And these two basins are largely controlled
by a number of NE- and NW-trending faults, respectively
(Figure 1). For the land surrounding the Beibu Gulf, the
Paleozoic and Mesozoic sedimentary rocks are widely
exposed in the west of the Beibu Gulf; Mesozoic and Quater-
nary sedimentary rocks and Holocene sediments are domi-
nated in the northern coast of the Beibu Gulf; Holocene
marine deposits are mainly distributed in the north of the
Leizhou Peninsula on the eastern coast of Beibu Gulf; mean-
while, basalt rocks are mainly exposed contemporarily in the
south. As for Hainan Island, there are also extensive late
Quaternary basalt outcrops in the northern part of Hainan
Island, and Quaternary deposits are mainly distributed near
the coastal zone (Figure 1).

The Beibu Gulf is connected to the South China Sea
through the bay mouth in the south and the Qiongzhou
Strait in the east. The water depth in the Beibu Gulf is less
than 100m, and the average water depth is about 40m.
The submarine topography is obviously restricted by the
coast, isobath lines arranged along the north shoreline of
Beibu Gulf are toward the NE-SW direction, and the south-
ern part is turned to the NW-SE direction (Figure 1). The
Beibu Gulf is geographically situated in the tropic and
subtropic zone with an annual air temperature varying
from -0.8 to 37.4°C (averaged at 22.4°C), and the annual
rainfall is above 1700mm with an average of about
2150mm [39]. And several rivers flow into the Beibu Gulf,
such as the Changhua River in Hainan Island; Jiuzhou River
in Guangdong; Nanliu River, Qin River, Maoling River,
Fangcheng River, and Beilun River in Guangxi Zhuang
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Autonomous Region; and the Red River, Taiping River, and
Ma Jiang River in Vietnam. Moreover, because the Beibu
Gulf is significantly influenced by the East Asian monsoon,
its seawater circulation pattern is quite complicated, with
the northeastward surface current prevailing in summer but
the southwestward surface current dominating in winter.
The surface current of the Beibu Gulf displays a distinct
counterclockwise cycle pattern in both summer and winter
under the common influence of the East Asian monsoon,
the tide current of Qiongzhou Strait, and the seawater density
gradient and the submarine topography of the Beibu Gulf
[40–42].

2.2. Sample Collection. The sediment core was collected
using the gravity piston sampler during the comprehensive
scientific excursion of offshore marine environment and
ecology survey surrounding the Leizhou Peninsula in
October of 2017. The core sediments were collected in the
sampling site of P36 which is located at the periphery of
Dongchang Bay in the southwest offshore area of Leizhou
Peninsula (109°50.744′ E, 20°17.902′ N) with a water depth
of 15.5m (Figure 1). The sediment core is about 2m long
with good viscosity. The physical property of core sediments
appears to be in a status of uniformly fluid-soft plastic mud.
The sediments contain barely any shell debris in the lower
part of this core profile, but some kinds of shell debris such
as bivalves and gastropod shell residuals are occasionally
seen in the upper part of the core profile.

Once the sediment core was taken from the seabed, it
was immediately sectioned in the cabin laboratory of the
boat. The core samples were sliced into 99 samples at every
2 cm interval except that the top 0-4 cm sediment layer of
the profile was discarded to avoid the effect of the benthic

bioturbation, resuspension, and seafloor redeposition. All
samples were wrapped up using presterilized aluminum foil
and sealed into sterile polyethylene bags and then stored in
the freezer on the ship. Up to the completion of this scien-
tific excursion, a total of 49 core sediment samples from
the core profile were taken for this study in an order of every
other 2 cm thick samples, and then, the samples were trans-
ported to the laboratory and stored below -20°C until further
treatments and analysis.

2.3. AMS 14C Dating of Core Sediments. The core sediments
used for 14C dating were first treated using hydrochloric acid
to remove the inorganic carbonate, and then, sediment solid
residues were heated in the elemental analyzer to convert the
organic carbon into CO2 according to the method of Chen
et al. [43]. After the CO2 gas was purified and converted into
graphite during hydrogen reduction with the iron or cobalt
catalyst using the ion automatic graphitization equipment,
the 14C content of the converted graphite target sample
was measured by the accelerator mass spectrometer (NEC
0.5MV 1.5SDH-1AMS) with the 0.3% instrument analytic
error. All AMS 14C ages were calibrated into the calendar
ages by using the Calib 8.2 calibration program (http://
calib.org/calib/calib.html) developed by Minze Stuiver of
Quaternary Isotope Laboratory, University of Washington,
USA. According to the marine radiocarbon calibration curve
(Marine 20) [44], the 14C calendar age of sediments was cor-
rected with the regional ocean carbon reservoir correction
value (ΔR) [45] in different periods of the Holocene by using
the data of Hua et al. [46].

