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Deltaic sediments provide a window for investigating delta development
processes and the effects of human activities. Despite the fact that numerous
studies have been conducted in the Pearl River Delta (PRD), the chronological
data are still very limited, which hinder the detailed interpretation of the
sedimentary records. The current study aims to establish high-resolution
chronology on two cores from Zhuhai using quartz optically stimulated
luminescence (OSL) and radiocarbon (**C) dating and, further, to reconstruct
the Holocene sedimentary history of the PRD. Core P1-1 has a depth of 79 m
and core P3-2 a depth of 60 m. Thirteen quartz OSL samples from P1-1
produced ages between 10.4 and 0.16 ka. Eight OSL and eight **C ages from
P3-2 span from 10.7 to 0.3 ka. The OSL and **C dates show a good agreement
above the depth of 26 m (1.4-0.3 ka), but with discrepancies at depths of 26—
54 m. *C ages (10.7-8.1 ka) are generally older (up to c. 2 ka) than quartz OSL
ages, and the discrepancy decreases with depth. The age model shows three
phases of the sedimentation process: (1) rapid accumulation rates of 7.48 (P1-1)
and 7.52 (P3-2) m/ka between c. 10.7 and 7.5 ka in response to high sea level, (2)
followed by a significantly reduced rate of 2.24 m/ka (P1-1) and a depositional
hiatus (P3-2) from 7.5 to 2.5 ka as a result of reduced sediment supply and
strong scouring by tidal processes, and (3) high sedimentation rates of 8.86 (P1-
1) and 9.07 (P3-2) m/ka since 2.5 ka associated with intensive human activities
and weakening tidal hydrodynamics. This sedimentary pattern is also evident in
many other Asian deltas.
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1 Introduction

Coastal deltas are important sedimentary records for
understanding palaeo-environmental changes in land-sea
interaction areas in response to sea level variations (Saito
et al., 1998; McLean and Tsyban, 2001; Woodrofte et al., 2006;
Bianchi and Allison, 2009). Rapid sea level rise is considered as
the main driver worldwide for the formation of deltas during the
early Holocene (Stanley and Warne, 1994). The rising seawater
penetrated into the incised valleys that formed during the last
glacial maximum (LGM) (Hori and Saito, 2007; Tamura et al.,
2009) and created an accommodation space for deltaic
development (Zong et al., 2012; Xu et al, 2019; Wang et al,
2022). Subsequently, as the sea level forcing was almost
eliminated by 7 cal ka BP, fluvial runoff and tidal currents
controlled the delta progradation (Woodroffe, 2000; Saito et al.,
2001; Hori et al., 2002; Zong et al., 2009a).

The Pearl River Delta (PRD) is one of the largest coastal
deltas in the world. Boreholes and high-resolution seismic
profiles demonstrated that a major marine sequence was
deposited in the PRD during the Holocene (Fyfe et al., 1997;
Owen et al., 1998; Zong et al., 2009a; Xu et al., 2020). Over the
past two decades, several studies have attempted to reconstruct
the Holocene evolutionary history of the PRD and elucidated the
driving mechanisms by investigating the Holocene strata at
different time scales and regional settings (Zong et al., 2009a;
Zong et al., 2012; Wu et al,, 2017; Xiong et al., 2018a; Fu et al,,
2020; Xiong et al., 2020; Xu et al,, 2020). For instance six
stratigraphic transects from the head area through the central
basin to northern estuaries were used to investigate the
interactions between sea level rise, monsoon runoff, and the
palaeo-landscape in the early Holocene (Zong et al., 2012).
Middle Holocene studies have focused on the factors that led
to low sedimentation rates and slow progradation in central
deltaic plain (Zong et al., 2009a; Fu et al., 2020). For the late
Holocene, Xiong et al. (2020) found a rise in land growth rate
from 0.36-0.38 to 2.69-10.56 km®/a, i.e., accelerated coastline
advances after c. 2.2 ka using historical archives, genealogical
books, and modern survey data. It has been hypothesized to be
triggered by agricultural activities and land reclamation with
strong human influence, as shown by organic and inorganic
geochemical indicators (Zong et al., 2010; Hu et al., 2013) and
bathymetric data (Wu et al.,, 2016).

Despite the fact that a relatively clear understanding of
Holocene landform development has been established based
on numerous records mentioned above, studies on the
sedimentation processes of the southern estuary are limited.
The Modaomen estuary, for example, is the largest mouth of the
Peal River (Huang et al.,, 1982; He et al., 2022), but relevant
sedimentation research is scarce (Zong et al.,, 2009b; Lu et al,
2020). Earlier research suggested that sedimentary records from
estuary sites could provide information about the palaeo-
environment evolution in response to natural and human
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impacts during the Holocene (Wu et al, 2017; Xiong et al,
2018b; Chen et al., 2019). Therefore, a better knowledge of the
deltaic-estuarine sedimentation process is of great importance
and may shed light on the interpretation of the evolutionary
history of the PRD.

An accurate chronology of delta sediments is pivotal to
understanding palaeo-environmental changes. The published
ages of the PRD sediments have mainly been based on
radiocarbon dating (Huang et al, 1982; Li et al,, 1991; Zong
etal.,, 2006; Hu et al., 2013; Wu et al., 2017). However, the carbon
reservoir effect of the carbonate-rich PRD region can yield
abnormal 'C ages by releasing negative particulate organic
carbon to depositional process (Liu et al.,, 2017). For instance
the *C ages are generally older than OSL ages at similar depths
in core DA from the southern PRD, and this discrepancy might
be caused by the carbon reservoir effect (Xu et al., 2020). In
addition, reworking of carbon materials in deltas with complex
hydrodynamics usually causes overestimation of radiocarbon
ages, which can be abnormally old by up to 2 ka for surface
samples (Yim et al., 2006; Kong et al., 2014). Recently, optically
stimulated luminescence (OSL) dating has been recognized as an
invaluable method for dating coastal sediments (Yi et al., 2012;
Wang et al., 2013; Yi et al.,, 2014; Gao et al., 2016; Wang et al.,
2018; Wang et al., 2019; Xu et al.,, 2020; Nian et al., 2021; Xu
et al,, 2022; Long et al., 2022; Wang et al., 2022). In addition,
multi-dating technique, such as OSL and '*C dating, has been
applied in Holocene deltaic sediments, e.g., from the Yangtze
River delta (Nian et al., 2021) and the PRD (Xu et al., 2020), and
found to be appropriate for establishing comprehensive
chronostratigraphic sequences.

