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A sediment core from the Pearl River Estuary (PRE) was analyzed for grain size and organic geochemistry
parameters (TOC and δ13Corg). The results showed that high mean grain-size value and increased sand
content were correlated with the high TOC and negative δ13Corg. These results indicated high river runoff in
the PRE area. Peak river discharge occurred during the periods 1900–1750, 1500–1600, 1400–1200, 1000–900
and 750–600 cal yr BP. The main changes recorded in grain-size distributions, TOC contents, and δ13Corg varia-
tions appear to be directly related to monsoon precipitation in the sediment source area. An increased East
Asian summer monsoon rainfall (EASM) and/or an enhanced East Asian winter monsoon rainfall could result
in the increasing of monsoon rainfall. Typhoon related rainfalls could act as positive influence on precipitation
levels. The study of the correlations between the rainfall records and ENSO activities revealed a close relationship
between the monsoon rainfall in the PRE and the tropical Pacific variations. The frequent occurrence of ENSO
might result in the southern migration of the EASM rain belt and lead to more typhoon-derived rainfall in the
PRD during the late Holocene.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The relationship between historical cultural evolution and environ-
mental changes has aroused considerable interest over recent years
(Jousse and Escarguel, 2006; Iriondo et al., 2009; Sasaki and Takahara,
2011). Records show that the collapse of some civilizations has been
close in time to abrupt climatic changes (Cullen et al., 2000; de
Menocal, 2001; Wahl et al., 2006). In China, archeological data show
that dynastic changes have corresponded with changes in climate
(Wu and Liu, 2004; Hollmes et al., 2009). Although new proxy data
have now been obtained, an integrated view of natural climate variabil-
ity and its influences on the development/collapse of cultural evolution
during the late Holocene is yet to be realized. Solutions to this problem
will require high-quality, high-resolution proxy records gathered from
evenmore climatically sensitive and regionally representative locations.

Estuarine deltas on continental shelves provide ideal sites for study-
ing climate records on decadal to centennial time scales. The formation
of a salinity front induces the deposition of terrigenous materials,
resulting in a relatively high sedimentation rate (Zhou et al., 2012a).
Furthermore, throughwatermass exchanges, sediments in the estuarine
delta area contain paleoenvironmental information of the hinterland as
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well as paleoceanographic variability on the adjacent continental
margins and shelves (Tanabe et al., 2006; Smith et al., 2011). Therefore,
sediments in estuarine deltas offer an excellent opportunity to study
land–ocean interactions.

The Pearl River Estuary (PRE) is located on the continental shelf of
South China Sea (SCS). It iswell-suited for studying paleoenvironmental
patterns (Zong et al., 2006). The PRE is a typical weak tide estuary.
Watermass exchanges in the estuary aremainly controlled by the intru-
sion intensity of riverine freshwater (Wong et al., 2004). This makes the
sedimentation quite sensitive to local hydrological changes. Further-
more, the PRE and the Pearl River catchment are both located in an
area which is influenced by the East Asian Monsoon (EAM) (Jilan,
2004). Long-term variations in monsoon intensity result in fluctuations
in the amount of precipitation and, hence, freshwater flux through
major estuarine systems into the sea (Zong et al., 2006). Furthermore,
the warm climate and abundant precipitation in this area cause a large
amount of terrestrial input into the PRE. This leads to high sedimenta-
tion rates (Chen et al., 1993) and improves the opportunity for a high-
resolution investigation. Additionally, records from the PRE may
provide useful information about the connection between the EAM
evolution and variations in the tropical Pacific warm pool because the
heat and moisture found in the tropical Pacific have a close relationship
with the EAMsystem (Wang et al., 1997). Furthermore, it is believed that
a persistent El Niño stage causes a strengthened monsoon rainfall in
southern China (Wang et al., 2000b; Wu et al., 2003; Zeng et al., 2011).
Modern observation shows that annual rainfall differs dramatically
ll rights reserved.
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between the monsoon-enhanced wet years and the monsoon-reduced
dry years (as the ratio of the maximum to minimum annual rainfall
and river runoff is about 2–3 times and 4–6 times, respectively, in the
PRE) (Jilan, 2004). Strong positive correlations between sediment load
and freshwater discharge in the PRE suggest that sediment is highly
sensitive to rainfall caused by monsoon intensity (Zhang et al., 2012).
Therefore paleoenvironmental proxies reconstructed from this estua-
rine sediment can be used to trace the history of EAM variability
(Zong et al., 2006, 2009; Yu et al., 2012; Zong et al., 2012).

A great deal of researchhas been carried out in the PRE area since the
1980s. This data has been synthesized by Huang et al. (1982) and Li
(1991). Most of this research focused on the formation history of the
Pearl River Delta (Li, 1991, and references therein); the relative sea-
level variations (Li, 1985; Zong, 2004; Zong et al., 2009, 2012); local
coastline migration (Long and Huo, 1990; Huang et al., 2004; Li, 2004;
Zong et al., 2010a), and vegetation history and its response to climate
change (Shen et al., 1989; Wang et al., 2007a) since the last glacial
period. Few records have focused on the paleoenvironmental changes
in the Holocene (Huang et al., 1997; Zhang and Huang, 2005; Zong
et al., 2006; Dong et al., 2007; Zong et al., 2009; Yu et al., 2010; Zong
et al., 2010a,b,c) in the PRE.