2.4. Sediment Grain Size Analysis. For sediment grain size
analyses, about 0.5 g of sediment samples were packed into
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Figure 1: Locations of P36 sediment core in the Beibu Gulf (modified after [14, 17, 69]). Note that the dotted lines represent the main faults
in the Beibu Gulf, the arrows indicate the main direction of the sea current, and the hollow asterisk represents the location of the P36 core.
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a 10ml centrifuge tube and excess 10N hydrogen peroxide
solution was added to oxide the organic matter for 12 hours.
And then, the solution was treated with 6N hydrochloric
acid for another 12 hours to remove the carbonate portion.
After the solid residues were rinsed and centrifuged with
deionized water six times, they were saturated with 0.5%
solution of sodium hexametaphosphate ((NaPO3)6) as the
dispersant for 24 hours. Finally, the sediment residues with
saturated dispersant were subjected to grain size analyses
by using the Malvern MasterSizer 2000 laser particle size
analyzer. The measurement size range of this instrument is
0.02-2000μm, the resolution is above 0.01Φ, and the repeat-
ing relative error is less than 1%. The relative content of clay
fraction (>4μm), silt fraction (4-63μm), and sand fraction
(>63μm) is determined by the cumulative percentage of
the grain size distribution [47].

2.5. Bulk Organic Matter Analysis of Core Sediments. The
TOC and TN of sediment samples were determined with
a Vario EL-III Elemental Analyzer. The dried and homog-
enized sediment powder samples were first acidified with
10% (v/v) hydrochloric acid for 24h to remove the inor-
ganic carbon. After the solid residues were rinsed and
centrifuged with deionized water for 8 times until them
became neutral (pH = 7), the solid residues were then
dried at 60°C before the analysis. The parallel sample
was measured for each sample, and the standard deviation
of replicate analysis of every sample was less than
±0.02wt% (C) and ±0.005wt% (N).

The organic carbon isotope analysis of carbonate-free
sediment samples was performed by using the Finigan Ele-
ment Analysis-isotope ratio mass spectrometer (Delta XL
Plus EA-IRMS). The residue samples were mixed with the
appropriate amount of rod-like copper oxide and platinum
wire as the catalyst and burned in an oxidation furnace at
800 to 850°C for 10min. And the generated CO2 gas was
condensed and purified through a cold trap of liquid
nitrogen and then released for the carbon isotope ratio
measurement. The reference standard carbon isotopic
sample is Vienna Pee Dee Belemnite (PDB). The standard
deviation of replicate measurements of samples was less
than ±0.04‰ for δ13Corg.

2.6. Analysis of Major and Trace Elements. The freeze-dried
powder samples of 200 mesh were heated at 110°C for 6 h
and then were combusted at 900°C for 3 h to remove organic
matter. The residues were mixed with the fluxing agent
(Li2B4O7) in a weight ratio of 1 : 8 in a Pt-Au crucible, and
then, the mixtures were transferred into the melting
machine to make fusible glass pieces. Finally, the content
of major element oxides was determined using the Rigaku
X-ray fluorescence spectrometer (XRF, ZSX 100e). The ana-
lytical accuracy for major elements was better than 1%, and
the relative standard deviation of measurement is no more
than 5%. As for trace elements, about 30-45mg powder sam-
ples were heated at 600°C for 2 h and then digested with a
mixture solution of HNO3+HF in a Pt crucible on an electric
hot plate. And the eluted solution was diluted by 2% HNO3
for trace-element measurements using the Inductively

Coupled Plasma Mass Spectrometry (ICP-MS) with a Plas-
maQuant mass spectrometer. Analytical precision and accu-
racy were monitored by repeating analyses of OU-6, AGV-2,
and GBPG-1 standards. The relative standard deviation was
less than 10%, and the analytical precision was better than
10%.

The chemical index of alteration (CIA) was used to
reconstruct dry and wet changes in the provenance of sedi-
ments by using the following formula [48]:

CIA = Al2O3
Al2O3 + CaO∗ + Na2O + K2O

∗ 100 ð1Þ

Here, CaO∗ refers to the Ca content in the silicate
fraction of sediments excluding the Ca in minerals such as
carbonate and phosphate. Because the CIA was calculated
by the ignition loss method, not by adopting the method
of acid dissolution to remove the Ca constituent in silicate
minerals, we adopted the correction method that Mclennan
[49] summarized, namely, according to the following formula:
nðCaO′Þ = nðCaOÞ − 10 ∗ nðP2O5Þ/3 to calculate the CIA; if
the value of nðCaO′Þ > nðNa2OÞ, we use the Na2Omolar con-
tent instead of the CaO* content; otherwise, the CaO∗ content
is calculated directly by the molar content of CaO′.

3. Results

3.1. Age Dating and Deposition Rate of Core Sediments. The
AMS 14C dating results of the P36 core sediments are listed
in Table 1. Due to the inexplicable reversal of the age data at
the burial depth of 196-198 cm, the age of sediment samples
below 154 cm is unreliable. On the other hand, because the
surface layer of 10 cm of the seafloor sediments in the coastal
shelf are often disturbed by the bioturbation, resuspension,
and redeposition, the dating age of 790 a BP at the burial
depth of 4-6 cm is likely inappropriate. The dating ages of
sediments at the depth of 48-50 cm (1700 a BP) to the 152-
154 cm sedimentary layer (8740 a BP) were used as the con-
trol points, and the Bayesian age-depth model was used to
obtain more integrated and accurate age information of the
P36 sediment core [50].