In this study, cores P1-1 and P3-2, drilled from the estuary of
the southern PRD, were dated by OSL and accelerator mass
spectrometry (AMS) "*C techniques to build a high-resolution
chronological framework. Together with the analyses of
sedimentological characteristics and sedimentation rates, the
Holocene sedimentary history of the PRD was reconstructed.

2 Study area and samples

2.1 Study area

The Pearl River delta is located in the south-central part of
Guangdong Province and faces the South China Sea (Figure 1A).
The palaeo-Pearl River had evolved to a configuration similar to
the present in the early Miocene (He et al., 2020). During the late
Quaternary, active faulting and differential uplifting processes
resulted in an expansion of accommodation for receiving
sediments from drainage basins and marine transgressions
(Huang et al., 1982; Yu et al, 2016). Since the Holocene, the
fault activity in the PRD became weaker, and the river system
basically inherited the pattern before the last marine
transgression (Yao et al., 2013). Limited by the altitude of
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FIGURE 1

Channel, respectively.

(A) Topographic characteristics of the Pearl River Delta (PRD). The PRD is divided into head area (zone 1), central basin (zone ), and estuarine
bay (zone Ill). Numbers 1-8 represent the eight estuaries of the PRD, namely, Humen, Jiaomen, Honggimen, Hengmen, Modaomen, Jitimen,
Hutiaomen, and Yamen, respectively. The inset figure shows the drainage system of the Pear River. (B) Topographic characteristics of the
southern PRD, together with the locations of cores P1-1 and P3-2 (this study) and others reported: core JJ1 (Zong et al., 2009a), core PRD0O5
(Liu et al., 2008), core DA (Xu et al., 2020), and core PRD04 (Wei and Wu, 2011). M.E. and M.C. indicate the Modaomen Estuary and Modaomen

basement bedrock, the thickness of Quaternary sediments in the
PRD varies between 10 to 40 m on average and reaches up to
60 m in incised valleys from Xijiang River and Beijiang River
deltas (Huang et al., 1982).

The PRD can be divided into the head area, central delta, and
estuarine bay according to the distance toward the sea
(Figure 1A; Zong et al.,, 2009a). The water and sediments enter
the dense distributary networks and flow out into the ocean
through eight main outlets of the PRD (Wei and Wu, 2011). The
outlets are morphologically separated by Wugui Mountains into
two parts, i.e., Humen, Jiaomen, Hongqgimen, and Hengmen in
the east and Modaomen, Jitimen, Hutiaomen, and Yamen in the
west (Figure 1A). Among these outlets, the Modaomen estuary
features the highest flood discharge and sand transport rates (He
et al, 2022). The vast palaeo-Modaomen estuary contained a
series of bi-directional jet systems which played an important
role to the formation of sandbars and the major seaward channel
of Xijiang River (Wu et al, 2007). The modern Modaomen
estuary is under a stage of weakened estuarine jet (Wu et al.,
2010). Due to the artificial deposition-promoting activities and
land reclamations, the coastlines of the Modaomen estuary
expanded seaward at a rate of 24 m/a during 1976-2006 AD
(Zhang et al., 2015).

2.2 Sediment cores and sampling
Cores P1-1 [22°5'34.08" N, 113°27'24.48” E, 6 m below the

present sea level (bpsl)] and P3-2 (22°15'42.99” N, 113°20’
59.87" E, 0 m bpsl) are drilled from the southern PRD in
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Zhuhai, southeast China (Figure 1B). The submarine core P1-
1 (79-m-long) was drilled in the Modaomen estuary, and core
P3-2 (60-m-long) was drilled in the Zhupai sandbar in the
Modaomen Channel. Core P1-1 is composed mainly of a
sandy stratum (79.0-58.2 m) and a layer of clay and silt (58.2-
0 m). Core P3-2 comprises a basement of dark gray cataclasite
and breccia and its overlined sediments. The sediments are
characterized by a sand layer (53.8-45.8 m) and a succession
of clay and silt with sandy laminations (45.8-3.5 m). The top
layer of light-yellow silt with plant roots is treated as modern soil
(3.5-0 m).

Thirteen OSL samples were collected from cores P1-1 and
eight from P3-2. Eight '*C samples were collected from core P3-
2. Part of the OSL and AMS "*C data of core P3-2 were reported
by Lu et al. (2020) (see Tables 1, 2 for details) to explore regional
fault activity.

3 Methods
3.1 OSL dating

3.1.1 Sample preparation and equipment

The outer layer of OSL samples that might have been light-
exposed was removed, and the remaining samples were
successively treated to remove carbonate and organic matter
with 10% HCI and 30% H,O,, respectively. The samples were
then wet-sieved to obtain 38-63 or 90-125 pm fractions
according to availability. In order to obtain pure quartz OSL
grains, the 38-63-um grains were treated with 35% H,SiF, for
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TABLE 1 Optically stimulated luminescence (OSL) dating results from cores P1-1 and P3-2.

