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Abstract

This paper presents geochemical and grain-size records since the early Holocene in core ECS0702 with a fine chronology
frame obtained from the Yangtze River subaqueous delta front. Since ~9500 cal yr BP, the proxy records of chemical weath-
ering from the Yangtze River basin generally exhibit a Holocene optimum in the early Holocene, a weak East Asian summer
monsoon (EASM) period during the middle Holocene, and a relatively strong EASM period in the late Holocene. The ~8.2
and ~4.4 cal ka BP cooling events are recorded in core ECS0702. The flooding events reconstructed by the grain-size param-
eters since the early Holocene suggest that the floods mainly occurred during strong EASM periods and the Yangtze River
mouth sandbar caused by the floods mainly formed in the early and late Holocene. The Yangtze River-mouth sandbars since
the early Holocene shifted from north to south, affected by tidal currents and the Coriolis force, and more importantly, con-
trolled by the EASM. Our results are of great significance for enriching both the record of Holocene climate change in the
Yangtze River basin and knowledge about the formation and evolution progress of the deltas located in monsoon regions.

Keywords: East Asian summer monsoon; Chemical weathering index; Sensitive grain-size population; River-mouth
sandbar; Holocene; Yangtze River subaqueous delta front

INTRODUCTION The East Asian monsoon (EAM) is an integral part of the
global climatic system that is formed as a result of thermal dif-
ferences between the Asian landmass and the Pacific Ocean
(Huang et al., 2018). Extreme events associated with the
EAM cause floods and droughts that impact some of the most
densely populated regions on Earth. In addition, the interac-
tions of the EAM with El Nifo—Southern Oscillation
(ENSO) and the midlatitude circulation affect climate at the
global scale (Wang et al., 2001). Changes of the EAM
throughout the Holocene were identified in the EAM region
based on multiple proxies from various geological archives,
including loess (Porter and An, 2005), ice cores (Thompson
et al., 1989), marine and lacustrine sediments (Nan et al.,
2014; Huang et al., 2018), peat deposits (Zheng et al.,
2014), and stalagmites (Wang et al., 2005; Hu et al., 2008).

Subaqueous delta fronts on continental shelves provide

Cite this article: Xu, G., Liu, J., Gugliotta, M., Saito, Y., Chen, L., ideal sites for studying climate records on decadal to millen-
Zhang, X., Hu, G. 2020. Link between East Asian summer monsoon and  pja] time scales due to their high sedimentation rates and pres-
sedimentation in river-mouth sandbars since the early Holocene preserved ervation potential (Zhou et al., 2012). The Yangtze River is

in the Yangtze River subaqueous delta front. Quaternary Research 95, . N ;
84-96. https://doi.org/10.1017/qua.2020.1 one of the world’s largest rivers in terms of water discharge

The geologic record shows that large, abrupt, and widespread
climate changes occurred repeatedly and on various time
scales throughout Earth’s history (Gupta et al., 2003). In par-
ticular, climate changes that occurred during the Holocene are
considered of great importance, as they are crucial for predict-
ing future climatic, natural, and environmental changes (An
et al., 2000; Umbanhowar et al., 2006), particularly within
the context of global warming. Many studies have suggested
that the Holocene was characterized by an unstable climate
with several significant centennial- and millennial-scale cool-
ing events (Bond et al., 1997; deMenocal et al., 2000; Gupta
et al., 2003).
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Development of Yangtze River mouth sandbars

(900 km3/yr) and sediment load (500 Mt/yr before decline)
(Milliman and Farnsworth, 2011). The system is strongly
influenced by the East Asian summer monsoon (EASM),
with approximately 70% of its annual water discharge and
87% of its sediment load occurring during the flood season
from May to October (Hori et al., 2002). Over the last
7000 years, more than half of the Yangtze River—derived
sediment has been stored in the deltaic area, whereas the
remaining sediment has been transported southward to form
a “mud belt” on the inner shelf along the coast of the Zhejiang
and Fujian Provinces (Liu et al., 2007, 2010). The sediments
deposited at the river mouth have formed a series of sandbars
showing typical seaward migration associated with the deltaic
progradation (Milliman et al., 1985).

