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Identifying the sources of sediments is of great significance in reconstructing
Holocene paleoclimate evolution in the Beibu Gulf and in understanding the
characteristics of regional responses to changes in global climate. The Holocene
paleoclimatic evolutionary history of the Beibu Gulf was investigated by
chronological, geochemical, and mineralogical means using the sediments of
Core KZK01 from the eastern part of the Beibu Gulf. The rare earth element (REE)
distribution curves, (Gd/Yb)N and (La/Yb)N discriminant diagram, and (Gd/Lu)N and
∑LREE/∑HREE discriminant diagram indicated that the detrital materials in the
eastern part of the Beibu Gulf primarily originated from Hainan Island and its
proximal sources, with considerable contributions from Taiwan and Pearl River
materials. Source analysis of clay minerals showed that Luzon Island was the main
source of smectite, followed by Hainan Island. Rivers in Taiwan were the main
sources of illite in the study area, followed by the Red River. The Red River was the
main contributor of chlorite, followed by the Pearl River. Kaolinite mainly
originated from Hainan Island and Guangxi. Coastal currents, surface currents,
and warm currents were the main drivers of material transport. Paleoclimatic
variations since the Holocene in the Beibu Gulf were divided into three stages:
12–9 cal kyr BP, 9–1.3 cal kyr BP, and 1.3 cal kyr BP to the present. During different
stages of climatic evolution, drought was often accompanied by cold and
humidity coexisted with warmth, and cold-dry-warm-humid alternation is
characterized by significant phases. The illite crystallinity clearly recorded the
extreme cold events, such as Bond Events (except Bond6) and the Younger Dryas,
and the change trend was essentially consistent with the regional climate record,
reflecting the control of global climate change on the process of land–sea
interaction in the tropical region. Furthermore, it highlights the great potential
of illite crystallinity as a proxy indicator for reconstructing the surface chemical
weathering processes of the region.
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Introduction

The coastal-shelf zone, with its high sedimentation rate and rich
material sources, provides an important record of
paleoenvironmental changes, and is an extremely important
environmental unit in the “source to sink” system of continental
margins (Chen et al., 2017a; Tian et al., 2021). The Beibu Gulf is a
large semi-enclosed bay on a shelf that is bounded by land on three
sides and that opens southward to the South China Sea (Huang et al.,
2022; Figure 1). It receives sediments from Hainan, Guangxi, the
Pearl River, Taiwan, Vietnam, and the Red River and other source
areas, and the combined influence of the multi-level current system,
the East Asian monsoon, and hydrodynamic conditions make the
sediment transportation and deposition process in the bay very
complex (Zhou et al., 2014; Zhang et al., 2015; Liu et al., 2016).
Identifying the sources of sediments is of great significance in
reconstructing the evolution of sedimentary environments and
paleoclimate reconstruction (Thilakanayaka et al., 2019; Liu et al.,
2021). However, geochemical information can be lost during
weathering and denudation as well as during the deposition of
sediments from different source areas, and multiple methods should
be adopted for comprehensive source analysis (Cao et al., 2018; Xu
and Jiang, 2019). Clay minerals, rare earth elements (REEs), and
trace elements are chemically stable and are less prone to elemental
fractionation during surface weathering, denudation, and transport,
and these can serve as good indicators of the characteristics of the
sediment source areas as well as the climate and environment in the
source areas (Wei et al., 2004). To date, analyses of clay minerals and
elemental geochemistry have been successfully used to trace the

origins of sediments derived from terrestrial sources (Wan et al.,
2007; Jiang et al., 2016; Liu et al., 2016). Although sedimentological
studies have been carried out in the Beibu Gulf in recent years (Jin
et al., 2019; Tian et al., 2023), most of these studies have focused on
the surface sediment sources (Dou et al., 2012; Cui et al., 2015; Jin
et al., 2019), sediment transport and depositional patterns (Chen
and Shi, 2019), and effects of human activities on the depositional
environment (Chen et al., 2021). The impacts on the material source
variability since the Holocene have not been sufficiently
investigated.

Previous studies on paleoclimate change have used sporulation
records to reveal that the strength of the Asian monsoon and the
inner circulation of the Beibu Gulf underwent several changes
during the Middle to Late Holocene (Li et al., 2010).
Furthermore, these studies have revealed an enhancement in the
modification effect of human activities on natural vegetation during
the Late Holocene (Li et al., 2006). Yang et al. (2019) inverted sea
surface temperature (SST) changes in the Beibu Gulf region over
10,000 years based on the SO-31 pore organic temperature scale
U37

K and recorded eight temperature change events of regional
significance. In general, there is still a lack of research on the
sedimentary environment and climate records in the Beibu Gulf,
and few studies have attempted to reconstruct the paleoclimate
evolution history since the Holocene using sedimentological,
mineralogical, and geochemical indexes. Moreover, comparisons
between different climate records are not satisfactory, so
additional regional evidence is needed to improve the theoretical
research system. The considerable carbon reservoir effect of the
ocean results in the radiocarbon ages of marine samples usually

FIGURE 1
Location and surroundings of the study area. The topography around western Hainan Island, catchment systems on the surrounding continent, and
oceanic current systems are redrawn from Liu et al. (2016). Winter and summer currents in the Beibu Gulf are drawn fromWu et al. (2008) and Chen et al.
(2009). The VietnamCoastal Current is drawn fromChen et al. (2012). The Guangdong Coastal Current is drawn from Yang et al. (2003). The South China
SeaWarm Current is drawn from Liu et al. (2010), Liu et al. (2016). The catchment of the Red River is shaded red. The Pearl River catchment is shaded
blue. The Mekong River catchment is shaded purple. The catchment of the Vietnam rivers is shaded white. The catchment of the southwest Taiwan rivers
is shaded yellow. The catchment of the Luzon rivers is shaded grey.
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being hundreds of years older than those of terrestrial samples, and
ΔR correction is required to compare marine and terrestrial samples
(Southon et al., 2002; Yu et al., 2010; Bolton et al., 2016). Many
previous climate comparison studies have not performed ΔR
correction (Li et al., 2010; Chen et al., 2015; Du et al., 2020;
Wang et al., 2020; Cao et al., 2021; Kaboth-Bahr et al., 2021),
which may have led to biases when comparing marine and
terrestrial samples. Therefore, in this work, we used the Core
KZK01 from the eastern part of the Beibu Gulf and performed
systematic chronological, geochemical, and mineralogical studies to
qualitatively identify the characteristics of changes in sediment
sources since the beginning of the Holocene, and on this basis,
we reconstructed the Holocene paleoclimate evolution in the Beibu
Gulf. The results of this work are expected to provide theoretical
support to improve our understanding of the characteristics of
regional responses to changes in global climate instability since
the beginning of the Holocene.