Num. Sample Depth Grain Aliquot K  Th U
ID (m) size number (%) (ppm) (ppm)
(um)
1 P1-1-1 035 90-125 6+10° 158 176 3.49
2 P1-1-2 4.95 90-125 6+10° 167 144 3.57
3 P1-19 12.75 90-125 6+12° 206 17 331
4 P1-1-17 27.95 90-125 6+10° 185 181 321
5 P1-1-23 42.05 90-125 4410° 179 1680  3.40
6 P1-1-25 47.05 38-63 6+12° 179 1680  3.40
7 P1-1-27 52.05 90-125 6+12° 179 1680  3.40
8 P1-1-28 54.05 38-63 6+12° 179 1680  3.40
9 P1-1-29 56.05 90-125 6+12° 179 1680  3.40
10 P1-1-30 57.15 90-125 6+12° 179 1680 3.0
11 P1-1-31 58.15 90-125 6+10° 179 1680 3.0
12 P1-1-32 61.2 90-125 6+12° 179 1680  3.40
13 P1-1-34 78.9 90-125 6+12° 179 1680  3.40
14 P3-2-1 4.68 90-125 6+12° 148 1140 232
15 P3-2-2 8.05 90-125 6+12° 115 1090 210
16 P3-2-3 16.7 90-125 5411° 140 1050 231
17 P3-2-4 253 90-125 6+12° 198 1650 297
18 P3-2-5 32.1 90-125 6+12° 203 1690  2.82
19 P3-2-6 39.7 90-125 6+12° 193 1440 228
20 P3-2-7 46.6 90-125 6+11° 161 1324 250
21 P3-2-8 53.8 90-125 6+11° 154 1293 246

Moisture Dose rate D, Over-dis- OSL References
(%) (Gy/ka) (Gy) persion age
(%) (ka)
27.1+5 297 +0.10 042+ 3997+720 014+ This study
0.04 0.02
284 +5 276 +0.10 092+ 2338+379 033+ This study
0.05 0.03
30.6 + 5 3.01+0.10 104+ 681 +1.42 0.35 +  This study
0.02 0.01
36.9 + 5 2724009 933+ 27.09+485 343+ This study
0.59 0.25
33.7+5  270+0.15 2471 1634+3.19 915+ This study
+ 115 0.67
320+5  2.80+0.16° 2454 538+ 1.14 8.78 +  This study
+0.37 0.51
27245  287+0.16° 2945 11.86+2.10 1026 + This study
+091 0.67
32045  274+016° 2857 3.82+1.00 1041+ This study
+0.33 0.60
284+5  289+017° 2724 787 +148 9.42 +  This study
+0.56 0.57
278 +5  284+016° 2803 13354233 986+ This study
+0.94 0.65
262+5  289+017° 2948 1531+280 1019 + This study
+1.10 0.79
3005  279+0.16° 2524 1579 +281  9.04+ This study
+1.03 0.63
300+5  279+0.16° 227+ 19.17+340 814+  This study
1.01 0.59
27345 225+008 066+ 2403+390 029+ Luetal
0.04 0.02  (2020)
20.6 + 5 2.02+008 079+ 1920+3.01 039+ This study
0.04 0.02
279 +5 206 +0.08 083+ 1939+345 041+ Luetal
0.04 0.02  (2020)
326 +5 280+0.10 393+ 1811+283 141+ Luetal
0.16 0.07  (2020)
369 + 5 2724009 17.08 1283 +214 628+ Luetal
+0.54 029  (2020)
318+ 5 2.54+009 2443 1486+233 961+ Luetal
+0.80 046  (2020)
254+5  242+0.14° 2393 757 148 9.90 + Luetal
+0.49 062  (2020)
284+5  228+0.13° 1646 1527 +272 723+ This study
+0.65 0.51

The superscript “a” means aliquot numbers for single-aliquot regenerative-dose protocol, and the superscript “b” means aliquot numbers for standard growth curve protocol. The

« »

superscript “c” represents the dose rates based on the averaged content of U, Th, and K of existing samples.

about 2 weeks, and 90-125-um grains were etched with 40%
HF for 40 min. Both extracted quartz grains were washed with
10% HCI to eliminate fluoride precipitates. The purity of the
quartz fractions was tested by OSL IR depletion ratio
(Duller, 2003).

OSL measurements were performed on a Rise TL/OSL-DA-
20 reader equipped with a *°Sr/*®Y beta source. The quartz OSL
signals were stimulated by a blue light (A = 470 + 20 nm) for 40 s
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at 130°C and recorded by 9235QA photomultiplier through a
7.5-mm Hoya U-340 filter.

3.1.2 D, measurements

The equivalent dose (D,) was determined by a combination
of single-aliquot regenerative-dose (SAR) protocol (Murray and
Wintle, 2000) and standard growth curve (SGC) protocol
(Roberts and Duller, 2004; Lai, 2006; Lai et al., 2007). Yu
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TABLE 2 Accelerator mass spectrometry 14C dating results from core P3-2.

10.3389/fmars.2022.1031456

Sample ID Depth (m) Dating material ¢ age (ka BP) Cal date (20) (cal ka BP) Median cal age(cal ka BP) References

C-P3-2-1 32 Bulk organic 0.59 +0.03
C-P3-2-2 5.2 Plant fragment 0.19 + 0.03
C-P3-2-3 12,5 Plant fragment 0.21 £ 0.03
C-P3-2-4 21.0 Plant fragment 1.10 + 0.03
C-P3-2-5 28.0 Plant fragment 7.29 +0.03
C-P3-2-6 43.8 Bulk organic 9.21 £ 0.03
C-P3-2-7 45.6 Bulk organic 9.36 + 0.03
C-P3-2-8 53.6 Plant fragment 9.43 + 0.04

(2017) and Xu et al. (2020) suggested that it is feasible to choose
the preheat temperature of 260°C with a duration of 10 s during
the SAR-SGC protocol for dating deltaic samples from the PRD.
In this study, a preheat at 260°C for 10 s, and a cut heat at 220°C
for 10 s were chosen for regeneration doses and test doses,
respectively. For each OSL sample, four to six aliquots were
measured by SAR procedures to obtain SAR D.s and an SGC
curve. The other 10-12 aliquots measured for nature signals (Ly/
Ty) were fitted in SGC to get the SGC D.s. The final D, was
calculated using the arithmetic mean.