Though the relative sea level (RSL) changed dramatically in the early
Holocene, available data show a stable sea level over the past several
thousand years (Zong, 2004; Cheng and Qi, 2007), hence changes in
RSL will have minimal impact on the PRE. Previous studies in the Pearl
River Estuary have shown that changes in the δ13Corg and C/N ratios of
estuarine sediments can be used as an indicator for changes in the fresh-
water discharge induced by the monsoonal precipitation for the mid to
late Holocene (Zong et al., 2006; Yu et al., 2012; Zong et al., 2012). Zong
et al. (2006) first employed bulk organic carbon isotope (δ13Corg) and
total carbon/nitrogen (C/N) ratios to reconstruct theHolocenemonsoon
history in the PRE. Yu et al. (2010) and Zong et al. (2010b) employed the
similar proxies and discussed the Holocenemonsoon rainfall andmate-
rial delivery history in the PRE. Yu et al. (2012) revealed high-resolution
(~20 yr) mid-Holocene variability of the East Asian monsoon history
and Zong et al. (2012) provided evidence of human activity for the
last 4000 cal yr BP in the PRE. However, rarer studies have focused on
themost recent 2000 yr due to the limitation of high-resolution climatic
records in the PRE.

In this study, we present a high-resolution (average: ~7 yr), late
Holocene record for the central PRE. This research is based on grain-
size distribution, total organic carbon (TOC) contents, and δ13Corg. We
hope to be able to provide a detailed late Holocene history of the East
Asian monsoon climate. In this way, we will attempt to explore the
possible causes that are responsible for changes inmonsoonal precipita-
tion over the PRE.

Regional settings

The Pearl River (PR, also named as Zhujiang River) is the second
largest river in China and the 13th largest river in the world in terms
of discharge volume. It is formed primarily by the confluence of three
principal rivers: the West River, the North River and the East River
(Fig. 1). The Pearl River delivers 350 × 109 m3/yr of fresh water with a
sediment load of 85 × 106 t/yr into the South China Sea. This volume
is delivered via three estuaries, Lingdingyang, Modaomen, and
Huangmaohai (Fig. 1). The Lingdingyang (named the Pearl River
Estuary (PRE) in this study) receives over 50% of the Pearl River fresh-
water discharge (Jilan, 2004) and is the primary focus of this study.

The PRE is a dynamic and complex estuary with four river inlets.
They are named: Humen (HUM), Jiaomen (JIM), Hongqili (HQL) and
Hengmen (HEM) (Fig. 1). Except for the deep channels and the areas
around the outer islands where the water depth varies between 20
and 30 m, most of the PRE is quite shallow. It has an average water
depth between 2 and 10 m. The PRE is located along a micro-tidal
coast with an average tidal range of about 1 m. The combined effect of
a small tidal range and large bay area results in the PRE being a good
place for sediment deposit (Jilan, 2004).

The Pearl River catchment covers a region of subtropical to tropical
maritimemonsoon climate. Themonthly air temperature and precipita-
tion range from ~6°C to 34°C and 45 mm to 280 mmat Guangzhou (the
area adjacent to the PRE: Fig. 2). The monsoon is the dominant climatic
controlling factor in the Pearl River Delta (PRD). In the summerwet sea-
sons (April–September) when the southwest monsoon prevails, about
98.68% of the sediment load, and 77.80% of the water are delivered
into the PRE (Jilan, 2004). Meanwhile, in the dry winter seasons (from
October to March) when the northeast monsoon prevails, only 1.3% of
the sediment load and 22.2% of the water are delivered (Zhang et al.,
2012). In addition, the impact of tropical cyclones on this region is
more concentrated during 7–9 months of the year. When tropical
cyclones make landfall near the PRD, extreme rainfall occurs in the
drainage areas (Liu et al., 2001). Therefore, the combination of tropical
cyclones and monsoon rainfall provides the peak precipitation in the
PRD.

Water regimes in the PRE are basically controlled by the interaction
of riverine freshwater and salt shelfwater (Chen et al., 2004). During the
wet season, less-dense freshwater dominates the surface of PRE and the
front extends across the estuary (Dong et al., 2004). Here, the salinity
varies from 1 to ~20 (Wong et al., 2004) (Fig. 3a). The salty oceanic
water intrudes along the axis of the estuary. The bottom salinity
increases across the estuary from the west to east (Fig. 3b). A strong
density and salinity gradient is found in the PRE during the wet season.
This gradient benefits for the deposition of the river-loadmaterial (Gao
and Michael, 2001). In the dry season, due to the substantially reduced
river runoff, the high salinity shelf water intrudes into the PRE and
mixes with the riverine water. Here, the water in the PRE is partially
stratified compared to the wet seasons (Figs. 3c, d). In sharp contrast
to the great difference of salinity, there is only a small difference
(b2°C) between the surface and bottom water temperatures (Zhou
et al., 2011).

During the rainy season, heavy rains bring a large amount of fresh-
water into the PRE. This influx pushes the denser seawater towards
the open shelf. A turbidity layer in the upper PRE is generated and it
moves towards the central and southeast parts of the PRE. This results
in a northwest to southeast decrease in the median grain size (MZ)
distribution and the content of coarser sediment components (Peng
et al., 2004).