Study area

The study area is located in the northwestern part of the South
China Sea. The eastern part of the target area is adjacent to Hainan,
the northern part is connected to Guangxi, the western part is close
to Vietnam, the southern part is directly within the hinterland of the
South China Sea, and the northeastern part of the target area is
connected to the northeastern part of the South China Sea through
the Qiongzhou Strait. The seafloor topography gradually decreases
from north to south, and the isobaths are roughly parallel to the
coastline. The water depth in the western part of the target area
ranges from 20 to 60 m, with an average depth of 40 m (Huang et al.,
2022; Figure 1). Numerous rivers empty into the northern part of the
South China Sea, among which the Red River delivers approximately
130 × 106 t of terrestrial particulate matter to the Beibu Gulf annually
(Milliman and Farnsworth, 2011), making it the most important
contributor of sedimentary material. In addition, this part of the sea
receives sediments from the Vietnamese coast and rivers in Hainan
and Guangxi. The Pearl River also delivers a certain amount of
terrestrial material to the northeastern part of the Beibu Gulf
through the Qiongzhou Strait (Tang et al., 2003; Dou et al.,
2012). The main rock types in the upper reaches of the
Changhua River and Hainan Island are granites, shallow
metamorphic rocks, basalts and terrestrial clastic rocks (Li et al.,
2017). Around the Beibu Gulf are carbonate rocks, quartzite,
metamorphosed sandstone, slate, terrestrial clastic rocks, granite,
granitic porphyry, basalt, and loose sediments (Huang et al., 2022).

The study area has a tropical and subtropical maritimemonsoon
climate, which is mainly controlled by the East Asian low-latitude
monsoon, with the southwest monsoon prevailing in summer and
the northeast monsoon prevailing in winter. Owing to the influence
of the East Asian monsoon, ocean currents, seawater temperature
differences, and topography and geomorphology, the circulation in
the study area is perennially anticlockwise (Wu et al., 2008; Chen
et al., 2009). The water desalination of the Red River has caused the
Vietnamese coastal stream to maintain an overall north to south
flow throughout the year (Chen et al., 2012). River sediments along
South China follow the littoral flow from northeast to southwest
across the Qiongzhou Strait to integrate into the counterclockwise

circulation (Yang et al., 2003). In addition, the South China Sea
Warm Current is found to the northeast of Hainan Island and it
flows along the 100 m isobath into the northeastern part of the South
China Sea throughout the year (Liu et al., 2016; Figure 1).

Materials and methods

Core KZK01 (19°12′58.08″N, 108°33′05.78″E, Figure 1) was
obtained in April 2020 from the waters to the west of Hainan
Island using the drill core method. The water depth is 12.6 m, the
length of the core is 20 m, and the coring rate is 95%. The sediments
mainly consist of interbedded sand andmud. Forty-six samples were
obtained from the entire core at 30–40 cm intervals, and these
samples were analyzed for age, grain size, major elements, REEs,
and clay minerals.

Particle size was analyzed according to the GB/T
12763.8.6.3–200+7 standard. Hydrogen peroxide (10 ml) was
added to 10–20 g of the samples to remove organic matter. Then,
15 ml of 15% acetic acid was added to remove carbonates from the
samples. The samples were boiled with 300 ml of (NaPO3)6, cooled,
and placed on a shaking table for 24 h. The samples were tested
using a laser particle size analyzer (UltimaⅣ-185). The grain
resolution was 0.01Φ, the measurement range was 0.02–2
000 μm, and the relative error of repeated measurement was less
than 1%.

Analyses of major and trace rare earth elements were conducted
in accordance with the GB/T20260.8-2006 standard. Major element
analysis was conducted using X-ray fluorescence spectrometry
(XRF; ZSX-Primus II), and the mass loss during combustion was
determined using gravimetry. Rare earth and trace element analysis
was performed using inductively coupled plasma mass spectrometry
(ICP-MS; Thermo Field iCAP Qc).

A Rigaku Ultima IV-185 diffraction analyzer was used for X-ray
diffraction (XRD) analysis of clay minerals, and the K-value method
was used as the quantitative analysis method. Clay minerals were
identified and interpreted using XRD patterns obtained from the
three main directional slices. Semi-quantitative calculation of the
crest parameters was performed using Jade 6 software. The relative
content of the clay minerals was mainly determined based on the
ratio of the diffraction peak area of the crystal plane. Smectite was
determined based on the 1.7 nm (001) crystal plane and illite was
determined based on the 1 nm (001) crystal plane. Kaolinite (001)
and chlorite (002) were determined based on the 0.7 nm
superimposed peak. The contents of clay minerals, smectite, and
illite were calculated by multiplying by the weight coefficients of 1, 4,
and 2, respectively. The content of kaolinite and chlorite was
determined by fitting the ratio of the peak area between
0.357 nm and 0.354 nm. The crystallinity index of illite was
expressed using the full-width at half-maximum (FWHM) of the
diffraction peak at 10 Å on the curve. The crystallinity index was
negatively correlated with the crystallinity. The aforementioned tests
were conducted at the Key Laboratory of Marine Geological
Resources and Environment of Hainan Province.

Six samples were collected for 14C dating from Core KZK01. The
samples include relatively intact shells, foraminifera, and organic
matter. 14C measurements were carried out using accelerator mass
spectrometry (AMS) in Beta Laboratory, United States. The OSL

Frontiers in Earth Science frontiersin.org03

Liang et al. 10.3389/feart.2023.1192206

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1192206


dating sample was obtained from the fine sand layers, and the
experiment was carried out using a Riso TL/OSL-DA-
20 thermoluminescent/optometric instrument at the Laboratory
of the Three Gorges Research Center for Geological Hazards of
the Yangtze River, Ministry of Education, China University of
Geosciences (Wuhan).

Results

Age framework

The results of the dating of the six samples are shown in Table 1.
The AMS 14C ages were calibrated to calendar ages using the
MARINE 20 calibration curve (Heaton et al., 2020). We adopted
the average reservoir age (−15 ± 38 years) around the South China

Sea for the last thousand years (Southon et al., 2002; Dang et al.,
2004; Fallon and Guilerson, 2008; Bolton et al., 2016). Yu et al.
(2010) revealed that significant fluctuations in radiocarbon marine
reservoir ages and regional marine reservoir corrections occurred in
the South China Sea during the Holocene. Therefore, reservoir age
corrections of 89 ± 59 years and 151 ± 85 years were applied for the
periods between 2–3.5 kyr and 3.5–13 kyr BP, respectively (Table 2).
The Bayesian age-depth model of core KZK01 was calculated using
the R program BACON (Blaauw and Christen, 2011; Figure 2).

Characteristics of grain size and major
elements

The grain size of KZK01 sediments is heterogeneous, with the
mean grain size (Mz) ranging from 1.93 to 7.23 Φ (mean value: 4.89

TABLE 1 AMS14C and OSL dating results for Core KZK01.