3.1.3 Dose rate measurements

The U, Th, and K content was determined using neutron
activation analysis. The cosmic ray dose was calculated based on
altitude, geographical location, and depth of the samples
(Prescott and Hutton, 1994). An alpha efficiency factor (a-
value) of 0.035 + 0.003 was used for the 38-63-um quartz
grains (Lai et al.,, 2008). The water content was measured in
the laboratory with an uncertainty of +5% by considering the
seasonal variation of precipitation and the palaeo-climate
change in the study area. The D,s and final ages were
calculated on the website program of Dose Rate and Age
Calculator (Durcan et al,, 2015). Unfortunately, some samples
lack measured dose rates due to samples loss. Based on the
average value of the available sample data, we calculated the
estimated dose rate of these lost samples. The estimated dose
rates are generally consistent with the measured dose rates of an
upstream core DA (Figure 1B), ranging from 2.09 to 2.92
(Table 1; Xu et al., 2020).

3.2 Radiocarbon dating

Four organic-rich sediments and five plant fragments from
core P3-2 were collected for AMS '*C dating. All these AMS '*C
samples were analyzed by the Beta Analytic Radiocarbon Dating
Laboratory (Florida, USA). All conventional ages were calibrated
using Intcal 09 curve (Reimer et al., 2009).

Frontiers in Marine Science

0.65-0.58 0.6 = 0.04 This study
0.30-0.26 0.3 +£0.02 Lu et al. (2020)
0.30-0.27 0.3 +£0.02 Lu et al. (2020)
1.06-0.94 1.0 £ 0.07 Lu et al. (2020)
8.20-8.02 8.1 £0.08 Lu et al. (2020)
10.50-10.46 10.5 + 0.02 Lu et al. (2020)
10.66-10.51 10.6 + 0.08 Lu et al. (2020)
10.75-10.57 10.7 + 0.09 Lu et al. (2020)
4 Results

4.1 Luminescence characteristics and
OSL ages

Figure 2 shows the representative decay and dose-response
curves of samples P1-1-17, P1-1-28, P3-2-4, and P3-2-6. The
OSL signals of these samples decay rapidly within ~2 s,
indicating the dominance of the fast component. The SGC can
be fitted by a single exponential function with six regenerative
dose aliquots, indicating that the SAR-SGC protocol is suitable
to determine the D, values of the PRD sediments.

Thirteen and eight quartz OSL ages are obtained from core
P1-1 and P3-2, respectively. The OSL results are listed in Table 1
and shown in Figure 3. The OSL ages range from 10.41 + 0.60 to
0.16 + 0.03 ka within depths of 78.90-0.35 m for core P1-1 and
from 9.90 + 0.62 to 0.30 + 0.02 ka within depths of 4.68-53.80 m
for core P3-2 [the dating results were partly from Lu et al
(2020)]. Except for the outlier (the age of 7.05 + 0.53 ka from the
sample P3-2-8), the OSL results are generally consistent with
stratigraphic order within errors.

4.2 Radiocarbon ages

The AMS "*C ages of core P3-2 are summarized in Table 2
and Figure 3. The radiocarbon ages of the five plant fragment
samples ranged between 10.7 + 0.09 and 0.3 + 0.02 cal ka BP
within depths of 53.6-5.2 m. The three bulk organic samples
yielded ages of 10.60 + 0.08 cal ka BP (45.6 m), 10.50 +
0.03 cal ka BP (43.8 m), and 0.06 + 0.04 cal ka BP (3.2 m) [the
dating results are partly from Lu et al. (2020)]. The "*C
sample C-P3-2-1 (3.2 m) yielded a slightly older age (0.6 *
0.04 cal ka BP), which is considered as reworking material
because of human re-filling and will not be considered in the
sedimentation rate analyses. Except for this sample, the
radiocarbon ages of core P3-2 are in agreement with
stratigraphic order with depth.
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FIGURE 2

Luminescence properties of samples P1-1-17 (A), P1-1-28 (B), P3-2-4 (C), and P3-2-6 (D). The outset figure shows the decay curves of natural
signal and the signals of regenerative dose, test dose, and 0 Gy, respectively. The inset figures show the dose-response curves (black lines) of
each single-aliquot regenerative-dose aliquot and their standard growth curve (red line). The blue hollow cycles are the regenerative doses.

5 Discussions

5.1 Comparison of OSL and
AMS C ages

In this study, four quartz OSL ages and three AMS '*C ages
of plant fragments show a good agreement above 26 m depth
(Figure 4). With increasing depth, the OSL sample P3-2-1 and
the "*C sample C-P3-2-2 yielded ages of around 0.3 ka at similar
depths (within 0.5 m). The OSL samples P3-2-2, P3-2-3, and P3-
2-4 show good constraints for *C samples C-P3-2-3 and C-P3-
2-4 within a range of 0.3 to 1.4 ka. However, the fitting curve
show age differences appearing below 26 m in depth, i.e., before
1.4 ka (Figure 4). For instance a c. 2 ka age difference appears
between *C sample C-P3-2-5 (28 m) with an age of 8.1 + 0.1 cal
ka BP and an OSL sample P3-2-5 (32.1 m) with an age of 6.3 +
0.3 ka. About 30 km north of the study area, core DA revealed a
similar age difference by fitting analysis, showing that '*C ages
are older (c. 0.5-1 ka) than OSL ages before c. 1.8 ka (Xu et al,
2020). As the depth increases, the age discrepancy of core P3-2
becomes less apparent (Figure 4). For instance at 45.6-m depth,
the organic sample C-P3-2-7 (10.6 £ 0.08 cal ka BP) is consistent
with the lower OSL sample P-3-2-7 (9.9 + 0.6 ka) considering
age errors.
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Comparisons between OSL dating and '*C dating results for
Holocene deltaic sediments have been reported in many studies,
but their results vary. Research in the eastern PRD showed a
good consistency between the Holocene *C and quartz OSL
ages, with only one obviously younger '*C age (Guo et al., 2013).
However, as indicated by core DA from the southern PRD, AMS
'C ages are, in general, older than quartz OSL ages for Holocene
sediments at similar depths (Xu et al., 2020). The radiocarbon
results from the incised valley of the Yangtze River delta likewise
showed a good agreement with those in core NT but were mostly
older than their corresponding OSL ages in the adjacent core TZ
(Nian et al., 2018). Two cores from the Thu Bo River delta in
Vietnam revealed a general consistency of quartz OSL and
feldspar IRs, ages with '*C ages, except two reversal '*C ages
from shell samples in core VG-2 (Qiaola et al., 2022). The causes
of these abnormal '*C ages were generally considered as
influenced by carbon reservoir effect or the reworking of
dating materials (Nian et al, 2018; Xu et al, 2020; Qiaola
et al., 2022).