Stratigraphic, morphologic, and sedimentological studies
examining the evolution and modern processes of the Yang-
tze River delta have been carried out since the late 1970s
(Delta Research Group, Department of Marine Geology,
Tongji University, 1978; Li et al.,, 1979). The resulting
model, which was widely accepted in a number of studies
(Chen et al., 1985; Chen and Stanley, 1993a, 1993b; Li
et al., 2000a, 2000b, 2002), highlights a step-like seaward
migration of the river-mouth sandbars controlled primarily
by tidal currents and the Coriolis force (Fig. 1b). According
to these previous studies, the development of river-mouth
sandbars from Zhenjiang to the present delta-front area is
characterized by the following six stages: Honggiao stage
(7.5-6.0 '*C ka BP), Huanggqjiao stage (6.5-4.0 '*C ka BP),
Jinsha stage (4.5-2.0 4C ka BP), Haimen stage (2.5-1.2
C ka BP), Chongming stage (1.7-0.2 '*C ka BP), and
Changxing stage (0.7 "*C ka BP to the present) (Fig. 1b).
However, the time of formation of these sandbars is still
debated and not entirely constrained. In addition, although
some researchers consider the effect of the EASM on the evo-
lution of the Yangtze River delta (Wang et al., 2018; Nian
et al., 2019), the role of the EASM in the formation of the
sandbars has not been taken into account.

This paper aims to fill that gap by examining core
ECS0702 using high-resolution "*C dating of representative
elements, grain size, and weathering indexes. These data,
combined with previous work, constrain the main Holocene
climate events and the formation time of Yangtze River-
mouth sandbars. In addition, the evolution model of the
Yangtze River delta since the early Holocene was also
reviewed based on the relationships between the development
of river-mouth sandbars and EASM fluctuation. Our results
are of great significance for enriching both the record of Holo-
cene climate change in the Yangtze River basin and knowl-
edge about the formation and evolution progress of the
deltas located in monsoon regions.

MATERIALS AND METHODS

This study is based on a new borehole core (ECS0702)
located on the Yangtze River subaqueous delta front, about
90km southeast of the present river mouth (latitude
31°0.004'N, longitude 122°40.011'E) and at 22 m water
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depth (Fig. 1b). The 35.6-m-long core was recovered by the
rigging method with an average recovery of 90%. In the lab-
oratory, the sediment core was split, described, and sampled.
Sampling at 5 to 15 cm (253 samples) and 100- to 120-cm
(24 samples) intervals were carried out for grain-size and geo-
chemical analyses, respectively. Seventeen samples for '*C
dating (plant fragments and molluscan shells) were picked
out manually. The experimental process of grain-size analy-
sis, geochemical analysis, and '*C dating were described in
detail by Liu et al. (2010). In addition, the sediment core
description, vertical distribution characteristics of element/
Al ratios, and the chronology frame were also reported by
Liu et al. (2010). However, the chemical weathering indexes
and sensitive grain-size populations used in this paper were
not reported.

The chemical weathering intensity of the sediments can be
deduced by a quantitative estimation of the chemical weather-
ing of silicates, such as the chemical index of alteration (CIA)
(Nesbitt and Young, 1982). The CIA is defined as Al,O5/
(Al,05+CaO*+Na,O+ K,0) x 100 (in molar concentrations,
and CaO* is the CaO concentration in the silicate fraction of
the sample). In this study, the method from McLennan (1993)
was adopted to correct the CaO* content with an assumed
specific molar ratio of CaO/Na,O in the silicate mineral;
when the molar ratio of CaO/Na,O was greater than 1,
Na,O content was substituted for CaO content in the CIA
calculation.

RESULTS

Element concentration and representative element
ratios

The concentrations of major elements analyzed in sediment
core ECS0702 are shown in Figure 2. The concentration
range was 13.67% to 17.26% (with an average of 16.04 +
1.03%) for Al,O5, 2.54% to 3.10% (with an average of
2.86 +0.17%) for MgO, 1.20% to 1.75% (with an average
of 1.42 £0.13%) for Na,0, 2.53% to 3.32% (with an average
of 3.05+0.21%) for K,0, 0.760% to 0.863% (with an aver-
age of 0.822 +0.325%) for TiO,, and 2.34% to 4.75% (with
an average of 3.28 +0.80%) for CaO, respectively. The val-
ues of representative element ratios in the studied sediment
core ranged from 4.73 to 5.26 (average 4.95 +0.14) for Al/
Mg, from 1.73 to 2.87 (average 2.43 +0.30) for K/Na, and
from 0.37 to 0.56 (average 0.47 +0.05) for Ti/Na. The CIA
value ranged from 61.02 to 72.56 (average 67.64 + 3.28).