Sample
number

Dating
method

Sampling
position/m

Material δ13 C/
‰

δ18
O/‰

Conventional
radiocarbon age/

a BP

Corrected age/cal yr BP

range (1σ) range (2σ) Median

KZK01-C1 AMS14C 2.75 shell −1.6 −4.9 980 ± 30 370–514 283–563 440

KZK01-C3 AMS14C 6.78 shell 1.6 −2.4 2,350 ± 30 1,584–1793 1,492–1907 1,690

KZK01-YK6 AMS14C 11 foraminifera −0.7 −3 3,090 ± 30 2,507–2,718 2,365–2,782 2,606

KZK01-G02 OSL 13.55 quartz 4,800 ± 300 4,800 ± 300

KZK01-C4 AMS14C 15.7 shell 0.2 −2.7 8,520 ± 30 8,589–8,885 8,456–9,000 8,737

KZK01-YK18 AMS14C 18.75 organic
matter

−22.4 11,150 ± 30 12,168–12487 11,999–12603 12,327

TABLE 2 Reservoir ages around the South China Sea.

Sample
type

Year
(AD)

Location Lat
(°N)

Long (E) 14 C
age (yr)

Age
error
(yr)

Reservoir
age (yr)

Reservoir
age

error (yr)

△R
(yr)

△R
error
(yr)

References

Coral
(Porites spp.)

1952 Con Dao
Island,
Vietnam

8.7 106.5 398 30 190 35 −70 30 Dang et al.,
2004

Coral (P.
lutea)

1950 Hon Tre
Island,
Vietnam

12.2 109.2 465 20 266 22 4 30 Bolton et al.,
2016

Coral (P.
lutea)

1950 Langkai
Island,

Indonesia

5.0 119.0 473 27 274 28 4 35 Fallon and
Guilderson.

2008

Coral (P.
lutea)

1906 Paracel
Islands

16.7 112.3 460 40 375 41 11 40 Southon et al.,
2002

Bivalve 1945 Singapore 2.9 103.8 448 38 260 39 −15 38 Southon et al.,
2002

Bivalve 1945 Saigon,
Vietnam

10.8 106.8 440 56 252 57 −23 56 Southon et al.,
2002

Coral (P.
lutea)

1950 Leizhou
Peninsula,
Sanya and
Nansha
Islands

9.5–20.2 109.5–113.1 1,198–7,085 19–58 350–738 31–97 18–362 20–58 Yu et al., 2010
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Φ). the mean sorting coefficient (δi) is 1.74 φ, and the mean
skewness (Ski) is 0.17. The major geochemical element
composition of the sediments was dominated by SiO2 and Al2O3,
with the sum of the two accounting for more than 70% of the total
chemical composition (Table 3) (see Supplemental Text for detail).
The grain size and major composition varied significantly from
bottom to top, and three sedimentary stages (U1, U2, and U3) could
be distinguished from bottom to top (Figure 3). The three stages are
described briefly below:

• U1 (12–9 cal kyr BP): the overall grain size in this stage was fine,
with the averageMz value being 7 and δi value reaching 1.67. The
grain size did not vary much. The contents of SiO2, K2O, Na2O,
and CaO tended to increase upward, whereas the contents of the
other major elements tended to decrease upward.

• U2 (9–1.3 cal kyr BP): the grain size in this stage was coarser
than that in the previous stage, with the average Mz value
being 5.43 and Ski value being 0.18. The contents of major
elements fluctuated greatly, reflecting a relatively turbulent
depositional environment.

• U3 (1.3–0 cal kyr BP): the grain size in this stage was the
coarsest, with the average Mz value reaching 2.11 and δi value
being 1.33. The higher contents of SiO2 and K2O and the
significantly lower contents of the rest of the major elements
indicated the presence of a clear fault (Figure 3).

Characteristics of REE

The REE contents and major rare earth indicators of
KZK01 sediments are shown in Figure 4 and the same three
sedimentary stages (i.e., U1, U2, and U3) can be distinguished
based on the vertical distribution of REEs. In U1, the average
∑REE value is high, reaching 233.15 (Table 4). ∑LREE/∑HREE
(La/Yb)N, and (La/Sm)N exhibit an obvious increasing trend. In U2,
the ∑REE value is lower than that in the previous stage. The major
rare earth indicators, such as ∑LREE/∑HREE (La/Yb)N, (La/Sm)N,
(Gd/Lu)N, Ce/Ce*, and Eu/Eu*, are higher than those in the previous
stage, and the values exhibit a tendency to increase. In U3, clear
faults are seen separating this stage from the previous stage,
indicating substantial changes in the sedimentary environment.

The composition of the Upper Continental Crust (UCC) was
used to normalize the REEs in the KZK01 sediments. The
distribution curves of U1 (Figure 5A) and U2 (Figure 5B) were
relatively smooth and similar, with ∑LREE/∑HREE ratios of
8.65 and 9.44, respectively, which were similar to that of the
UCC (9.45). The distribution curve of U3 (Figure 5C) showed a
right-dipping negative slope pattern with a high left and a low right,
and Eu exhibited a clear negative anomaly.

Characteristics of clay minerals

The clay minerals in Core KZK01 consisted mainly of illite, with
moderate amounts of smectite, kaolinite, and chlorite. The average
contents of illite, smectite, kaolinite, and chlorite were 60%, 21.15%,
10.48%, and 8.37%. The chemical index of illite varied from 0.03 to 0.89,
with an average value of 0.26. The crystallinity of illite ranged from 0.16°

to 0.27°Δ2θ, with an average value of 0.2°Δ2θ (Table 5). The vertical
variation of the clayminerals was consistent with the variation observed
in grain size, constants, and REEs, with significant variations at 9 cal kyr
BP and 1.3 cal kyr BP. The same three sedimentary stages (i.e., U1, U2,
and U3) could be distinguished. In U1, the smectite content, illite
content, and illite crystallinity values tended to increase upward,
whereas the kaolinite and chlorite contents decreased (Figure 6). In
U2, the illite content, smectite content, illite chemical index, and
smectite/(illite + chlorite) ratio decreased steadily, whereas the
kaolinite and chlorite contents slowly increased. In U3, the lithology
was coarse-medium sand with very low clay mineral content, which
differed significantly from that of U2.

Discussion

Sediment provenance in the eastern part of
the Beibu Gulf

REEs have similar chemical properties and low solubilities, and
fractionation rarely occurs during the weathering of rocks and
migration of terrigenous sediments. Weathered material typically
inherits the REE characteristics of the parent rock. Therefore, the
REE parameters of sediments are widely used to identify provenance
(Mi et al., 2017; Su et al., 2017). ∑LREE/∑HREE and (La/Yb)N
values are indicators of REE fractionation. The correlation
coefficients between the mean grain size and ∑LREE/∑HREE

FIGURE 2
Age-depth model of Core KZK01 (Liang et al., 2023). The upper
panels depict the MCMC iterations (left), the prior (green curves) and
posterior (grey histograms) distributions for the accumulation rate
(middle panel), and the memory (right panel). The bottom panel
shows the calibrated 14C and OSL dates (transparent blue) and the
age-depth model (darker greys indicate more likely calendar ages;
grey stippled lines show 95% confidence intervals; the red curve
shows the single ‘best’model based on the mean age for each depth).
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TABLE 3 Granularity and macroelement concentrations in Core KZK01 sediments.