Knowledge of the local surface ocean "*C age offset relative
to that of atmospheric CO,, the so-called marine reservoir effect
(AR), is essential for reliable radiocarbon dating of coastal
sediments (Stuiver et al., 1986; Stuiver et al., 1998; Southon
et al.,, 2002). During the Holocene, AR variations for the South
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FIGURE 3

Lithology and chronology of cores P3-2 (A) and P1-1 (B). Ages were obtained by optically stimulated luminescence (blue) and accelerator mass

spectrometry *C (black) dating methods.

China Sea was c. 410 years for c. 8.1-5.5 ka and c. 200 years for c.
3.5-2 ka (Hua et al., 2020). Over the past 500 years, the mean AR
values for the south/central South China Sea was determined
as =25 + 20 years, while the AR values for the South China coast
are even lower, between -25 + 20 and -149 + 7 years (Southon
et al., 2002). In addition to local marine reservoir, calibration of
'C dating requires analysis of the “dead carbon” effect. For plant
samples from drainage systems, the reservoir correction might
be higher than that for marine samples due to additional
carbonate input from bedrock and soil (Nakanishi et al,
2013). Especially in the carbonated-rich PRD where river flows
likely carry old carbon from deeper sediments and sedimentary
rocks, the “dead carbon” effect could be more obvious (Liu et al.,
2017). For organic matter from the shallow water of the PRD,
the high hydrodynamics will produce old carbon and result in
abnormally old, by up to 2 ka, "*C ages (Yim et al., 2006; Kong
et al., 2014).

As discussed above, the abnormally older "*C ages in this
study are likely due to the combined effects of regional carbon
reservoir and carbon reworking. The mechanisms of the
temporal differences in reservoir effects in the PRD, as
observed in core P3-2, require further investigation.
Considering that deltas are dynamic and actively evolving
complex systems, it remains prudent to date Holocene
sediments by radiocarbon dating alone.

Frontiers in Marine Science

07

5.2 Sedimentary units and
depositional setting

According to the sedimentary characteristics, the
stratigraphic sequences are identified in ascending order of
each core (Figure 5). In core P3-2, a 53.8-m-thick Holocene
layer consisting of four sedimentary units unconformably
overlies the bedrock (dark gray cataclasite and breccia)
(Figure 5A). The lowermost unit P3-U1 (53.8-45.8 m) consists
of gray-to-dark gray and medium-to-fine sand with few
fragments of plant and shell. Such lithology is likely an
indication of a tidal channel deposition environment during c.
10.7-9.9 ka. A similar unit was also recorded at around 10.8-
10.5 cal ka BP in core ZK19 (31.4-34.8 m in depth) from
Lingding Bay (Chen et al, 2019). Unit P3-U2 (45.8-26.1 m)
overlies P3-U1 with a mutation in grain size of dark gray muddy
clay intercalated with silty-sand laminations and more shell
fragments. The lithological transition implies that the
depositional setting might have changed from fluvial channel
to an estuary/prodelta environment at nearly 10 ka due to sea
level rise. Along the Modaomen Channel, a similar sedimentary
environmental change was also recorded in upstream cores
PRDO05, PRD04 (Wei and Wu, 2011), and DA (Xu et al., 2020)
during nearly the same time gap (Figure 6). Unit P3-U3 (26.1-
11.4 m) shows dark gray muddy silt and sand containing
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FIGURE 4

Comparison of optically stimulated luminescence (OSL) ages and accelerator mass spectrometry (AMS) *C ages of core P3-2 and the fitting
curves for these ages. Circles and diamonds represent OSL and AMS *4C ages, respectively. Ages above 26 m in depth are well fitted by a linear
function (black). Below 26 m in depth, OSL and AMS **C were fitted by an exponential (green) and a linear function (red), respectively.

abundant shell fragments and coarse sand laminations at the
bottom and fine sand laminations at depths of 14.0-11.4 m. The
uppermost P3-U4 (11.4-3.5 m) is mainly composed of light gray
silt with sporadic fine sandier lenses and a thin sandy layer (5.0-
3.5 m). The upward fining-to-coarsening successions and
sandier lenses indicate that this site might be deposited in a
delta front (P3-U3) to a delta plain (P3-U4) setting (Figure 5A).