According to the Bayesian age-depth model, the age of
the bottom of the P36 core was estimated as 11.3 kyr BP
(Figure 2(d)). The burial depth of 200 to 86 cm was depos-
ited from 11.3 to 3.2 kyr BP, which coincided with the sea
level rise stage during the early-middle Holocene [51, 52]
associated with a deposition rate of 14.07 cm/kyr. The upper
section of 86 to 4 cm was dated as deposited from 3.2 to
0.2 kyr BP, and there was an accelerated sedimentation pro-
cess with a higher deposition rate of 27.33 cm/kyr. Although
these calculated deposition rates do not consider the com-
paction factor, the variation in deposition rate, in particular
between the upper section and the lower section, suggests
that the sedimentary environment has changed, and this
change may be related to the basin subsidence, sea level
change, or sediment supply.

3.2. Profile Distribution of Sediment Grain Size. The grain
size distribution of the sediment is an important indicator
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of the sedimentary environment and sedimentary dynamic
conditions which is related to the sediment source, transport
medium, transport mode, and sedimentary environment.
The lithology of the P36 core is mainly composed of clayey
silt interbedded with sandy silt, especially for the lower sec-
tion sediments (Figure 2(a)). As to the profile variation of
the sediment grain size fraction, the P36 core sediments
are dominated by silt fraction with a content of 38.7% to
70.7% and averaged at 57.5%. However, the sand fraction
content, which is much less than that of the silt fraction,

varies greatly with an average of 27.9%. And the content of
clay is relatively lower ranging from 5.9% to 32.3% with an
average of 19.5% (Figure 2(b)).

And the mean grain size of the P36 core ranges from
16.1μm to 71.6μm and also displays a clear two-section var-
iation on the profile (Figure 2(c)). Between them, the low
section covers the depth of 86 cm to the bottom of the profile
and is characterized by a dominant but variable silt fraction
associated with relative higher and variable content of sand
fraction and lower content of clay fraction (Figure 2(b)).

Table 1: AMS 14C dating of core sediment.

Sample name Depth (cm) Material Conventional age (14C yr BP) 2σ cal BPa Probabilityb Mean (cal yr BP)c

TS-1 4-6 Sediment 1840 ± 35 641-954 1.000 790

TS-12 48-50 Sediment 2380 ± 35 1485-1932 1.000 1700

TS-21 84-86 Sediment 3325 ± 40 2671-3117 1.000 2890

TS-29 116-118 Sediment 5025 ± 45 4891-5367 1.000 5150

TS-38 152-154 Sediment 8545 ± 50 8416-9033 1.000 8740

TS-49 196-198 Sediment 4700 ± 35 4853-5278 1.000 5060

Note: arelative area under the distribution curve. bPrecision is 2-sigma in the program Calib 8.20. cThe intermediate age with the maximum probability
rounded to the nearest multiple of 10 yr.
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And the mean grain size of these section sediments varies
greatly from 25.1 to 71.6μm (Figure 2(c)), while the upper
section ranges from the depth of 86 cm to 4 cm, and sedi-
ments in the upper section are dominated by a higher
and more stable content of silt fraction with relatively
higher content of fine clay fraction and lower content of
sandy fraction (Figure 2(b)). And the mean grain size of
sediments is in the range of 16.1 to 56.0μm but remains
steady at around 36μm for the most part of this section
(Figure 2(c)). The clay fraction displays a significant
increase in the upper section (11.9 to 32.4%) compared to
the lower section (5.9% to 23.3%). Besides, it should be
pointed out that there is a clear drop in the clay fraction
and a significant increase in the sand fraction at the depth
of 12-4 cm in the upper section (Figure 2(b)) which may
suggest that there was an another environmental change
in the Beibu Gulf and it would be worthwhile to do more
studies.

It is interesting to point out that the profile division
based on the grain size distribution of the P36 core profile
timely coincides with the profile division of the deposition
rate based on the age dating. Obviously, it is not a coinci-
dence but indicates that the marine environment has experi-
enced significant change since the 3.2 kyr BP, and this
change was remarkably affected by the deposition rate, sed-
iment size distribution, and other sedimentary features.
And the grain size distribution also indirectly proves that
the dating ages and related deposition rate are reliable for
the division of the sediment profiles as the upper deposition
rate coincides with the upper section sediments and the
lower deposition rate matches the lower section sediments.
It is noticeable that a significant change in the sediment
grain size distribution and the deposition rate has occurred
at the depth of 4 to 86 cm since the dating age of 3.2 kyr
BP on the profile, and these suggest that 3.2 kyr BP is a crit-
ical period for the marine environment change in the Beibu
Gulf.