Sediment partition Value
type

Mean grain
size (Mz)

Sorting
coefficient (δi)

Skewness
(Ski)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O MnO P2O5 TiO2

(φ) wt%

All samples Average 4.89 1.74 0.17 75.80 11.84 3.35 1.69 1.18 3.70 1.07 0.06 0.06 0.53

N=46

Unit 3 n=12 Average 2.11 1.33 0.35 83.64 7.72 0.67 1.08 0.22 4.50 1.20 0.05 0.03 0.16

Unit 2 n=25 Average 5.43 1.97 0.18 74.55 11.89 3.08 2.72 1.40 3.50 1.20 0.06 0.06 0.52

Unit 1 N=9 Average 7.00 1.67 −0.10 70.95 15.71 5.79 0.52 1.56 3.33 0.74 0.05 0.08 0.87

East of Qiongzhou Strait (Cui et al.,
2015)

Average 6.84 60.60 13.81 5.27 3.39 1.98 2.28 1.58 0.08 0.12 0.79

The west coast of Hainan (Cui et al.,
2015)

Average 5.15 61.40 10.80 4.20 6.36 2.02 2.21 1.35 0.07 0.16 0.53

Red River (Tong et al., 2006) Average 5.52 62.80 15.70 7.38 0.79 1.71 2.71 0.84 0.06 0.18 0.97

UCC (Taylor and McLennan, 1995) 6.00 61.71 15.04 6.17 5.39 3.67 2.58 3.18 0.09 0.17 0.67
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(r = 0.35, Figure 7A) and SiO2 and (La/Yb)N (r = 0.20, Figure 7B) in
the study area are low, indicating that (La/Yb)N and ∑LREE/
∑HREE can eliminate the effects of sediment grain size and
better preserve the chemical composition characteristics of the
source rocks. Therefore, (La/Yb)N and ∑LREE/∑HREE ratios are
effective indicators for provenance tracing.

The REE distribution patterns in the sediments of Core KZK01were
compared with those in the sediments from the Mekong River, Red
River, Pearl River, Changhua River, rivers in southwest Taiwan, eastern
part of the Qiongzhou Strait and western part of Hainan Island, in
addition to the surface sediments of the Beibu Gulf, as these are potential
source areas for the Core KZK01 sediments. This comparison yielded

valuable insights into the sedimentary processes and sedimentary
provenance of the study region. We found that the REE patterns of
U1 (mean) and U2 (mean) were closer to those of the nearshore
sediments from the western part of Hainan Island, sediments from
the eastern mouth of the Qiongzhou Strait, surface sediments from the
Beibu Gulf, and river sediments from the southwestern part of Taiwan
(Figure 8A); they exhibited a difference from those of other source areas
(Figure 8B). Moreover, the partition curves of the sediments from the
eastern mouth of the Qiongzhou Strait had the highest degree of
similarity to those of U1 and U2. This indicated that during the
period from 1.3 to 12 cal kyr BP, sediments from nearshore rivers
and nearshore erosion on Hainan Island, sand transport from the

FIGURE 3
Grain size parameters and variations of major elements in Core KZK01.

FIGURE 4
Vertical variations in rare earth elements in Core KZK01 sediments.
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TABLE 4 Comparison of the average REE contents in Core KZK01 with the values from the surrounding areas and river sediments.

Sediment
partition

All core
KZK01 samples

Unit
3

Unit
2

Unit
1

Hainan
island

Southwest
Taiwan river

Pearl river Wanquan
river

Red river Mekong
river

Beibu
gulf

East of
Qiongzhou

strait

Western
rivers of
Hainan

n=46 n=12 n=25 n=9

Sample type sediment rock Fine
sediment

Suspended
matter

River sand sediment sediment sediment sediment sediment

La 31.14 12.58 33.9 48.18 40.22 41.08 53.82 81.89 52 38.3 38.15 39.51 34.43

Ce 62.55 24.20 68.5 97.13 84.31 81.38 103.97 166.89 111.7 86.1 68.85 82.54 72.92

Pr 7.25 2.67 7.91 11.55 9.97 9.18 13.08 18.08 11.5 8.76 8.23 9.11 8

Nd 26.48 9.99 28.7 42.27 39.6 34.48 47.98 63.8 43.3 33.6 28.99 33.91 29.61

Sm 5.11 1.85 5.53 8.30 7.92 6.24 9.23 12.21 7.73 6.3 5.41 6.48 5.4

Eu 1.02 0.52 1.06 1.58 1.66 1.31 1.92 2.27 1.67 1.37 0.99 1.28 1.04

Gd 4.25 1.54 4.57 6.98 5.08 6.07 7.91 10.69 7.99 6.54 4.83 5.49 4.76

Tb 0.62 0.22 0.66 1.02 0.87 0.88 1.25 1.49 1.03 0.85 0.77 0.85 0.72

Dy 3.94 1.32 4.22 6.67 4.42 5.02 6.53 7.1 5.67 4.81 4.17 5.07 4.34

Ho 0.72 0.26 0.77 1.21 0.87 0.95 1.33 1.45 1.09 0.94 0.85 0.94 0.77

Er 2.15 0.76 2.29 3.63 2.42 2.85 3.55 3.81 3.15 2.76 2.56 2.74 2.37

Tm 0.32 0.11 0.35 0.55 0.33 0.42 0.62 0.57 0.43 0.39 0.38 0.41 0.36

Yb 2.08 0.72 2.22 3.53 2.33 2.83 3.66 3.6 2.85 2.61 2.41 2.57 2.24

Lu 0.33 0.11 0.35 0.56 0.37 0.43 0.56 0.54 0.4 0.37 0.36 0.4 0.36

∑REE 147.98 56.85 161.06 233.15 200.38 193.12 255.41 374.39 250.51 193.7 166.95 191.3 167.32

LREE 133.56 51.80 145.65 209.00 183.7 173.67 230 345.14 227.9 174.43 150.62 172.83 151.4

HREE 14.42 5.04 15.41 24.15 16.68 19.45 25.41 29.25 22.61 19.27 16.33 18.47 15.92

∑LREE/∑HREE 9.51 10.30 9.44 8.65 11.01 8.93 9.05 11.8 10.08 9.05 9.22 9.36 9.51

(Continued on following page)
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TABLE 4 (Continued) Comparison of the average REE contents in Core KZK01 with the values from the surrounding areas and river sediments.