In the PRE, the organic materials are composed of terrestrial organic
matter and plankton-derived organic matter. The balance between
terrestrial organic matter and in situ plankton-derived organic matter
is strongly influenced by the strength of the freshwater runoff (Fig. 3e)
(Yu et al., 2010). During the wet summer, heavy monsoonal precipita-
tion results in a remarkable increase in terrestrial organic matter input
into the PRE.Meanwhile, during the drywinter, the significant reduction
in monsoonal precipitation results in a remarkable reduction in the
terrestrial organic matter. At this time, the organic matter within the
estuary is dominated by in situ phytoplankton. Since most of the sedi-
ment load in the PRE is delivered during the wet season (Zhang et al.,
2012), a clear trend of terrestrial organic matter contribution (TOM%)
is high in the three main river inlet areas (up to 90%) HQL, HEM, JTM
(Fig. 3e). Meanwhile less than 20% is found in the southeast of the
PRE. This is because it is quite far away from the freshwater-influenced
area (Yu et al., 2010).
Materials and methods

In order to obtain the undisturbed sediment sequences we collected
a gravity core Z09-Z (113.7784°E, 22.3501°N, water depth at the coring
site is 8.4 m) on the subtidal flat at the edge of the central shallow of the
Pearl River Estuary (Fig. 1). This pro-delta area is away from the two
main tidal channels (Zong et al., 2010b). Moreover, the core site locates



Figure 1. Location of the study area locatedwithin the Pearl River Delta and Estuary. The drainage system, and sample site are shownwithin the estuary (seafloor topographydata is based
onWong et al., 2004). The position of the Dongge Cave stalagmite D4 is also shown. Five main river inlets (Humen, Jiaomen, Hongqili, Hengmen andModaomen) are labeled in acronyms
as HUM, JIM, HQL, HEM and MDM, respectively.
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between the Nei Lingding Island and Lantau Island and is protected
from strong typhoon storms (Fig. 1).

The core was obtained using a 110 mm (in diameter) gravity sam-
pler with a plastic tube inside the corer to capture and protect the
sediment samples from disturbance. The topmost part of the sediment
(~30 cm in depth) was lost when the plastic tube was pulled out from
the gravity sampler due to very high water content. The recovered
core can be lithologically divided into four units from top to base.
Between 0 cm and 45 cm, the sediment consists of undisturbed very
soft dark gray clay. The depth from 45 to 130 cm is mainly composed
of dark-gray clay with several imbedded dark clay layers and the
M
ea

n
 a

ir
 t

em
p

er
at

u
re

 in
 t

h
e 

ye
ar

 f
ro

m
19

70
 t

o
 2

00
0 

in
 G

u
an

g
zh

o
u

: 
(o

C
)

0

5

10

15

20

25

30

35

Ja
n

F
eb

M
ar

A
p

r

M
ay

Ju
n

Temperature

Figure 2. Annual changes in monthly mean air temperature and mean precipitation. These are
The data have been adapted from Kuang et al. (2008) and Chen et al. (2012).
interval from 180 to 130 cm is composed of dark-gray silty clay. The
depth from 284 to 180 cm is mainly composed of gray silty clay with
slim imbedded sand layers (Fig. 4). From a visual inspection there
were no considerable disturbances in the entire core.

Once the tubes were opened in the laboratory, the sediment cores
were split, described in detail, and sampled at 1-cm intervals. The sub-
samples were analyzed for particle size, TOC and δ13Corg.

For the grain-size analysis, sampleswere pretreatedwith 10–20 ml of
30%H2O2 for 4 h to remove organicmatter. This was followed by an acid-
ification process to remove carbonatewith 4 ml 7%HCl for 24 h. Then, the
non-carbonate samples were rinsed with deionized water 4 times to
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Surface: Dry-season Bottom: Dry-season

Surface: Wet-season Bottom: Wet-season

a b

c d

e

Figure 3. Contour maps showing mean seasonal salinity (a, b, c, d) in adjacent coastal waters (modified from Harrison et al., 2008), as well as the terrigenous organic contribution to the
surface sediment (e) within the Pearl River Estuary (Yu et al., 2010). Surface water salinity in the dry season (a), bottomwater salinity in the dry season (b), surface water salinity in the
wet season (c), bottom water salinity in the wet season (d), and the distribution of terrigenous organic matter (TOM%) to the surface sediment (e).
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remove residual acid and salt. An ultrasonic process was then used to
facilitate dispersion before the grain-size analysis. Grain-sizes were
analyzed with a Cilas 940 l instrument in the Key Laboratory at the
Marine Geology and Environment Science, Chinese Academy of Sciences.

For the geochemical analyses of organic carbon content and isotopes,
the freeze-dried and homogenized samples were acidified for 48 hwith
1 mol/l HCl. They were then rinsed four times with deionized water to
remove carbonate carbon. Then, the sampleswere freeze-dried, ground,
and homogenized with an agate mortar. The TOC content in the
carbonate-free samples was determined using a Thermal EA 1112
CHN elemental analyzer. The combustion temperature was 960°C. The
results were then reported as gram TOC or TN per hundred-gram
whole sediment (%). The relative precision for the experimental proce-
dure was estimated to be 0.1% based on the repeated measurements of
a standard. Samples for δ13C analysis were weighed into clean tin
capsules and placed in an elemental analyzer. They were then burned
at 1050°C in a pure O2 atmosphere within a combustion tube. The com-
bustion gaseswere swept through a reduction columnby a streamof He
gas and separated into CO2 and N2 by a gas chromatography. Then, the
gas stream entered a GV-Isoprime mass spectrometer where the CO2



Figure 4. Lithology and age–depth model for core Z09-Z. The age-model is based on a linear interpolation of the calibrated AMS14C dates. These figures were obtained by using Calib 6.0
software (by Stuiver, http://calib.qub.ac.uk/calib/). Theopen triangle, diamond and solid triangle represent the start,median and end calibration ageswith 2-σ precision. The gray envelope
shows the 2-σ precision age ranges. The linear sediment accumulation rates are listed beside the time–depth curve.
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was analyzed and compared to the internal gas standard. Sample
isotope ratios were compared to pure cylinder CO2 injected directly
into the mass spectrometer before the sample peaks and provisional
δ13C (PDB) values were calculated. The provisional isotope values
were adjusted in order to bring the mean values of working standard
samples distributed at intervals in each analytical run to the correct
values of the working standards. The working standard was Urea with
δ13C vs. PDB = −27.00%. The standard was periodically calibrated
against international isotope standards (IAEA N1). The average precision
Table 1
AMS radiocarbon age data for PRE core Z09-Z.