Core P1-1 is divided into four units (Figure 5B). The basal
unit P1-Ul consists of two subunits. The lower unit P1-Ula
(79-68 m) is an 11-m-thick layer of brownish-yellow coarse
sand with well-rounded and poorly sorted grave sediments,
and the upper unit P1-Ulb (68.0-58.2 m) is grayish-yellow
medium-to-fine sand. Unit P1-U1 is interpreted as indicating a
fluvial channel environment. Unit P1-U2 (58.2-36.0 m) is
unconformably in contact with the underlying strata with
mutation in color and grain size, consisting of the dark gray
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color of silty clay, including abundant fragments of oyster
shells and plant. The lithologic characteristics of this unit
shows a similarity to P3-U2 and is considered as estuarine/
bay deposits (Figure 5). This unit was also documented at
depths of c. 51-32 m in the adjacent core ZK2, which has been
interpreted as retrogradational estuary since c. 7.5 ka (Wei and
Wu, 2011). Unit P1-U3 (36.0-22.0 m) appears as a continuous
depositional succession of unit P1-U2 with gradual contact,
composed of gray silty clay sediments with fewer shell
fragments. Unit P1-U4 (22-0 m) occupies the uppermost
part of core P1-1 with two subunits. The lower unit P1-U4a
(22-16 m) is light gray clay sediments. The upper unit P1-U4b
(16-0 m) consists of grayish-brown to brownish-gray clay and
sandy silt with organic muddy sediments and a few plant
fragments. The upward-coarsening trend and fewer shell
fragments compared with P1-U2 probably represent a

frontiersin.org


https://doi.org/10.3389/fmars.2022.1031456
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Lin et al.

A
Sea~y
P3-2 Depth (m)
7 0] I I
paus 180 |
Delta plain1o: L] 9.07 n:/ka |
] 1 I
P3-U3 1e 1 1
Delta front 20~ : |
1 o ) |
] ~-_Hiatus__ '@
P3.U2 * : o
Estuary/ ] 7.52 m/ka
prodelta 40 | |
1 1 |
P3-U1 ] 1 1
Tidal 50 | |
channel 1
| }-O-‘ *
60 ] T I T T T T l T T 1
Tih 4 6 8 10 12
&= Age (ka)
E=clay X Bedrock @ OSL age
B siit FZModernsoil @ AMS'C age
[ sand Y Plant fragment O< Outlier
Gravel @ Shell fragment —~— Sedimentation rate

FIGURE 5

10.3389/fmars.2022.1031456

Depth (m)
(U ]

P1-Usb ]
- - -Delta front-10
P1-Uda

I
8.86 m{ka

20

P1-U3
Estuary/
Prodelta

2.24 m/ka
30

7.48 m/ka
407

P1-U2

Estuary/bay

504

60
P1-U1b

___Fluvial__ _
channel 70 4

P1-U1a

80 T T T T T T T

% 2 4 6
Age (ka)

Stratigraphic divisions and age—depth model of cores P3-2 (A) and P1-1 (B). Solid circles and diamonds represent optically stimulated
luminescence (OSL) and accelerator mass spectrometry (AMS) C ages, respectively. Hollow circles and diamonds represent the outlier ages of
OSL and AMS *C, respectively. Mass accumulation rates were determined using the polynomial fit method.

transition from estuarine/prodelta (P1-U3) to delta front (P1-
U4) environment.

In the present study, unit P1-U1 was subjected to a different
depositional system (fluvial system) compared to other units in
core P1-1 (Figure 5B) and is excluded from the sedimentation
rate analysis. In both cores P3-2 and P1-1, three phases of
depositional rate changes are identified based on the obtained
ages (Figure 5). During 10.7-7.5 ka, cores P3-2 and PI-1
deposited at a rate of 7.52 and 7.48 m/ka, respectively.
Between 7.5 and 2.5 ka, core P3-2 appeared as a sedimentary
hiatus, whereas core P1-1 recorded a slow accumulation of 2.24
m/ka from 7.5 to 3.0 ka. The highest accumulation rate is
recorded since 3 ka as c. 9.07 m/ka in core P3-2 and 8.86 m/

ka in core P1-1.

5.3 Variation of sedimentation rates and
its evolutional implication for the Pearl
River Delta

5.3.1 Rapid sea level rise and accommodation
space infilling

Theoretically, one (or more) sequence(s) of marine
sediments can be found within a tectonically subsiding delta
basin and its incision valley systems due to sea level changes
during glacial-interglacial cycles (Dalrymple et al., 1992; Zaitlin
et al., 1994; Nichol et al., 1996). Previous studies have shown that
at least two marine sequences have been consistently recorded
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along the northern coast of the South China Sea during the
Quaternary period (Huang et al., 1982; Yim et al,, 2008; Zong
et al,, 2009b; Xu et al,, 2022). As indicated by the Quaternary
sedimentary record from the PRD, the catchment area was filled
with older marine sediments that may have been deposited
during MIS 5 (Yim et al.,, 1990; Zong et al., 2009b; Yu, 2017)
as well as fluvial sands and gravels. This older sedimentary
succession is generally overlined bedrock or gravel beds in the
coastal areas of southern China (Zong et al., 2015). Since the
LGM, when the sea level dropped to about 120 m bpsl (Chappell
etal., 1996), the Pearl River cut through the older succession and
created incised channels (Figure 7A; Zong et al., 2009b). Along
with sea level that reached to about 40 m bpsl at c. 10 cal ka BP
(Siddall et al., 2003; Xiong et al., 2018b), available space was
created at many locations along the coast that would be filled
during the Holocene (e.g., Zong et al., 2012).

When the relative sea level in the study area rose from about
40 to 0 m bpsl between c. 10 and 7.5 ka (e.g., Xiong et al., 2018b),
seawater inundated the study area and transformed it into a
broad estuary (Figure 7B). At the same time, units P1-U2 and
P3-Ul deposited in an estuary environment at high
accumulation rates of 7.47 m/ka in core P1-1 and 7.39 m/ka in
core P3-2 (Figure 5). This rapid sedimentation during the early
Holocene has been widely reported from the head (e.g., Zong
et al., 2009a; Fu et al.,, 2020), central deltaic plain (Zhao et al.,
2014; Fu et al.,, 2020), and estuarine areas (Chen et al., 2019) in
the context of rising sea level. Previous studies showed that the
rate of relative sea level rise increased from about 16.4 m/ka by
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Stratigraphic transect along the palaeo-valley from central deltaic plain to the Modaomen estuary showing the distribution of major sediment
facies and the seaward-thickening Holocene stratum. The stratigraphic analyses of cores were cited from previous studies, i.e., JJ1 by Zong
et al. (2009a), PRDO5 by Liu et al. (2008), DA by Xu et al. (2020), and PRD04 by Wei and Wu (2011).