3.3. The Profile Variation of TOC, TN, C/N Ratio, and
δ13Corg. The TOC of the P36 core sediments ranges from
0.23% to 0.62%, with an average value of 0.40%, and the
TN content is in the range of 0.04% to 0.09%, with an aver-
age value of 0.06% (Figure 3). As for the δ13Corg in the core
sediments, it varies from 24.14‰ to -21.54‰ with an aver-
age of -22.72‰ and indicates that the majority of organic
matter (OM) is the marine autogenous source input [53].
The profile variation of these three proxies displays the same
pattern as that of grain size distribution and the deposition
rate. Therefore, the profile of P36 core sediments could also
be divided into the upper and lower sections according to
the profile distribution of these three proxies. The lower sec-
tion is at the depth of 86-200 cm, which is dated as deposited
from 11.3 to 3.2 kyr BP, and is characterized by lower TOC
and TN contents and the relative negative deviation of
δ13Corg composition ranging from 0.23% to 0.40%, 0.04 to
0.06%, and -24.14‰ to -22.45‰, respectively, while the
upper section is at the depth of 4-86 cm with the dating
age of 3.2 kyr BP to 0.2 kyr BP and is featured by higher
values of TOC and TN contents and relative positive δ13Corg

composition with the range from 0.38 to 0.62%, 0.06 to
0.09%, and -21.29‰ to -22.09‰, respectively.

The C/N ratio is an important indicator for the source of
OM in sediments. Generally, the C/N ratio of marine plank-
ton is between 5 and 7 [54], and terrestrial vascular plants
show a value of ≥12 due to being rich in lignin and cellulose
[55], while a C/N ratio of 8 to 12 is considered as a mixture
of marine and terrigenous sources [56]. The C/N ratio in the
P36 core sediments is in a range of 6.4 to 8.2 and this ratio
range indicates that the source of sedimentary OM is almost
unchanged during the whole deposition of the P36 sediment
profile and is mainly the marine autogenous source mixed
with a significant proportion of terrigenous input in the
Beibu Gulf. Thus, the higher TOC content and relative
positive deviation of δ13Corg composition in the upper sec-
tion sediments significantly indicate that during the upper
section deposition period, the marine autogenous OM input
was increased compared to that of the lower section with a
better preservation condition.

3.4. The Profile Distribution of Major and Trace Elements.
The content and profile variation of most major and trace
elements also display a similar two-section pattern as that
of sediment grain size and OM (Figure 4). The contents of
major element Si and Ca and trace element Zr, Sr, and Hf
that are mainly enriched in the terrigenous clastic composi-
tion including coarser quartz and feldspar are significantly
lower in the upper section sediments compared to the lower
section sediments (Figure 4), while the contents of A1, Fe,
Ti, P, V, Cr, and Mn that tend to be enriched in fine clay
fractions are clearly higher in the upper section compared
to the lower section sediments (Figure 4), indicating a signif-
icant negative correlation relationship with the sediment
grain size (Figure 5 and Table 2).

The significant differences in these element contents
between the upper and lower sections are largely due to the
grain size changes and reflect that the preference enrichment
of these elements is associated with different sizes of clastic
or clay minerals. Therefore, this profile distribution of ele-
ments also indicates the significant change in the sedimentary
environment during the deposition of the upper and lower sec-
tion sediments since the 3.2kyr BP. On the other hand, the
contents of soluble major elements Na, K, Mg, and trace ele-
ment Ba show no significant variation on the whole profile,
and this may suggest that the salinity of seawater had remained
unchanged during the whole deposition of the profile.

4. Discussion

4.1. The Profile Variation of Sediment Grain Size
Distribution. Sediment grain size can be used to determine
the sedimentary environment and the hydrodynamic condi-
tions that are controlled by material source, transport
medium, migration pattern, and sedimentary environment.
In general, the grain size of P36 core sediments is in the range
of 20 to 60μm, which represents nearshore-suspension and
coarse-silt sediments [57–59]. This grain size range indicates
that the sedimentary environment in the region of this sedi-
ment core was in a relatively strong hydrodynamic condition.
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On the other hand, the grain size distribution between the
upper and lower sections clearly suggests that the hydrody-
namic condition was a significant difference between the
lower and upper section sediments.

The higher proportion of sandy grain and frequent
fluctuation of the grain size distribution in the lower section
sediments suggest that the lower section sediments were
deposited under the relatively stronger hydrodynamic con-
dition associated with the frequent fluctuation of hydrody-
namic condition during sedimentation (Figure 3), while the
relatively finer grain size and stable size distribution of the
upper section sediments indicate that the hydrodynamic
condition was relatively weaker but more stable through
the sedimentation period compared to those of the lower
section (Figure 3). In the marginal seas, the shallow water
often corresponds to the stronger hydrodynamic condition
while the deeper water usually suggests the weaker hydrody-
namic condition. Therefore, the lower section sediments
were deposited under the shallow water associated with the
stronger but variable hydrodynamic condition. In contrast,
the upper section sediments were developed under deeper
water associated with the weaker but stable hydrodynamic
condition. On the other hand, the hydrodynamic condition
changes are often correlated with the water depth or sea
level change, so it is certainly true that the seawater depth
at the location of the P36 core experienced a long-term

change from shallow water to deeper water around
3.2 kyr BP.