Depth (cm) Dating material AMS14C age (14C yr BP) 1σ-calibrated rang

0–1b Charcoal/plant fiber 150 ± 25 172–223
29–31b Charcoal/plant fiber 275 ± 25 293–317
90–94c Charcoal/plant fiber 410 ± 30 464–509
150–152b Charcoal/plant fiber 820 ± 30 690–742
208–212c Charcoal/plant fiber 1410 ± 30 1296–1332
268–272b Charcoal/plant fiber 1870 ± 35 1807–1868

a The original AMS14C dates have been converted to calibrated ages before 1950 AD (cal yr B
datasets (Reimer et al., 2009). The 1-σ and 2-σ age ranges are listed within the table. The med

b AMS14C dating was done in the National Ocean Sciences AMS testing central (WHOI).
c AMS14C dating was done in the Accelerator Mass Spectrometry Laboratory, Peking Univers
calculated by a replicated analysis of the internal standard was 0.12‰
for δ13C.

A total of six AMS14C dates were obtained for the Z09-Z core. Due to
the lack of carbonate detritus, all AMS14C dating was based on hand-
picked terrestrial plant charcoal fragments. Four AMS14C dates were
measured at the National Ocean Sciences AMS testing central (WHOI).
Another two AMS14C dates were measured in the Accelerator Mass
Spectrometry Laboratory, Peking University (Table 1). The original
AMS14C dates derived from the terrestrial organic matter were then
e (yr BP) 2σ-calibrated range (yr BP) Median calibrated 14C age (cal yr BP)a

168–231 173 ± 50
285–330 324 ± 50
429–519 483 ± 60
684–783 727 ± 60

1285–1359 1317 ± 60
1717–1881 1811 ± 70

P) using the Calib 6.0 (by Stuiver, http://calib.qub.ac.uk/calib) and the IntCal09 calibration
ian calibrated ages were used for calculating the linear sedimentary ratio.

ity.

http://calib.qub.ac.uk/calib/)
http://calib.qub.ac.uk/calib


Figure 5.Grain-size distribution, total organic carbon content and bulk organic carbon iso-
topic values of core Z09-Z. (a) Component percentages of clay (b4 μm), (b) component
percentages of silt (4–63 μm), (c) component percentages of sand (N63 μm), (d) the
mean grain-size profile of the core Z09-Z, (e) total organic carbon content (TOC) and (f)
bulk organic carbon isotopic composition. The 5-pointmoving average lines are highlight-
ed in bright color lines. The black arrows in the top of thefigure represent the calibrated 2-
σ start, median and end ages of each dating point. The slim shaded bars indicate the 2-σ
age ranges. The vertical thicker shaded sections represent the five peak river discharge pe-
riods recorded in core Z09-Z and the light gray vertical section represents the period of in-
creasing human activities.
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converted to calibrated ages before 1950 AD (cal yrs BP) using the Calib
6.0 (by Stuiver, http://calib.qub.ac.uk/calib) and the IntCal09 calibration
datasets (Reimer et al., 2009). An age–depth model was developed
using linear interpolation between calendar ages.

Results

Radiocarbon chronology

The core Z09-Z has a calibrated age ranging from ca. 1910 cal yr BP
to ca. 173 cal yr BP (Fig. 4). The estimated surface age of around
173 cal yr BP indicates that sediments younger than 170 yr BP
were probably removed during core sampling. Even though this
age model indicates that the studied core covers a time interval of
about 1750 yr during the late Holocene, accumulation rates through
the core are relatively high. The average accumulation rates were
calculated to be 1.9 mm/yr, 3.9 mm/yr, 3.0 mm/yr, 1.0 mm/yr, and
1.1 mm/yr for time intervals of 173–324 cal yr BP, 324–483 cal yr BP,
483–727 cal yr BP, 727–1317 cal yr BP and 1317–1910 cal yr BP,
respectively. Our records are therefore consistent with the conclusions
of Yao et al. (2008), whose research suggests an average sedimentation
of 2.0 mm/yr within the PRE area.

Grain-size distribution

Data for grain-size distribution (Ms, μm; clay, %; silt, %; sand, %) in
the Z09-Z core sediments spanning the last ca 2000 yr were plotted
against calibrated radiocarbon ages. Figures 5a–c and d show the verti-
cal variation of the percentages of clay (b4 μm), silt (4–63 μm)and sand
(N63 μm) contents, aswell as themean grain-size distribution. The core
sediment consisted of 20–50% clay, 40–70% silt, 0–10% sand, and was
poorly sorted (1.3–1.9 φ). For the late Holocene, the variation in the
proportion of clay and silt suggested a two-stage evolution. Before 600 -

cal yr BP, the silt and clay fraction content showed clear fluctuations.
There were high silt percentage (low clay percentage) episodes at ca.
1900 cal yr BP, 1800 cal yr BP, 1600 cal yr BP, 1450 cal yr BP, 1350 -

cal yr BP, 1000 cal yr BP, and 720 cal yr BP. After 600 cal yr BP, the
silt content remained relatively stable and showed a gradually trend to-
wards reduction.