10.5 cal ka BP to a peak of c. 33.0 m/ka by 9.5 cal ka BP (Xiong
etal, 2018b). As the seaward part of the delta, an estuarine area
would respond immediately to rapid sea level rise, opening a
narrow accommodation space for fast infilling of incision
channels (Chen et al., 2019).

5.3.2 Slow sedimentation in the
middle Holocene

As the relative sea level approximately ceased rising around
7.5 cal ka BP at a reduced rate of 1.7 m/ka (Xiong et al., 2018b),
core P1-1 experienced a markedly slow deposition at 2.24 m/ka
between 7.5 and 3.0 ka (Figure 5B). This slow sedimentation rate
during the middle Holocene has been recorded in many boreholes
from the PRD (Zong et al., 2009a; Hu et al., 2013; Liu et al.,, 2016;
Fu et al.,, 2020). The reasons for this phenomenon are argued as
follows: (1) low sediment supply as sedimentation was
concentrated in the head area (Fu et al., 2020), (2) less sediment
generation under the influence of the weakening summer
monsoon (Zong et al.,, 2006), and (3) strong tidal currents that
transported parts of suspended sediments into the South China
Sea (Wu et al,, 2007). Consequently, limited sediments entered the
estuary and were frequently reworked by tidal currents. However,
small and large former/present rocky islands across the estuary of
the PRD may have contributed to the trapping of sediments to its
adjacent areas (Huang et al.,, 1982; Wu et al., 2007; Fu et al., 2020).
For example, in the bay area, core HKUV11 near Lantau Island
(Hong Kong) recorded continuous sedimentation (1.8 m/ka) over
the last 8 ka (Xiong et al., 2018b). Therefore, despite the low
sediment supply from the PRD, Henggin Island, adjacent to core
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P1-1 (Figure 1B), may have supplied some sediment flux and
contributed to the formation of unit P1-U3 (36.0-23.0 m) during
7.5-3.0 ka (Figure 5).

However, core P3-2, located about 20 km upstream of core
P1-1, underwent an exceptionally low depositional rate of 0.7
m/ka from 7.5 to 2.5 ka. This rate is much lower than that of
downstream core P1-1 (2.24 m/ka) during 7.5-3.0 ka (Figure 5)
and also those (1.27-5.66 m/ka) in modern PRD estuaries (Liu
et al., 2014). Here the slow sedimentation process is interpreted
as a depositional hiatus during the middle Holocene
(Figure 5A). In Lingding Bay, sedimentary hiatuses from 8.1
to 2.2 cal ka BP and from 7.6 to 2.9 cal ka BP were also reported
for cores ZK19 and ZK13, respectively (Chen et al., 2019). In
these cores, the palaeo-morphology of the PRD is suggested as
a key factor of the hiatuses (Chen et al., 2019). Core P3-2 is
located in the Modaomen Channel and is surrounded by
mountains (e.g., Wugui Mountains) and rocky islands
(Figures 1B, 7B), where a special hydrology called tidal bi-
directional jet flows (TBJFs) likely developed as the extensive
transgression passed through (Wu et al., 2010). However, core
P1-1 is located in the mouth of the Modaomen estuary, where
tidal currents are more complex and exhibit significant
dissipation of tidal energy. Such a turbulent environment is
unfavorable for the existence of TBJFs (Wei et al., 2011).
Recent studies reported that the TBJFs enhanced seafloor
erosion in the tidal channel with strong influx and
convergence of palaeo-tidal energy (Wu et al., 2010; Wei and
Wu, 2014). A long-term morphodynamic model simulated the
tidal current velocity in the PRD, showing that the highest
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Changes of landscapes of the southern Pearl River Delta estuary during the Holocene. (A) Prior to the Holocene marine transgression, the fluvial
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velocity is distributed in the southwest side of Wugui
Mountains from 6.0 to 2.5 ka (Wu et al., 2010). In core P3-2,
such a strong hydrodynamic condition is characterized as
plenty of coarse sand and shell fragments at depths of 26.1-
26.3 m (Figure 3A). Together with the low sediment supply,
core P3-2 has closely ceased deposition since 7.5 ka.

5.3.3 Accelerated sedimentation and formation
of the deltaic plain

The slow sedimentation rate transitioned to rapid deposition
(c. 9 m/ka) as observed in both cores in 2.5 ka (Figure 5).
Extremely rapid deposition became a major feature of the PRD
in a period of relative sea level stability during the late Holocene
(Zong et al,, 2010). As the central basin was gradually filled
between c. 4 and 2 ka (Fu et al., 2020), the deltaic progradation
shifted to the estuary area since c. 2.5 ka (Figure 7C), and the
sedimentation rate was up to 5.33 m/ka, on average, for the
Modaomen estuary (Wei et al., 2011). Human activities, such as
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catchment land clearance, diking, and reclamation, have been
intensified since c. 2.2 ka (Cheng et al., 2018; Xiong et al., 2020;
Chen et al,, 2022), causing increased soil erosion (Yu et al., 2010;
Hu et al., 2013; Zong et al., 2013; Zheng et al., 2021) and more
sediment trapping (Figure 7C; Zong et al., 2009a; Xiong et al.,
2020). In the estuary, cores B1/2 and HKUV1 showed that the
progressively higher kaolinite contents since 2.5 ka were due to
older weathered soils caused by widespread agriculture (Hu
et al.,, 2013); core ZK19 showed a strengthening of
anthropogenic influence, as evidenced by gradually positive
8"C values at depths of 9.8-0 m (gray to brown and gray
clayey silt) since c. 1.7 ka (Chen et al., 2019). A similar lithology
was also recorded in unit P1-U4b (grayish brown to brownish
gray, clay and silty sand) at the same time (Figure 5B). Therefore,
the fast deposition in core P1-1 could be associated with intense
human activities.