4.2. The Source and Contribution of Organic Matter. The
higher OM in sediments often results from either a better
preservation condition or a higher organic input. The two-
section distribution pattern of the TOC content in P36 core
sediments suggests that there were differences in the organic
matter inputs and preservation conditions between the
upper and lower section sediments. The strong linear posi-
tive correlation between TOC and TN (Figure 6(f)) also
indicates that the TN is mainly organic nitrogen and the
source of sedimentary OM was always consistent, rather
than the inorganic nitrogen (NH4

+) being adsorbed and
brought by clay minerals to core sediments [60], while a sta-
ble TOC/TN ratio (6.4 to 8.2) on the whole P36 core profile
(Figure 3) implies that the major source of OM was almost
unchanged and was dominated by the marine autogenous
source during the sedimentation of the P36 core. Moreover,
the δ13Corg in the core sediments also displays a two-stage
variation as there was a clear positive excursion of δ13Corg
in the upper section sediments compared to the lower sec-
tion of the P36 core profile with a minimum difference of
1.66‰ (Figure 3). Therefore, considering the finer sediment
grain size distribution (Figures 2(b) and 2(c)) and the stable
OM source, the higher content of TOC and TN in the upper
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section was likely related to higher marine autogenous OM
input and a better preservation condition for sedimentary
OM due to the favorable marine environment.

Besides, the two-terminal mixed model with a single
component tracer has been widely used to quantitatively
estimate the contribution of terrestrial and marine OM for
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marine sediments. The relative proportion and absolute con-
tent of marine authigenic organic carbon (OCM) and terres-
trial allochthonous organic carbon (OCT) in sedimentary
OM can be calculated through the binary model [61]. The
specific calculation formula is as follows:

δ13Corg = fM ∗ δ13CM + fT ∗ δ13CT

fM + fT = 1
ð2Þ

In the marine system, the δ13Corg composition of the
phytoplankton is around -20‰ and is often considered as
the carbon isotope composition of marine OM endmember
(δ13CM) [62]. It has been reported that the average of the
δ13CM composition of OM of the Lingding Sea around the
Pearl River Estuary is -20.5‰ [63, 64], and the δ13C compo-
sition of particulate organic carbon in the Spring seawater
from the nearby west mouth area of the Qiongzhou Strait
is about -20.7‰ [65]; therefore, an average of -20.6‰ could
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be used as the δ13CM composition in the northwest margin
of the South China Sea including the Beibu Gulf. Consider-
ing that the average δ13C composition of soil OM in the allu-
vial plain of the Pearl River is -24.1‰ [66], that the δ13C
composition of surface sediments in the Pearl River Estuary
is -24.6‰ [64], and that the average δ13C composition of
suspended OM in the Nandu River of Hainan Island in the
summer is -24.1‰ [67], an average δ13C composition of
-24.3‰ could be taken as the δ13Corg composition of terres-
trial OM endmember. And there, fM and fT are used to rep-
resent the proportion of marine and terrestrial organic
carbon in the TOC.

Overall, the absolute content of OCM of core sediments
has gradually increased since the Holocene, reflecting the

increase of marine authigenic OM. In the lower section,
the fM was less than 36% and the fM was much smaller than
the fT, while the fM was more than 73% in the upper section,
indicating that the OM was mainly from the marine autoge-
nous source after 3.2 kyr BP (Figure 3). As the estuarine
intertidal zone with small runoff has the characteristics of
low terrigenous OM contribution (3-35%) [68], the fM of
the P36 core during the late Holocene was likely to be
affected by the input of small runoffs or lamellar flows from
Hainan Island and the Leizhou Peninsula. The fM in the P36
core dramatically increased from 31.3% to 86.8% (3.5 to
3.1 kyr BP) and then remained relatively stable at about
73% in the upper section sediments (Figure 3), suggesting
that the terrigenous input during this period was probably
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not the main reason causing the positive deviation of the
δ13Corg value in core sediments. So, the δ13Corg composition
of -21.29‰ to -22.09‰ for OM in the upper section sedi-
ments suggests that the OM in the upper section sediments
was dominated by the marine autochthonous OM, while
the δ13Corg composition of -24.14‰ to -22.45‰ in the low
section sediments may suggest that there was a higher pro-
portion of terrigenous sourced organic matter inputs during
the sedimentation of the lower section deposition (Figure 3).