Compared with the high content of clay and silt, the sand content
is negligible for much of the late Holocene in the Z09-Z core. This
is due to its extremely low percentage (b1%). However, peak
sand values were recorded at about 1900 cal yr BP, 1800 cal yr BP,
1600 cal yr BP, 1350 cal yr BP, 1000 cal yr BP, 950 cal yr BP, and
720 cal yr BP. This corresponds quite well with the high silt percent-
ages. The MZ shows similar variations with the silt content, with high
values corresponding to sand peak values. This suggests a relatively
high portion of coarse fraction.

TOC and δ13Corg

Total organic carbon concentrations generally remained between0.6%
and 1.2% throughout the sediment record over the last 2000 cal yr BP.
It reached a sharp maximum of 1.44% at ca. 900 cal yr BP (Fig. 5e). A
two stage variation was revealed by the TOC percentages, with an
increasing trend from ca. 1900 cal yr BP to 900 cal yr BP, and a high-
frequency oscillation period after 600 cal yr BP.

The bulk organic carbon isotopic compositions ranged between
−21.1‰ and −25.3‰ (Fig. 5f). Here, there was an average of −22.6‰
and−23.4‰ before and after 1000 cal yr BP, respectively. Unlike the in-
creasing trend of TOC, the δ13Corg values demonstrated large shifts in
the range of −21.0 and −24.6‰ before 900 cal yr BP. There were
also relatively negative shifts at 1850 cal yr BP, 1750 cal yr BP,
1600 cal yr BP, 1350 cal yr BP, 1100 cal yr BP, 950 cal yr BP and
720 cal yr BP. These similar high-frequency oscillations recorded in
the δ13Corg after 600 cal yr BP, with negative values, correlated with
the high TOC contents, might correspond to the imbedded dark clay
layers (Figs. 4, 5e, f).

Discussion

River discharge and a regional precipitation history of the PRE

Recent research has shown that the sediment load in the PRE has a
strong association with water discharge (Yu et al., 2010; Zong et al.,
2010a, 2010b, 2010c; Yu et al., 2012). This is characterized by the coin-
cidence of high sediment load and high water discharge during the wet
season (Zhang et al., 2012). Sediment transport reaches its peak during
periodswith the same level as thewater discharge. For river basins, sed-
iment yield is generally controlled by the magnitude and frequency of
rainfall events (Zong et al., 2006). Therefore, it is likely to be sensitive
to regional precipitation (Wang et al., 2007b).

http://calib.qub.ac.uk/calib)
image of Figure�5
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Grain-size distribution curves of natural sediments have long been
used to identify the type of depositional environments (Gao and
Michael, 2001; Yu et al., 2012). Particle-size analysis is generally used
to reveal the depositional environment (Owen, 2005; Fan et al., 2006;
Huang et al., 2011), as well as hydrodynamic conditions (Sun et al.,
2003) in the sediment cores. In continental shelf and lacustrine
sediments, the variations in grain-size character (such as MZ, clay, silt
and sand content) can be linked with changes to local rainfall and/or
river runoff (Xu, 2000; Gao andMichael, 2001; Owen, 2005). In estuary
regions where river flow has a great influence on the sediment, an
Figure 6. A comparison of Z09-Z records from PRE, to several late Holocene records from 2000
tribution; (c) 5-step running averages of the TOC content; (d) 5-step running averages of the δ
Asian Summer Monsoon rainfall); (f) the red color intensity unit records from Laguna Pallacoch
temperature records (Wang andWang, 1990; Zheng and Zheng, 1993; Guo et al., 2002) (East As
start, median and end ages of each dating point. The slim shaded bars indicate the 2-σ age rang
corded in core Z09-Z and the light gray vertical section represents the period of increasing hum
abrupt increase of mean grain size is inferred to have been transported
by a sudden strengthening of river discharge (Xiao et al., 2006; Holz
et al., 2007; Dinakaran and Krishnayya, 2011). More recently, grain-
size characteristics have served as a proxy for the reconstruction of
variations in East Asian monsoons in the Bohai Sea (Yi et al., 2012),
the Yellow Sea (Zhou et al., 2012b), the East China Sea (Qiao et al.,
2011), and the South China Sea (Huang et al., 2011). As illustrated in
this research, increasing mean size values and higher sand content
have suggested a higher fluvial contribution derived from the enhanced
monsoon rainfall.
cal yr BP to present (1950). (a) 5-step running averages of the MZ; (b) sand content dis-
13C values; (e) the stalagmite δ18O records from Dongge Cave (Dykoski et al., 2005) (East
a, southern Ecuador (Moy et al., 2002) (ENSO frequency); (g) 2000-yr Chinese winter air
ianWinterMonsoon). The black arrows in the top of thefigure represent the calibrated 2-σ
es. The vertical thicker shaded sections represent the five peak river discharge periods re-
an activity.

image of Figure�6
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In general, high precipitation rates would enhance the soil erosion
over the Pearl River Delta region (Zhang and Lu, 2009; Zong et al.,
2010b). This would also increase the transport capacity of rivers and
lead to more coarser clastic materials being available for river transport
and subsequent deposition in the PRE (Li, 1991; Yu et al., 2012). Re-
search from Huang and Yan (1997) and Peng et al. (2004) reveals that
sediment grain size significantly coarsens during strong monsoon rain-
falls and periods influenced by typhoons.

As shown in Figures 6a and b, the 5-step running averages of the
MZ and sand-content values were relatively high during the periods
1900–1750 cal yr BP, 1500–1600 cal yr BP, 1400–1200 cal yr BP,
1000–900 cal yr BP, and around 700 cal yr BP. This would suggest an
increase in freshwater discharge in the PR and hence increased precip-
itation over the PRE drainage area.