Sediment
partition

All core
KZK01 samples

Unit
3

Unit
2

Unit
1

Hainan
island

Southwest
Taiwan river

Pearl river Wanquan
river

Red river Mekong
river

Beibu
gulf

East of
Qiongzhou

strait

Western
rivers of
Hainan

n=46 n=12 n=25 n=9

Sample type sediment rock Fine
sediment

Suspended
matter

River sand sediment sediment sediment sediment sediment

Ce/Ce* 0.95 0.95 0.95 0.94 0.96 0.96 0.89 0.99 1.04 1.07 0.89 0.99 1

Eu/Eu* 1.13 1.46 1.03 0.97 1.22 1 1.06 0.93 0.99 1 0.91 1.01 0.96

(La/Yb)N 1.14 1.29 1.12 1.00 1.27 1.06 1.08 1.67 1.34 1.08 1.16 1.13 1.13

(La/Sm)N 0.94 1.02 0.93 0.88 0.76 0.99 0.87 1.01 1.01 0.91 1.06 0.91 0.96

(Gd/Yb)N 1.19 1.24 1.18 1.13 1.26 1.24 1.25 1.72 1.62 1.45 1.16 1.24 1.23

(Gd/Lu)N 1.10 1.15 1.10 1.04 1.17 1.19 1.19 1.67 1.68 1.49 1.13 1.16 1.11

(La/Lu)N 1.06 1.20 1.04 0.91 1.17 1.02 1.03 1.62 1.39 1.1 1.13 1.05 1.02

Data source This paper Cao (2014) Li et al. (2013) Xu and Han
(2009)

Xu et al. (2017) Tong et al. (2006) Dou et al.
(2012)

Cui et al. (2015)

n: number of samples; Av: Average value; Ce/Ce* = Ce N/[ (LaN + Pr N)/2 ]; Eu/Eu* = Eu N/[ (Sm N + Gd N)/2 ], N is the upper continental crust (UCC) normalization (Taylor and McLennan, 1995).
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Qiongzhou Strait, and sediments from rivers in Taiwan that were
transported by ocean currents were the main sources of detrital
material in Beibu Bay and that east-to-west sand transport in the
Qiongzhou Strait may have been the most important source and sink
pathway. These results are consistent with those of the material source
analysis of SO-50 sediments in the Beibu Gulf by Zhang et al. (2018). The
partitioning curve of U3 had an obvious left-high-right-low right-slope,
and the partitioning curve was very similar to that of the parent rock on
Hainan Island (Figure 8C) and differs greatly from those of other
neighboring potential source areas (Figure 8D). This suggested that the
sediments in the study area were mainly influenced by terrestrial material
fromHainan Island during the last 1.3 cal kyr BP. This result is consistent
with those of a previous study of clastic minerals in the Beibu Gulf (Dou
et al., 2012) and analyses of sediment grain size trends (Xu et al., 2010).

Scatter plots of UCC-normalized REE fractionation parameters
can be used for further source identification (Dou et al., 2010).
Comparison of (La/Yb)N (Figure 9A) and (Gd/Yb)N and LREE/
HREE and (Gd/Lu)N (Figure 9B) for different source areas and

shelves in the northern South China Sea showed that the U1 stage
sediments in Core KZK01 were similar to those from the
southwestern rivers of Taiwan, the Beibu Gulf, the Pearl River,
and the eastern part of the Qiongzhou Strait. The U2 stage sediments
were similar to those from the Beibu Gulf, the western rivers of
Hainan Island, the eastern part of the Qiongzhou Strait, and Taiwan
and the Pearl River. Stage U3 sediments were similar to the parent
rock on Hainan Island and sediments from the western rivers of
Hainan Island. Core KZK01 sediments differed greatly in REE
characteristics from sediments of the Red River and Mekong
River. The southwestern rivers of Taiwan, Pearl River, and Beibu
Gulf contributed the most to the sediments deposited in the
U1 stage. The Beibu Gulf, rivers of western Hainan Island, and
eastern part of the Qiongzhou Strait contributed the most to the
sediments deposited in the U2 stage, whereas the contribution of the
Pearl River and the rivers in Taiwan gradually decreased. The
southwestern rivers of Hainan Island and the parent rock of
Hainan Island contributed the most to the sediments deposited
during the U3 stage. Recent studies have found that sediments from
the rivers in Taiwan and the Pearl River can be transported to the
southeast Qiongnan shelf, thousands of meters away, or even to the
Xisha Trough, which is thousands of kilometers away, under the
action of the Guangdong littoral current and the deep-water
currents during the winter (Liu et al., 2016; Yan et al., 2016; Xu
et al., 2017; Xu et al., 2021). This further supports the contribution of
sediments from the Pearl River and the rivers in Taiwan to the shelf
and slope of the northwestern part of the South China Sea.

Sources of clay minerals

The use of clay minerals in marine sediments to study
paleoclimate requires knowledge of the main source areas and
transport pathways of each mineral (Gingele et al., 1998). The
clay minerals in Core KZK01 originate from terrestrial sources,
and the effects of secondary and diagenetic effects on these clay
minerals is negligible. The main source areas in the study area
include the Pearl River, the Red River, the Mekong River, the rivers
of Hainan Island, the rivers of Guangxi, the rivers of Taiwan, and the
rivers of northern Vietnam. Sediments exported from small rivers
along the coast of Vietnam are mainly transported southward by the
Vietnamese coastal current (Figure 1), and it is difficult for them to
reach the study area, so their contribution to Core KZK01 is
negligible. Coastal erosion in marine areas such as the
Qiongzhou Strait and the western part of the Leizhou Peninsula
may also provide a small amount of sediments (Xu et al., 2010), but
the amount of these sediments and their clay mineral fractions are
not known, so their contribution is ignored in this study.

The Red River is the largest source of sediments in the Beibu
Gulf, delivering approximately 130 × 106 t of suspended sediment
(Milliman and Syvitski, 1992). Illite (44%) is the main clay mineral,
followed by kaolinite (26%), chlorite (23%), and smectite (7%) (Liu
et al., 2007). TheMekong River transports approximately 160 × 106 t
of suspended sediments to the South China Sea annually (Milliman
and Syvitski, 1992). The clay minerals in these sediments are also
dominated by illite, with an average content of 37% (Table 6),
followed by kaolinite (31%), chlorite (23%), and smectite
(approximately 10%) (Liu et al., 2016). The Pearl River

FIGURE 5
UCC-normalized distribution patterns of REE for different stages
in Core KZK01. (A) Plot of REE for U1 stage. (B) Plot of REE for U2 stage.
(C) Plot of REE for U3 stage.
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TABLE 5 Clay mineral assemblages and their average amounts (with ranges) in the study area and the surrounding potential source rivers.