Furthermore, as mentioned later, a positive correlation
between the TOC content and the CIA ratio suggests that
the increase of TOC content is consistent with a relatively
stronger chemical weathering condition in the source region
in that relatively warm and humid climate change might
contribute to higher marine productivities (Figure 6(h)).
The higher content of Fe in the upper section of the P36 core
and the positive correlation of Fe content with the TOC
content (Figures 4 and 6(c)) may also indicate that a large
amount of Fe and other nutrient elements transported by
rivers and aeolian dust from the surrounding mainland
would lead to the enrichment of siderite in this sea area
[69], promoting the increase of marine phytoplankton
productivity [70], and thereby increasing the TOC content
and the positive deviation of the δ13Corg value in the P36
core (Figure 3). Therefore, the profile variations of TOC,
TN, and the δ13Corg composition all suggest that there was
a significant change in the marine environment between
the low section and upper section sediments.

4.3. The Profile Variation of Elemental Content and Their
Environmental Implication. The dispersal and accumulation
of elements in sediments are controlled by the sedimentary
environment, the weather condition of source areas, and
transportation distance and conditions, etc. [71]. The con-
tent of most of the major and trace elements and their ratios
display a two-section distribution pattern in the P36 core as
that of the grain size distribution (Figures 4, 5, 7). These sug-
gest that the elemental compositions are generally controlled
by the grain size. For a better understanding of the correla-
tion among the elements with the sediment size, the correla-
tion analysis was performed and illustrated in Figure 5 and
Table 2. It can be seen that the variation of sediment grain
size would lead to the difference in the content of most of
the elements in P36 core sediments due to the effect of
hydraulic sorting. Thus, the element ratio is used to weaken
or eliminate the influence of sediment size sorting [72–74].

Among these elemental ratios, the Ti-normalized ratios
can eliminate the effect of dilution by biogenic and authi-
genic element inputs on the content of elements in marine
sediments [72]. The ratio of Si to Ti is likely to be a reflection
of the changes in biogenic silica [75, 76] and can be used as
an indicator to reflect the strength of the sedimentary hydro-
dynamic condition as a smaller ratio would suggest a weaker
hydrodynamic condition [77, 78]. On the P36 profile, the
Si/Ti ratio is in the range of 75 to 90 in the upper section
sediments compared to the ratio range of 95 to 110 in the
lower section sediments, and this distinctly proves a much
weaker hydrodynamic condition during the deposition of
the upper section sediments (Figure 7). Besides, the Ca/Ti

ratio, which reflects the relative proportion of biogenic car-
bonate and terrigenous clastic, can be used as the proxy for
clastic flux and terrigenous input [79–81]. Thus, the lower
value of the Ca/Ti ratio in the upper section of the P36 core
generally correlates with the intensified clastic delivery from
the surrounding continent (Figure 7). Moreover, the higher
value of the Al/Si ratio in the upper section of the P36 core
also indicates that the content of clay fraction increases.
And the relatively strong correlation of the Al/Si ratio with
the grain size further indicates that the change of grain
size was influenced by the input of terrigenous materials
(Figure 6(a)).

The CIA index is also an important indicator that is
often used to reflect the chemical weathering degree in the
source area of sediments [48, 82, 83]. The CIA index of the
P36 core sediments is in a range of 57 to 65, which indicates
an incipient to intermediate chemical weathering condition
under the relatively cold and dry climate conditions in the
continental source area [84]. On the other hand, although
the CIA index is in a narrow range on the whole profile, it
also displays a two-section variation pattern as most of the
CIA index was under 60 for the low section sediments but
above 60 for the upper section sediments (Figure 7). There-
fore, the relatively higher CIA index suggests that a slightly
warm and humid weathering condition in the source region
might have prevailed during the sedimentation period of the
upper section, compared to the low section deposition period.
Furthermore, since element Sr has a much higher geological
activity than element Rb during weathering processes [85,
86], the relatively higher values of the Rb/Sr ratio in the upper
section sediments also suggest a relatively intense chemical
weathering during the upper section sedimentation (Figure 7).

In addition, some redox-sensitive trace elements (U, V,
Cr, Co, Ni, Mo, etc.) in sediments are controlled by their
variable behavior in response to different redox conditions,
and their ratios, such as V/(V+Ni), U/Th, and Ni/Co, could
be used to indicate the redox condition of the sedimentary
environment during the sedimentation [87, 88]. Among
these trace elements and their ratios, the U/Th, V/Cr, and
Ni/Co ratios are distinctly less than 0.75, 2, and 5, respec-
tively, and generally indicate an oxidizing environment
[89]. However, the V/(V+Ni) ratio of P36 core sediments
varies from 0.74 to 0.82 (Figure 7) suggesting a weakly strat-
ified anoxic environment [90]. Because the V/(V+Ni) ratio
usually infers a lower oxygen bottom-water condition
(anoxic) than does either the Ni/Co or V/Cr ratios [91],
and a higher content of V, Mo, Ni and Cu in the upper sec-
tion sediments also indicates that there was a relatively
reducing sedimentary environment which a higher OM flux
brought these elements to the sediments [87]. Furthermore,
the Cu/Zn ratio is also used to evaluate the paleoredox con-
dition without the diagenesis influence [92, 93]. The lower
average value of the Cu/Zn ratio (0.19) in the lower section
sediments changes to a higher value (0.31) in the upper sec-
tion sediments (Figure 7) indicating that the reduction envi-
ronment transforms into the weak reduction environment.
Therefore, the P36 core may deposit under the oxic to sub-
oxic condition without significant sedimentary redox envi-
ronmental change throughout the core profile.
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Since the location of the P36 core is near the western
mouth of the Qiongzhou Strait, sediments in this area would
have very complex source inputs that were derived from the
erosion of earlier terrestrial sediments by the current inflow-
ing through the Qiongzhou Strait developed since the Holo-
cene [94], carried by the rivers surrounding the Beibu Gulf,
such as the Pearl River and Red River, and come from the
erosion of sediment from the nearby coastal region of the
Leizhou Peninsula. Therefore, some extent of inconsistency
among these redox-sensitive element proxies may be related
to the complex source inputs of sediments, given that vari-
ous sediment sources in this region along with the marine
environmental change, especially the rise of the sea level in
the Holocene around the Beibu Gulf, could affect the distri-
bution of trace elements [91, 95, 96].