Organic matter constitutes aminor fraction of terrestrial andmarine
sediments, but it is an important part of their paleoclimatic records
(Meyers, 1998). Bulk organic δ13C and TOC have been widely used to
elucidate the source and fate of organic matter in the terrestrial, estua-
rine, and coastal regions (Prahl et al., 1994; Hedges et al., 1997; Zong
et al., 2006, 2010b; Yu et al., 2012). TOC is a fundamental proxy that
integrates the delivery to, and accumulation of, organic matter in sedi-
ments (Meyers, 1997). Normally, in continental and estuary sediments,
an increase of TOC is caused by an increase in primary productivity, the
supply of terrigenous organic matter, and the preservation of organic
carbon (Stein, 1991). When the sedimentation rate is over 35 cm/ka,
TOC content is not affected by the sedimentation rate regardless
of whether the bottom conditions are anoxic or oxic (Tyson, 2001). How-
ever, in the Z09-Z core, sedimentation rates showsignificantly high values
(with an average of 150 cm/ka). This would indicate that the preserva-
tion has little to dowith the increase in TOC contents for the entire core.

As shown in Figure 6c, the 5-step running average of the TOC shows
peak values for the periods 1900–1750 cal yr BP, 1500–1600 cal yr BP,
1400–1200 cal yr BP, 1000–900 cal yr BP, and 750–600 cal yr BP. This
suggests an increasing organic matter input. Soils and plants are the
main sources of fluvial sediment draining into the estuary (Meyers,
1997). These sediments are mixed with material from a marine source
within the estuary before being deposited (Zong et al., 2006). Thus the
high TOC values could be attributed to both an increase of primary
marine productivity and terrestrial organic input (Zong et al., 2010b).

Thematerials derived from freshwater have an isotopic composition
ranging from −23 to −29‰ (Meyers, 1997; Zong et al., 2010a, 2010b,
2010c). Meanwhile, the endogenesis marine materials have an isotopic
composition ranging from−17 to−19‰ (Meyers, 2003). The presence
of C4 land plantswould complicate the interpretations of organicmatter
origins because their δ13C values show large differences from those of C3
plants (approximately−29.0 ± 1.8‰ and−13.1 ± 0.5‰ for C3 and C4
plants in the Pearl River Delta, respectively (Yu et al., 2010)). Jia and
Peng (2003) pointed out that the dominant organic sources for modern
PRE sediments are from the C3 group. Recent research by Yu et al.
(2010) confirmed that the terrigenous freshwater organicmatter, deliv-
ered into the estuary by river runoff, was characterized by a negative
δ13C value (particle organic matters have δ13C around −28.7‰). This
indicated a dominating contribution of C3 plants. It is noteworthy that
the common agricultural crop, sugarcane (a C4 plant with an average
δ13C value of −12.7‰), differs from the δ13C value for common terres-
trial organic matter (Zong et al., 2010b). However, samples influenced
by sugarcane input are mostly from the deltaic distributary sediments
(deposited in freshwater dominated environmentwhich has an average
δ13C value around −23‰ and a relatively high C/N ratio) (Zong et al.,
2010b). The δ13Corg value of core Z09-Z ranges between −21.1‰ and
−25.3‰, which is similar to the isotopic composition of the shallow
subtidal sediments and shallow marine sediments described by Zong
et al. (2010b) but is different from typical C4 plant group. Moreover,
the location of core Z09-Z lies in the shallow subtidal zone and is far
away from the deltaic distributaries region, thus we assume that the in-
fluence of C4 crop in core Z09-Z is minor.
Riverine loaded materials always have higher TOC concentrations
than those of the marine derived matters in the PRE (Yu et al., 2010).
Therefore, the high TOC concentrations could represent an increased
delivery of terrestrial organicmatter.Moreover, the increased terrestrial
input resulted in an increase of negative δ13C values in sediments (as
terrestrial organic matters have δ13C around −28.7‰ while marine-
derived organic matter has δ13C around −21.0 ± 0.2‰ (Yu et al.,
2010)). Thus, a lower δ13C value and a higher TOC content could reveal
increased terrestrial input into the Z09-Z core (Zong et al., 2006; Yu
et al., 2012). This increase would have originated from increased river
runoff as illustrated by Jia and Peng (2003) and Yu et al. (2010).

The 5-step running average of δ13C distribution (Fig. 6d) in the
Z09-Z core shows a good correlation with TOC (Fig. 6c). The periods
1900–1750 cal yr BP, 1650–1570 cal yr BP, 1400–1250 cal yr BP,
1000–900 cal yr BP, and 750–600 cal yr BP were marked by sharp in-
creases in terrestrial organic input. This is indicated by the more nega-
tive δ13C values and the higher TOC content. As shown in Figures 6a
and b, grain-size characteristics are consistent with the organic geo-
chemical proxies. High sand content andMZ values exist simultaneous-
ly with the peak values of high TOC and negative δ13C. This indicates an
increased river discharge into the PR and an enhanced precipitation
level in the PRE area.