Sediment partition Smectite Illite Kaolinite Chlorite Smectite/
(Chlorite+Illite)

Illite chemical
index

Illite
crystallinity

% °Δ2 θ

All Core
KZK01 Samples (n=46)

21.15 60.00 10.48 8.37 0.37 0.26 0.20

Unit 3 (n=12) 0 76.42 12.17 11.42 0 0.29 0.19

Unit 2 (n=25) 24.92 55.12 11.44 8.52 0.42 0.23 0.20

Unit 1 (n=9) 38.90 51.66 5.56 3.89 0.70 0.33 0.22

Hainan rivers (n=24)
Jin et al. (2019)

9 (2–24) 30 (13–43) 61 (45–80) 1 (0–4)

Hainan rivers (n=9)
Liu et al. (2016)

6 12 76 6

Guangxi rivers (n=5)
Liu et al. (2016)

2 17 65 16

Pearl River (n=37)
Liu et al. (2007)

5 31 46 18 0.62
Liu et al. (2007)

0.22
Liu et al. (2007)

Red River (n=43)
Liu et al. (2016)

7 44 26 23 0.4
Liu et al. (2007)

0.19
Liu et al. (2007)

Taiwan rivers (n=38)
Liu et al. (2016)

4 56 4 36 0.33
Liu et al. (2008)

0.16
Liu et al. (2008)

Mekong River (n=17)
Liu et al. (2016)

9 37 31 23 0.47
Liu et al. (2007)

0.21
Liu et al. (2007)

Vietnam rivers (n=24)
Liu et al. (2016)

3 37 43 17

Luzon rivers (n=35)
Liu et al. (2016)

87 1 5 7

FIGURE 6
Variations in clay mineral assemblages, illite crystallinity, and illite chemical index in Core KZK01.
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transports 84.3 × 106 t of suspended sediments to the South China
Sea every year (Zhang et al., 2012). The clay minerals in the Pearl
River sediments are mainly kaolinite (average of 46%, the same as
below), followed by chlorite (31%), illite (18%), and smectite (5%).
The Changhua River and Nandu River are the largest rivers on
Hainan Island, and their annual average sediment transport is
approximately 1.18 × 104 t (Milliman and Farnsworth, 2011),
which is lower than that of the Red River (130 × 106 t) and
Mekong River (160 × 106 t). The fluvial sediments in Guangxi
and Hainan have similar clay mineral assemblages. Taiwan is the
main source of sediments in the South China Sea (Milliman and
Farnsworth, 2011), with 176 × 106 t of suspended sediments flowing
into the South China Sea from Taiwan every year (Dadson et al.,
2003). These sediments are rich in illite (average: 56%; some
sediments contain 66% illite) and chlorite (36%), with less
smectite and kaolinite. Approximately 130 × 106 t of suspended
matter is directly imported from Luzon Island every year
(Milliman and Syvitski, 1992). Smectite is the predominant clay
mineral, with an average content of 87%, whereas the average
contents of illite, kaolinite, and chlorite are generally less than 10%
(Liu et al., 2016).

Comparison of the clay mineral assemblage of Holocene samples
fromCoreKZK01with those inmodern surface sediment samples from
the aforementioned potential source areas showed that the clayminerals
in the core originated from multiple sources (Figure 10A). The average
smectite content of the study core was 21.15%, whereas the smectite
content was less than 10% in all potential source areas except Luzon. It
was found that differential sedimentation and sorting of clay minerals

FIGURE 7
(A) Plot of grain sizes vs. ΣLREE/ΣHREE ratios of the analyzed
samples from Core KZK01. (B) Plot of SiO2 vs. (La/Yb)N ratios of the
analyzed samples from Core KZK01.

FIGURE 8
Comparison between Core KZK01 and the surrounding potential provenance areas with the upper continental crust normalized REE. (A) Plot of REE
for U1, U2 stages and similar provenance areas. (B) Plot of REE for U1, U2 stages and unsimilar provenance areas. (C) Plot of REE for U3 stage and similar
provenance areas. (D) Plot of REE for U3 stage and unsimilar provenance areas.
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may have contributed to the high relative smectite content in marine
sediments (Chen et al., 2017b). Since the average particle size of smectite
(0.4 μm) is much smaller than that of illite (2–4 μm), chlorite
(1–10 μm), and kaolinite (1–2 μm), the physical sorting effect of
particle size will cause illite, chlorite, and kaolinite to preferentially
undergo deposition close to the estuary, whereas smectite is easily
transported to areas further away from the estuary.

In general, the smectite content exhibits enrichment as the
distance from the estuary increases, a trend that has been
confirmed in studies of clay minerals in the Beibu Gulf, (Jin
et al., 2019), the northeastern part of the South China Sea (Liu
J. G et al., 2010), and the Mississippi River (Johnson and Kelley,

1984). Thus, Luzon may be the main source area of smectite in the
eastern part of the Beibu Gulf. Clay minerals exported from Luzon
Island were carried into the South China Sea by a branch of
Kuroshio as well as the north-east oriented deep South China Sea
Current, and the contents of illite, chlorite, and kaolinite, which had
large grain sizes, decreased rapidly as the transportation distance
increased, owing to their large grain sizes. In contrast, smectite was
more readily suspended in seawater owing to its small grain size, and
its relative content gradually increased as the transportation distance
increased. Subsequently, these suspended clay minerals were driven
by the winter surface currents and littoral currents to the Beibu Gulf
(Liu et al., 2016), where they were transported toward the northeast
under the influence of counterclockwise circulation in the Beibu
Gulf and eventually gradually settled in the eastern part of the Beibu
Gulf (Figure 1).

In addition, Quaternary basaltic volcanic rocks are distributed
across large areas in the northern part of Hainan Island (Liang
et al., 2021). Chemical weathering of volcanic rocks, which can
occur as long as there is a sufficient supply of water and does not
depend on specific climatic conditions, is an important source of
smectite (Liu et al., 2007), For example, up to 40% of smectite
develops in Iceland near the North Pole and in the islands of West
Antarctica (Rateev et al., 1969). The average smectite content of
sediments from the rivers in Hainan is 6%–9% (Liu et al., 2016; Jin
et al., 2019). The detrital material transported by the Nandujiang
River is transported by littoral currents and surface currents
through the Qiongzhou Strait and deposited in the Beibu Gulf
(Figure 1); sediments from the Wanquanhe River can also be
transported into the Beibu Gulf through littoral currents. However,
the sediment flux of rivers in Hainan is very low (1–2 Mt/a), and its
contribution to the sediments in the Beibu Gulf is very limited.
Therefore, smectite mainly originates from Luzon Island, followed
by Hainan Island.

The illite content at the study site is 52%–76%, and the average
content of illite in the Pearl River, Taiwan River, Mekong River, and
Red River is 31%–56% (Table 5). Thus, the illite in the study area
could potentially originate from all of these source areas. Although
the composition of clay minerals in the Thai Binh River and Ma
River in northern Vietnam is dominated by illite (average: 54%)

FIGURE 9
(A) (Gd/Lu)N and ∑LREE/∑HREE provenance discriminant
diagram; (B) (Gd/Yb)N and (La/Yb)N provenance discriminant diagram.
The red line indicates the change in terrigenous clasts provenance.