Under the same parent material source or similar sedi-
mentary environment conditions, the geochemical parame-
ters in sediments often show a certain correlation. Figure 6
shows a number of correlations among different geochemi-
cal components of core sediments. These correlations have
a similar feature in that the core sediments are distributed
in a continuous linear correlation but distinguished by two
separated groups; i.e., the core sediments could be clearly
grouped into the upper section and the lower section
(Figure 6). And these continuous linear correlations
undoubtedly indicate that sediment sources remain the same
during the sedimentation of the upper and lower sections,
but the sedimentary environment was likely changed. Obvi-
ously, the broad consistency in the profile distribution
pattern of sediment grain size, CIA index, TOC content
(Figure 6), and many other features clearly suggest that a
dramatic shift occurred around 3.2 kyr BP in the marine
environment between the upper and the lower section sedi-

mentation, and this shift was likely related to the sea level
change.

4.4. Marine Environment Change in the Beibu Gulf during
the Holocene. As discussed above, it is clear that the low sec-
tion sediments and upper section sediments were developed
in different marine environment, as all geochemical features
suggest that the upper section was developed under a deeper
seawater condition, while the significant marine environ-
ment shift between the low and upper sections occurred
around 3.2 kyr BP in the Beibu Gulf, and it is not clear
whether this seawater depth change was due to the sea level
rise or the seafloor subsidence.

The sea level fluctuation in the shallow continental shelf
of the northern region of the South China Sea since the last
deglaciation [18, 52, 97] could impose a significant influence
on the marine environment of the Beibu Gulf during the
Holocene. It has been reported that the abundance of the
herb pollen and the microfossils of saltwater algae in the sed-
iments of the eastern Beibu Gulf had drastically decreased
and increased, respectively, from 13.4 to 11.4 kyr BP, which
suggests that the Beibu Gulf had experienced a continuous
transgression during the last deglaciation period [22]. As
the transgression continued [13, 98], the sea level in the
north margin of the South China Sea rose rapidly from
about -48m to -15m at 11 to 9 kyr BP, and it rose slowly
to the present sea level at 8 to 7 kyr BP [18, 52]. And the
sea level might continue to rise a 1 to 3m higher sea level
than the present sea level during the Dong Da transgression
period of 6 to 4 kyr BP [18, 97–101], and then, it may slowly
drop to the present sea level after 4 to 3 kyr BP. Considering
that the Beibu Gulf was basically terrestrial land during the
last deglaciation period and the Qiongzhou Strait was
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eventually developed at about 11 to 7 kyr BP [22, 97, 102], it
is expected that the sea level change in the north marginal
sea of the South China sea could only have a limited effect
on the change of the sedimentary environment of the north-
eastern Beibu Gulf after the 7 kyr BP.

As an underwater subsidence basin, the Beibu Gulf is
passed through by the NW-SE-trending Red River fault zone
in the central part of the Beibu Gulf, and long-term regional
tectonic movements may cause its continual subsidence
(Figure 8(a)). In addition, the P36 core was located around
the LeiQiong depression zone that covers the south of the
Leizhou Peninsula, Qiongzhou Strait, and the north of
Hainan Island in the east of the Beibu Gulf [103–106], and
the Qiongzhou Strait was formed by extensional faults
caused by the differential crustal movement (Figure 8(a))
[105]. The local subsidence caused by fault activities in the
LeiQiong depression zone would pull apart the Qiongzhou
Strait that used to be the low-lying land during the last
deglaciation and was gradually submerged by the sea during
the Holocene (Figures 8(b)–8(d)). Since the channel of the
Qiongzhou Strait progressively developed at about 10 kyr
BP, the channel has been cut down from the original flood-
plain (-46.6m) to a maximum depth of -73m, with an
annual average incised depth of about 0.7 cm [94].