Since 600 cal yr BP, the variation of MZ has remained at a very sta-
ble level and the sand content has been limited. This might be due to
the influences created by the increasing construction of dams and land
reclamation (Li, 1991; Zong et al., 2010b). Historical literature shows
that dam construction was started early during the Song Dynasty
(ca. 1000 cal yr BP) in the PR. Since the start of the Ming Dynasty
(ca. 600 cal yr BP), dam construction and land reclamations have un-
dergone a process of rapid increase due to the increasing population
in the PRD area (Lai, 1995). Dams inhibit the flood flushing effects in
the PR and cause coarser fractions to be deposited in the dam area.
This results in relative stability and a decreasing trend for the silt and
sand content in the Z09-Z core (as shown in Fig. 5). The widespread
land reclamations in the PRD area caused vegetation destruction. This,
in turn, created increased soil erosion and therefore more terrestrial
organic matters were transported into the PRE by river discharge
(Zong et al., 2010b). However, both the MZ and the chemical records
show high frequency oscillations in the Z09-Z core after 600 cal yr BP.
Here, the relatively high TOC and lower δ13C correlated with higher
MZ. This may indicate some high-frequency variations in precipitation
within the PRE or just partly be due to the increased time resolution
after 600 cal yr BP. Further investigation needs to be done to trace this.

Climate interrelationships in the PRE

Monsoon and tropical cyclone (typhoon) related rainfalls in the wet
season (fromApril to September) dominate the precipitation in the PRD
(Liu et al., 2001). In addition, the impact of tropical cyclones on this
region is more concentrated during 7–9 months of the year. When
tropical cyclones make landfall near the PRD, extreme rainfall will
occur in the drainage areas (Liu et al., 2001). Therefore, the combination
of tropical cyclones and monsoon rainfall brings peak precipitation to
the PRD (Zhang et al., 2012). Therefore, the high river discharge events
recorded in the Z09-Z core could suggest increases in summermonsoon
rainfall and/or frequent typhoon landfall in the PRD and adjacent areas.

Increasing sand percentage and MZ, increasing TOC and decreasing
δ13C found in sediments spanning the period 1900–1750 cal yr BP,
1650–1570 cal yr BP, 1400–1250 cal yr BP, 1100–850 cal yr BP and
750–650 cal yr BP indicate a long-term trend of strengthening
precipitation-induced freshwater discharge linked to an increasing
monsoon rainfall. Each of these wet events lasts for 100–300 yr. This
suggests a possible centennial periodicity for the East Asian Monsoon
precipitation change. Wang et al. (2005) examined the stalagmite
δ18O record of Dongge Cave (25°17′N, 108°5′E) from Southwest
China. It is reported that the negative shifts in the stalagmite δ18O values
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indicate heavy meteoric precipitation at the site (Wang et al., 2005).
This, in turn, is related to changes in the amount of precipitation. Taking
into account the dating uncertainties, the records from southern China
appear to correlate with what retrieved from the stalagmite δ18O re-
cords (Dykoski et al., 2005) in the Dongge Cave (Fig. 7e). The stalagmite
δ18O records reveal that the monsoon rainfall intensity was strength-
ened during periods ca. 1900 cal yr BP, 1600 cal yr BP, 1350 cal yr BP,
1150 cal yr BP, 960 cal yr BP, 720 cal yr BP and 600 cal yr BP, with a
centennial period of 100–300 yr. Although the peak monsoon rainfall
periods not alwaysmatchwell the records from core Z09-Z, considering
the lower resolution of theDonggeCave record and dating uncertainties
we suggest that records from core Z09-Z and Dongge Cave vary syn-
chronously. The similar periodicity at centennial scale, a good correla-
tion between the multi-proxy records and stalagmite δ18O (Wang
et al., 2005) both indicates that they might be driven by the same forc-
ing mechanism, such as solar irradiation (Dykoski et al., 2005; Chen
et al., 2008). Yu et al.'s (2012) recent records (core UV1, near to core
Z09-Z) show a general decreasing trend in monsoonal precipitation,
superimposed on apparent centennial to millennial time scales dry–
wet oscillations, in themid-Holocene. These centennial tomillennial os-
cillations are thought to be a response to solar activity (Chen et al.,
2008; Yu et al., 2012). Nevertheless, EAM rainfall records from core
UV1 show minor mismatches with the Dongge Cave stalagmite δ18O.
Yu et al. (2012) attributed this to the regional precipitation difference
between the PRE and the Dongge Cave area.

The East Asian monsoon is a dynamic and interactive system that
involves the ocean, land, and atmosphere (Peng et al., 2005). The
monsoon's circulation is driven by seasonal changes in the heating con-
trast between the Pacific Ocean and the Asian continent. In summer, the
differential heating of ocean and continent produces an atmospheric
pressure gradient between the ocean and the continent. This gradient
forces a steady flow of moistmaritime air onto the continent and brings
moisture/rainfall from the low latitudes of the Pacific Ocean to the land
(Zhang and Lin, 1992). Therefore, the heat and moisture status (e.g. an
El Niño phase or a La Niña phase) of the tropical western Pacific
shows a close relationship with the EAM system (Mitsuguchi et al.,
2008).

Figures 6a–d and f reveal that the periods of high river discharge (pe-
riods 1900–1750 cal yr BP, 1650–1570 cal yr BP, 1400–1250 cal yr BP,
1100–850 cal yr BP and 750–650 cal yr BP) basically correspond to
the high intensity of the red colored unit records from Laguna
Pallacocha, southern Ecuador, where it is strongly influenced by ENSO
variability (Moy et al., 2002). This suggests an interrelationship be-
tween regional precipitation and ENSO events. It is well known that
the inter-annual climate variation over East Asia is significantly related
to the ENSO cycle (Wang et al., 2012). Recent research has shown that a
negative rainfall relationship exists in northern China, while a positive
rainfall relationship exists in the southern Chinese coastal areas during
the summer and fall of the ENSO onset year (Tao and Zhang, 1998). This
is associated with the anomalous barotropic cyclone displacing south-
westward along the East Asian coast (Wu et al., 2003). ENSO mainly
affects the East Asia SummerMonsoon (EASM) bymodulating the loca-
tions and strength of thewesternNorth Pacificmonsoon trough and the
western North Pacific subtropical high (WNPSH) (Wang et al., 2009;
Wu et al., 2009).