TABLE 6 Drainage area, runoff, and suspended discharge of potential source rivers in the study area.

River name Drainage area/km2 Runoff Suspended sediment discharge References

/(mm/a) /(Mt/a)

Taiwan river 9,582 18,700 175.6 Dadson et al. (2003)

Pearl River 450,000 636 69.00 Zhang et al. (2012)

Nanliu River 6,600 773 1.10 Milliman and Farnsworth (2011)

Nandu River 6,600 773 1.10 Milliman and Farnsworth (2011)

Changhua River 5,100 745 0.08 Milliman and Farnsworth (2011)

Thai Binh River 15,000 600 1.00 Milliman and Farnsworth (2011)

Ma River 28,000 607 3.00 Milliman and Farnsworth (2011)

Red River 120,000 1,000 130 Milliman and Syvitski (1992)

Luzon River 30,400 5,576 13 Liu et al. (2016) and Milliman and Syvitski (1992)
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(Liu et al., 2016), the sediment transport of these rivers is too low
(~4 Mt/a) (Milliman and Farnsworth, 2011), and the contribution of
illite to the study area is limited compared with the contributions of
the Red River and the rivers in Taiwan. The illite content of rivers in
Luzon Island, Hainan, and Guangxi ranges from 1% to 17%
(Table 5), and the contribution of these sources to the illite in
this area is the lowest. The provenance of illite minerals can be
further determined by comparing the illite petrochemical indices
and crystallinity of these potential provenance samples (Gingele
et al., 2001). The illite crystallinity index can be used to reflect the
degree of crystallization of illite—the smaller the crystallinity index,
the better the degree of crystallization (Ehrmann, 1998). The results
(Figure 11; Table 5) show that the crystallinity index of illite in Core
KZK01 is 0.2° Δ2 θ, indicating that the illite in the Beibu Gulf has
excellent crystallinity and is rich in aluminum, meaning that it
originates from areas in which chemical weathering is dominant.
This value is very similar to the crystallinity indexes of Red River
illite (average of 0.19° Δ2 θ) and Pearl River illite (average of 0.17°

Δ2 θ) (Liu et al., 2007). The mineralogical characteristics of illite
frommost Taiwanese river samples and some Red River samples are
in good agreement with those from the research station. However,
the illite geochemical index (average 0.62) and crystallinity (average
0.22° Δ2 θ) of the Pearl River are significantly larger than those from
the study area, indicating that illite from the Pearl River does
contribute to the illite in the eastern part of the Beibu Gulf.
Therefore, we conclude that the rivers in Taiwan are the most
likely sources of the illite in Core KZK01, followed by the Red River.
A small amount of illite also originates from rivers in Hainan.

The average chlorite content in the study area is 8.4%, and the
chlorite contents of all potential source areas are within the range of
10%–30% (Table 5), with no obvious differences. The source areas
cannot be determined from the mineral assemblage. It is generally
accepted that chlorite in the South China Sea indicates climatic
conditions characterized by strong physical weathering (Boulay

et al., 2005). A previous study on clay mineral assemblage
characteristics of Core MD05-2901 in the northern part of the
South China Sea found that chlorite was mainly supplied by the
Mekong River and the Red River (Liu et al., 2007). Jin et al. (2019)
suggested that chlorite in surface clay minerals in the Beibu Gulf
mainly came from the Red River and the Pearl River. Therefore, we
concluded that the chlorite in Core KZK01 was mainly supplied by
the Red River, followed by the Pearl River. The clay mineral
composition of the rivers in Guangxi and Hainan is not
dominated by chlorite with average chlorite contents of only 16%
and 6%, respectively. Moreover, the rivers in Guangxi and Hainan

FIGURE 10
Ternary diagram of the major clay mineral groups illite + chlorite, kaolinite, and smectite. (A) Core KZK01 and surrounding fluvial surface samples.
Areas defined by different shades of color show nine major drainage systems with potential fluvial sediment discharge. (B) The red dashed line indicates
the change in claymineral provenance of Core KZK01. Claymineral data for the Pearl River are taken from Liu et al. (2007), and data for other surrounding
potential provenances are taken from Liu et al. (2016).

FIGURE 11
Comparison of illite chemical index and crystallinity index in Core
KZK01.Data for thePearl River, RedRiver, andMekongRiver are taken from
Liu et al. (2007). Data for the Taiwan rivers are taken from Liu et al. (2008).
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discharge less than 3 Mt/a of suspended sediment annually
(Table 6), and their contributions to the chlorite in the study
area are limited compared with those of the Red River (130 Mt/
a) and the Pearl River (69 Mt/a).

Kaolinite is formed as a result of intense chemical weathering and
leaching of rocks in a warm and humid acidic environment. The spatial
distribution of kaolinite in marine surface sediments is closely related to
the supply of terrigenous materials and the climate (Aoki, 1976).
Kaolinite is prone to flocculation when it enters alkaline seawater
from rivers (Liu Z. F et al., 2010), so a large amount of kaolinite is
deposited in the estuary and coastal zone. Previous studies have found
that the kaolinite content is very high in the northern part of the Beibu
Gulf (Jin et al., 2019), especially near Guangxi, the Qiongzhou Strait, and
Hainan Island, and that the coastal areawith high kaolinite contents runs
parallel to the coastline. Hainan Island and Guangxi are located in
tropical and subtropical regions, respectively, with a warm and humid
climate, stable structure, and dominant chemical weathering, which are
very conducive to the formation and preservation of kaolinite. Therefore,
the clay minerals in sediments from the rivers of Hainan Island and
Guangxi aremainly composed of kaolinite, with average contents of 76%
and 65%, respectively (Table 5). Kaolinite is deposited in the Beibu Gulf
when these rivers empty into the sea. Therefore, we inferred that Hainan
Island and Guangxi are the main sources of kaolinite.

Terrigenous source shifts in response to
paleoclimatic and sea level changes

The Beibu Gulf region has experienced significant provenance
changes during the Holocene. Past changes in paleoclimate and

relative sea level may have played a crucial role in shaping the
provenance of sediments deposited in the gulf.

Illite crystallinity and the smectite/(chlorite + illite) ratio are
often used as indicators of climate change (He et al., 2022). During
the deposition of U1 (12–9 cal kyr BP), the mean value of illite
crystallinity was 0.22°Δ2θ, which was greater than the mean value of
0.20°Δ2θ during the deposition of U2 (Table 5), indicating that the
climate was more temperate and humid during the U1 stage. During
this period, illite crystallinity and the montmorillonite/(chlorite +
illite) ratio increased (Figures 12A,B), the East Asian summer
monsoon intensified (Figure 12E), rainfall increased, and the
warm and humid climate was conducive to the formation of
smectite. In addition, although the sea level has risen
(Figure 12G), the Qiongzhou Strait had not yet opened (Ni et al.,
2014), which hindered the transportation of sediments from the
regions to the east of the strait into the study area. The detrital
material during this phase mainly transported from nearby sources,
and the fine-grained material was likely to be transported to Luzon
sediments via the South China Sea Warm Current. The variation
trend of illite crystallinity was similar to the trend observed for the
strength of East Asian summer winds in Dongge Cave (Wang et al.,
2005; Dykoski et al., 2005; Figure 12E), the trend observed for the
strength East Asian winter winds in Huguangyan Maar Lake
(Yancheva et al., 2007; Figure 12F), as well as the trend of
change in the sporadic wetness index (Zhao et al., 2009) in the
Chinese monsoon area. The illite crystallinity index during the
deposition of U1 clearly records extreme cold events such as
Bond8, Bond7, Bond5 (Bond et al., 2001), and the Younger
Dryas events, reflecting the regional response to global climate
change.