As a result, when the sea level reached the present level
in the late Holocene, land subsidence may have occurred
in the southern part of the Leizhou Peninsula that once
was the alluvial plain or the low-lying land [104] and finally
led to the increase of seawater depth in the southwest off-
shore area of the Leizhou Peninsula (Figure 8). During this
time, vertical accretion might also be the dominant deposi-
tion process in the Qiongzhou Strait caused by seabed down-
cut and deposit and strong monsoon-driven sediment
discharge. The study of coral reef in the southwest sea area
of the Leizhou Peninsula also indicates that the relative sea
level was about 1.5m higher than the present sea level at
3.2 kyr BP [107]. And the study of beach sediments and
rocks around the coast of Beibu Gulf also shows that the
sea level was still about 0.8 to 1.2m higher than the present
sea level until the late Holocene [108, 109], which probably
confirmed the deepening of the seawater depth in the south-
western offshore area of the Leizhou Peninsula. Moreover,
from 3.2 to 2.8 kyr BP, the sea level change in the Pearl River
Delta was also on the rise with the relative sea level rising
from about -1.0m to 1.5m [110]. As a result, this would
inevitably result in the increase of seawater depth in the east
coastal area of Guangdong. And since the Pearl River annu-
ally transports about 80Mt of sediment to the South China

Figure 8: The conceptual graph of marine environmental change in the Beibu Gulf, showing the spatial variation of (a) the sea-level change
and regional tectonic movement around the Beibu Gulf in the early-middle (11.3-3.2 kyr BP) and the late Holocene (3.2 kyr BP) indicated by
the change of shoreline and (b–d) the sea-level change with the local subsidence in the sea area around the Qiongzhou strait during the
Holocene. Note that the hollow asterisk and the black solid inverted triangle represent the location of the core P36.
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Sea, most of them are carried to the southwest shallow con-
tinental shelf area under the action of the Guangdong coastal
current [111]. Under the influence of the NE-SW coastal
current in the east of Guangdong, more sediments from
the Pearl River and the Guangdong coastal area could also
be carried by the coastal currents to the Beibu Gulf through
the Qiongzhou Strait, especially since the 3.2 kyr BP when
there was a significant marine environmental change in the
Beibu Gulf, causing the significant increase in the sedimen-
tation rate of the upper sections of the P36 core profile.

Thus, by referring to previous studies on the global sea
level change [112, 113] and regional sea level variation in
the north region of the South China Sea [18, 23, 97, 101],
the marine environmental change in the Beibu Gulf reflected
by the geochemical characteristics of P36 core sediments was
due to the increase of seawater depth, while this seawater
depth increase was most likely a combination of regional
sea level rise and local seafloor subsidence in the Qiongzhou
Strait and eastern Guangdong since the 3.2 kyr BP. However,
it seems that the sea level might be dropped toward the
present sea level at the late Holocene in the Beibu Gulf of
the northwestern South China Sea, and the details may need
more studies.

5. Conclusion

According to the profile variation of the sediment size, the
content of major and trace elements, TOC, and TN, and
the value of δ13Corg on the P36 core sediments combined
with AMS 14C dating, the following points could be
concluded:

(1) The P36 sediment core was mainly deposited during
the Holocene period. And taking the buried depth of
86 cm as the boundary, the profile of the P36 core
could be divided into two sedimentary sections based
on the change of geochemical characteristics, i.e., the
low section and the upper section. The upper section
covers a depth range of 4 to 86 cm which represents
the sedimentary records of 0.2 to 3.2 kyr BP, while
the low section is in the depth range of 86 to
200 cm and represents the sedimentary records from
3.2 to 11.3 kyr BP

(2) In comparison to the lower section, the upper
section is characterized by the higher content of
TOC, TN, major elements (Al, Fe, Ti, Mn, and P),
trace elements (such as Sc, V, Cr, Co, Ni, Cu, Zn,
and Cs), and clay fraction minerals, but associated
with the lower content of Si, Ca, Zr, Hf, and Sr and
the sand fraction compared with the lower section.
Furthermore, the δ13Corg value of the upper section
sediments is in the range of -21.29‰ to -22.09‰
which is heavier than the lower section sediments
that ranged from -24.14‰ to -22.45‰ and shows a
clear positive excursion. The 1.66‰ minimum posi-
tive deviation in the δ13Corg value between the low
and upper section sediments indicates a significant

increase in the marine autogenous organic matter
input during the upper section sedimentation

(3) All of these geochemical differences between the low
and upper section sediments distinctly suggest that
the low section was deposited under a relatively shal-
low seawater depth, while the upper section was
developed under a deeper water depth condition.
This dramatic marine environmental change
between these two sections occurred around 3.2 kyr
BP. Based on prior studies of the sea level change
of the northern region of the South China Sea and
tectonic movements in the Qiongzhou Strait during
the Holocene, it is suggested that this dramatic
marine environmental change was a combined result
of regional sea level change and seafloor subsidence.
Overall, our comprehensive review of paleoceano-
graphic study from different sedimentary records
shows how important multiproxy approaches can
be to fully contribute to a better understanding of
marine environmental change in the Beibu Gulf dur-
ing the Holocene
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