Recent researchmodels have shown that thewestward expansion of
theWNPSH can increase summer precipitation in themiddle and lower
branches of the Yangtze River and decrease the amount of rainfall in
northern China (Zeng et al., 2011). This is due to the quasi-stationary
positioning of the monsoon rainfall in the 35°N region during an El
Niño phase (Zhou et al., 2004). El Niño events are characterized by
equatorial westerly wind anomalies near the Philippine Sea (Wang
et al., 2000a). Wang and Wang's (2013) recent research has shown
that this anomalous anticyclone produces southwesterly wind anoma-
lies along the coast of southern and eastern China. These anomalies
then carry moisture to southern China which increases rainfall there.
Thus, the onset of El Niño events could help tomaintain summer rainfall
in the middle and lower branches of the Yangtze River and in the most
southern part of southern China and bring plenty of rainfall there.

Though only about 20% of total water discharge is delivered during
the winter monsoon season (Zhang et al., 2012), winter precipitation
may partially account for the total rainfall in the PRD. Figure 6g shows
the average winter air temperature in northern China over the past
2000 cal yr BP (Wang and Wang, 1990; Zheng and Wang, 2005). High
positive temperatures suggest a warmer winter and therefore a weak
East Asian winter monsoon (EAWM) (Zhou and Wu, 2010). The close
correspondence between the EAWM and the water discharge records
suggests that the winter monsoon rainfall could have a positive effect
on precipitation in the PRD. Recently, Zong et al. (2010a, 2010b,
2010c) investigated the impacts of the EAWMon thewinter and rainfall
in southeastern China. Their results indicate that a weak EAWM corre-
sponds to an anomalous anti-cyclone over the South China Sea. This,
in turn, induces an anomalous moisture convergence and upward mo-
tion and therefore enhances rainfall over southeastern China. Numerous
studies (Zhang et al., 1999; Wang et al., 2000b; Zhang and Sumi, 2002;
Wu et al., 2003; Zhou, 2010; Zhou andWu, 2010) have shown that trop-
ical Pacific SST anomalies (in relation to ENSO) can affect winter rainfall
over Southern China. Above-normal (below-normal) winter rainfalls
have been observed during El Niño (La Niña) years (Wang et al.,
2000b; Wu et al., 2003) in southern China.

Furthermore, ENSO strongly affects tropical cyclone activity in the
western North Pacific (Bove et al., 1998). Typhoon landfall causes
large-scale disturbances to coastal aquatics. This includes such events
as extreme wind velocities, storm surges, and heavy rainfall. Due to
the fact that it is located in the subtropics, the southern Chinese coastal
area is one of the coastlinesmost frequently affected by typhoons (Chan
et al., 2004). Though the overall number of tropical cyclones is less
affected by ENSO, the mean genesis location for typhoons generally
shifts to the southeast during El Niño years (Wang and Chan, 2002).
This shift results in longer lasting and more intense typhoons. The
1000-yr time series for typhoon landfalls in Southern China (Guangdong
Province) indicated that the periods (1660–1680 AD, 1850–1880 AD)
of most active typhoon landfalls coincided with the coldest and driest
episodes recorded in central and northern China during the Little Ice
Age (Liu et al., 2001). Fogarty et al. (2006b) proposed that cooler SST
in the northwestern Pacific (an El Niño state), especially during the
summer season, could displace the predominant storm tracks to the
south. This would have made more typhoons landfall in Southern
China. It has been reported that colder waters over the western north
Pacific (an El Niño state) shift the subtropical high pressure farther to
the west and south. This keeps tropical cyclones over lower latitudes
and tracks them towards the Pearl River area (Fogarty et al., 2006a).
Therefore, the onset of El Niño events could favor typhoon-derived
rainfalls in the PRD. Hence, the enhanced precipitation recorded in the
Z09-Z core for the past 2000 cal yr BP could be a joint result of in-
creased monsoon rainfalls and more frequent typhoon rainfalls in the
PRD.

Conclusions

The grain-size distribution and organic geochemistry proxies of the
PRE sediment can serve as reliable proxies for past changes in river dis-
charge and regional precipitation. Increased sand fraction and higher
mean grain size correspond to higher TOC and negative δ13C. These
numbers reflect an increased river discharge and intensified precipita-
tion. The multi-proxy records in the Z09-Z core offer high resolution
river discharge and regional precipitation records for the past 2000 yr.
Peak river discharge and precipitation occurred during the periods
1900–1750 cal yr BP, 1500–1600 cal yr BP, 1400–1200 cal yr BP, 1000–
900 cal yr BP, and 750–600 cal yr BP. After 600 cal yr BP, the river dis-
charge intensity remained at a relative stable and low level. This may re-
flect the increasing influence of dam constructions and land reclamations
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since then. Changes in river discharge and precipitation were dominated
by variations in East Asian Summer Monsoon rainfall. Typhoon related
rainfall and changes in the East Asian Winter Monsoon rainfall could be
positive influences on the precipitation. The frequency and intensity of
ENSO would affect the regional precipitation. The onset of El Niño events
could maintain summer monsoon rainfall in the most southern part of
southern China. They could also enhance the winter monsoon rainfall in
the PRD and adjacent area. Furthermore, El Niño events could increase
typhoon-derived rainfall in the PRD.
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