After c. 2.5 ka, the TBJFs has switched into a unidirectional
jet flow with weakened tidal energy (Wu et al., 2010; Wu and
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Wei, 2021), and thus sedimentation of core P3-2 in the
Modaomen Channel is likely reactivated. Based on the records
of cores PRD04 and PRDO5, the tidal sand bodies of the
Modaomen Channel were aerial in origin and formed
sandbars (e.g., Daao sandbar; Figure 7C) at c. 2.2 ka (He et al,,
2007; Wei and Wu, 2011). About 34 km downstream from core
PRDO5, units P3-U3 and P3-U4 consist of coarsing upward
sediments near the land surface, implying that core P3-2 had
gradually switched from the underwater sand body to the
modern deltaic floodplain (Zhupai sandbar; Figures 5A, 7C,
D). Xu et al. (2020) suggested that the Modaomen estuary
changed from a relatively open estuarine bay to a relatively
closed one at 2 ka, which caused the reduction in outward
sediment flux and trapping of a large amount of sediment.
Hence, the rapid sedimentation in core P3-2 is more likely to
be controlled by the weakening tidal process.

5.4 Comparison with other Asian
megadeltas

The three-stage sedimentation model proposed in this
study has also been recorded in many Asian deltas. For
instance the high sediment accumulation rates in the Yangtze
River delta vary between c. 4.2 and 10.0 m/ka during the early
Holocene (c. 10-7 ka) (Nian et al., 2018; Wang et al., 2018;
Jiang et al., 2020). In addition, in the Mekong River delta, a c.
20-m-thick layer of marine and brackish-water sediments were
deposited in a short time period of 11.6-9.1 cal ka BP (Tamura
et al., 2012). A similar sequence has also been recorded in the
southern Ganges-Brahmaputra delta (Goodbred and Kuehl,
2000) and the Song Hong delta (Tanabe et al., 2006).
Subsequently during c. 7-2 ka, the sedimentation rate was
less than 5 m/ka, on average, in the Yangtze River delta,
possibly because of the migration of the depo-center (Nian
etal., 2018; Wang et al., 2018; Jiang et al., 2020). In the Mekong
River delta, the accumulation rate significantly slowed down to
0.3-0.7 m/ka, which was associated with the lateral switching
of distributary channels (Tamura et al., 2009; Tamura et al.,
2012). The delta front progradation rate at 10 m bpsl also
decelerated from 22 to 4 m/a in the Song Hong delta at c. 6 cal
ka BP (Tanabe et al., 2006). In the last 2 ka, accelerated
sedimentation and rapid coastline advances occurred in the
Yangtze River and Mekong River deltas due to the gradual
seaward shift of sandy shoals and bars (Tamura et al., 2012;
Wang et al.,, 2018; Jiang et al., 2020).

Though under common monsoon climate and sea level
histories, differences still exist in Asian megadeltas on their
sedimentary characteristics. In contrast to the broad channel
of the Yangtze River delta (60-70-km-wide in the estuary; Li
etal., 2002), the palaeo-incised valley of the PRD is tight [30-
60-km-wide for the central basin and estuarine bay; from
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Zong et al. (2012)]. In addition, the Holocene strata of the
PRD show a trend of gradual thickening from the central
deltaic plain to the estuary (Figure 6 ), with an average of
about 20 m and more than 25 m in palaeo-incised valleys
(Huang et al., 1982; Zong et al., 2009a). Nevertheless, cores
P1-1 and P3-2 show remarkably thicker Holocene sediments
(c. 79 and 54 m, respectively), which might be related to
differences in palaeo-topography. The narrower and seaward
deepening estuarine channel may have amplified the effects of
monsoonal fluvial processes on the evolution of the estuarine-
deltaic landscape during the early Holocene (Zong et al,
2012). Strong fluvial forcing was recorded at c. 10.6-9.6 ka
in cores HKUV12 and HKUV10 along a palaeo-incised
channel of Lantau Island, supported by a low abundance of
brackish diatoms and high TOC content from terrigenous
materials (Xiong et al., 2018a). Compared with tidal-
dominated silt and clay deposited contemporaneously in
other Asian deltas (Goodbred and Kuehl, 2000; Tamura
et al, 2012; Wang et al., 2018), unit 1 (early-Holocene
sequence) of cores P1-1 and P3-2 is dominated by sands
(Figure 5), also implying a possible link to the strong
fluvial influence.

Conclusions

In this study, cores P1-1 and P3-2 were drilled in the
Southern PRD for OSL and AMS '*C dating. The chronology
of core P1-1 ranging from 10.4 to 0.16 ka is obtained from 13
quartz OSL ages. Core P3-2 spans from 10.7 to 0.3 ka, including
eight OSL ages and eight AMS "*C ages. The OSL and '*C data
shows a good consistency above 26 m (1.4-0.3 ka), but with
differences at depths of 26-54 m where AMS "*C ages (8.1-10.7
ka) are, in general, older (up to c. 2 ka) than quartz OSL ages.
This discrepancy decreases with depths. Therefore, one should
remain cautious when dating Holocene sediments by only
radiocarbon dating.

The obtained chronostratigraphy reveals three stages of
sedimentation: (1) high accumulation rates of 7.48 (P1-1) and
7.52 (P3-2) m/ka between c. 10.7 and 7.5 ka as a result of rapid
marine transgression, (2) followed by an exceptionally
decreasing rate 2.24 m/ka (P1-1) and a sedimentary hiatus
(P3-2) during c. 7.5-2.5 ka as most sediments were trapped in
the head area and due to strong scouring by tidal forces in the
estuary, and (3) rapid sedimentation at a rate of c. 9 m/ka since c.
2.5 ka, which was related to intensive human activities and
weakening tidal hydrodynamics.

This sedimentary model is also evident in other Asian deltas.
However, differences still exist due to the unique palaeo-
morphology of the PRD. The narrower and seaward deepening
estuarine channel may have led to the stronger fluvial influence
during the early Holocene.
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