FIGURE 12
Comparison of elemental ratios with global climate change in Core KZK01. (A), (B), (C) Data are from this study; (D) Stacked drift ice indices.
According to Bond et al. (2001), the ages of Bond 0, 1, 2, 3, 4, 5, 6, 7, and 8 events are 0.42, 1.26, 2.87, 4.13, 5.53, 8.47, 9.38, 10.29 and 11.34 cal kyr BP,
respectively; (E)Oxygen isotope data of stalagmites in South China, according to Dykoski et al. (2005) and Wang et al. (2005); (F) Ti element intensity for
Guangdong Huguangyan Maar Lake, from Yancheva et al. (2007); (G) relative sea level of the northwestern part of the South China Sea, from Siddall
et al. (2003). The red dashed lines with arrows in the figure indicate long-period climate trends, and (A) demonstrates a synchronous trendwith (E) and (F).
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During the deposition of U2 (9–1.3 cal kyr BP), frequent changes
in lithology occurred (Figure 12C), indicating a more turbulent
depositional environment. The smectite/(illite + chlorite) ratio and
illite crystallinity decreased relative to the previous phase and
exhibited a trend of decreasing values. During this period, the East
Asian summer monsoon weakened, the winter monsoon
strengthened, and the sea level continued to rise (Figure 12G). At
the same time, the Qiongzhou Strait opened (Ni et al., 2014; Cui et al.,
2015), and the southwest coastal current strengthened, which
increased the transport of sedimentary material from Taiwan.
However, this trend changed at 2.78 cal kyr BP, when the climate
changed from dry and cold to warm and humid. This is consistent
with the Ti element intensity observed in Guangdong Huguangyan
Maar Lake, stacked curves of drift ice and oxygen isotopes in Dongge
Cave in South China (Figures 12D–F), and the relative rise in sea level
of the northwestern part of the South China Sea since 2.78 cal kyr BP
(Siddall et al., 2003; Figure 12g). Illite crystallinity is particularly
sensitive to the record of cold events, and the Bond2, Bond3, and
Bond4 cold events recorded in the North Atlantic ice floe debris
elicited a relatively good response in the study area, indicating that
illite crystallinity is a good proxy for reconstructing climate.

During the deposition of U3 (1.3 cal kyr BP to the present), the
mean value of illite crystallinity was 0.17°–0.18° Δ2 θ before and after the
1.3 ka point, indicating a dry and cold climate dominated by physical
erosion at this time. A previous study showed that the sea level along the
northern coast of the South China Sea began to fall around 1.2 ka
(Duong et al., 2020), the average age of the Late Holocene outcrops of
beach rocks on Weizhou Island in the northern part of the Beibu Gulf
was 1.3 ka, and the analysis of fossilized mangrove sporophytes showed
a rapid sea recession in Qinzhou Bay at 1.1 ka (Xia et al., 2019). At this
time, the shoreline of the Beibu Gulf underwent comprehensive repair
and consolidation, and the present-day appearance of the Beibu Gulf
took form (Huang et al., 2022). After the Late Holocene ice advance
peaked at 1.3 kyr, the illite crystallinity curve continued to rise, which
corresponded well with the precipitation record represented by the
oxygen isotope curves of Dongge Cave stalagmites (Dykoski et al., 2005;
Wang et al., 2005). This indicated a reversal of the climate change trend
from dry and cold to warm and wet, which is also corroborated by the
Ti intensity curves of the Huguangyan Maar Lake (Siddall et al., 2003).
Moreover, sporulation characteristics showed that the sporulation
content of woody and herbaceous plants remained essentially
unchanged compared with that in the previous period and that the
abundance of ferns was slightly increased (Lv et al., 2003), suggesting
that the climate has improved since 1.3 kyr.

Conclusion

Comparison of the REE partition curves in the study area with
those of the potential source areas indicates that the rivers of
southwestern Hainan Island and the eastern part of the
Qiongzhou Strait contribute the most to the detrital sediments in
the study area. In addition, some of the fine-grained sediments may
originate in the Pearl River Basin and northwestern Taiwan. The
(Gd/Yb)N and (La/Yb)N discriminant diagram and (Gd/Lu)N and
∑LREE/∑HREE discriminant diagram further show that the clastic
sediments in the U1 stage mainly originated in the eastern part of the
Qiongzhou Strait, the Beibu Gulf, the southwestern rivers of Taiwan,

and the Pearl River. The clastic sediments in the U2 stage mainly
originated in the Beibu Gulf, the southwestern rivers of Hainan
Island, and the eastern part of the Qiongzhou Strait, and the Pearl
River and the rivers of Taiwan made medium contributions. The
contributions of the Pearl River and rivers in Taiwan to the material
gradually decreased during this period. The clastic sediments in the
U3 stage essentially originated from Hainan Island.

Clay minerals in Core KZK01 mainly consist of illite (mean
content of 60%), smectite (mean content of 21.2%), kaolinite (mean
content of 10.5%) and chlorite (mean content of 8.4%). The
characteristics of the clay minerals in the study area indicate that
they originate from multiple sources. Smectite mainly comes from
Luzon Island, followed by Hainan Island. The rivers in Taiwan are
the most likely sources of illite in the study area, followed by the Red
River; a small amount of illite comes from the rivers in Hainan.
Chlorite, like illite, is mainly supplied by the Red River, with the
Pearl River contributing to a lesser extent. Kaolinite is mainly
supplied from Hainan Island and Guangxi River.

Since the Holocene, the evolution of the climate in the Beibu
Gulf can be divided into three stages: U1 (12–9 cal kyr BP), U2
(9–1.3 cal kyr BP), and U3 (1.3 cal kyr BP to the present). During
different climate evolution stages, drought was often accompanied
by cold and humidity often coexisted with warmth. Moreover, there
was clear alternation of cold-dry and warm-humid phases. The illite
crystallinity clearly records extreme cold events such as the Bond
(except Bond6) and the Younger Dryas events, reflecting the
regional response to global climate change. The trend of illite
crystallinity curves was essentially consistent with the regional
climate reconstruction record. This showed the potential for
using illite crystallinity as a proxy indicator for reconstructing
regional surface chemical weathering processes.
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