Chronological framework

The chronology of core ECS0702 according to the accelerator
mass spectrometry '*C data has been published by Liu et al.
(2010).The dating points are plotted against the original
depths as shown in Figure 3a. The studied sediment core
accumulated since ~9000 cal yr BP. The sedimentation rate
ranged from 0.16 cm/yr to 4.98 cm/yr and showed a marked
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Figure 1. (color online) (a) Map of the current monsoonal climatic system in China with the river course of the Yangtze and Yellow Rivers and
locations of the referenced caves Hulu, Heshang, and Dongge. (b) Evolution model for the Yangtze River delta (Delta Research Group, Depart-
ment of Marine Geology, Tongji University, 1978; Hori et al., 2001) with locations of the studied core ECS0702 and referenced cores Xj03
(Song et al., 2013), HQ98 (Hori et al., 2001; Yi et al., 2003), JS98 (Hori et al., 2001), QD (Liu et al., 1992), and CM97 (Hori et al., 2001; Yi

et al., 2003).

increase since ~2000 cal yr BP, especially since ~500 cal yr
BP (Fig. 3b).

We divided the core into two depositional units (DU1 and
DU2, in descending order) representing the postglacial sedi-
mentary sequence during the last ~9000 yr based on the
results of Liu et al. (2010; Fig. 3c and d). DU2 is a nearshore,
subtidal environment upward to the near-shore shelf, with
tidal influence in response to the postglacial sea-level rise
during ~9000-7900 cal yr BP; its main sediment type is
coarse-grained sandy silt. DU is a tide-affected, nearshore,
shallow-sea environment on the delta front of the Yangtze
River, when the delta was actively prograding during the
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last ~7900 cal yr BP; its main sediment type is fine-grained
silt. In this region, a high percentage of calcite in detrital
mineral assemblages is diagnostic of sediments from the
Yellow River (Liu et al., 2010). As shown in Figure 3c,
the content of calcite notably increased at ~500 cal yr BP,
indicating that a large amount of Yellow River detritus
was introduced. Therefore, the DU1 is also divided into
two depositional subunits (DU1-1 and DU1-2) based on
the change in sediment sources. The source change at
~500 cal yr BP poses the question: What is the key factor
controlling the deposition of DU1-1 with its much higher
depositional rate?
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Figure 2. (color online) Vertical variations of major element concentrations in sediment core ECS0702.
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Figure 3. (color online) Chronological framework (a) and linear sedimentation rate (b) of sediment core ECS0702 and vertical distribution of
calcite (c) and sediment type based on classification of Folk and Ward (1957) (d).
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Grain-size characteristics

In this study, the method of plotting grain size versus standard
deviation to partition grain-size populations is used to infer
the sensitive grain-size populations that are related to paleo-
climate evolution. First, the sensitive grain-size populations
were extracted based on all sediment samples (253 sediment
samples) from core ECS0702. As shown in Figure 4, three
sensitive grain-size populations were identified in the samples
from the studied sediment core: fine sand population (2.5—
2.75¢), medium silt population (5.25-5.5¢), and very fine
silt population (7.25-7.5¢). As shown in Figure 3c, DU1-1
is notably influenced by detritus from the Yellow River. To
eliminate the impact of the Yellow River, the sensitive grain-
size populations were extracted based on sediment samples
(184 sediment samples) from DU2 and DUI1-2, and these
results also showed three sensitive grain-size populations:
fine sand population (2.5-2.75¢), medium silt population
(5.2-5.25¢), and very fine silt population (7.2-7.5¢)
(Fig. 4). From the results of these two extractions (Fig. 4),
it can be seen that the sensitive grain-size populations of
fine sand are identical, which suggests that the fine sand pop-
ulation is the most effective indicator of climatic environment
and is less affected by provenance changes.

Size—frequency curves (Fig. 5a—g) show that sediment
samples generally have similar characteristics, with a sharp
peak in the fine section and a less obviously secondary
peak in coarse grains. The cumulative probability curves
(Fig. 5a—g) for these samples also show similar characteris-
tics, with higher suspension, secondary saltating components,
and a small roll component. However, the sample collected at
depth 24.35 m is obviously different from the overlying sam-
ples. It has a sharp peak in the coarse section and a distinct
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7 | (samples affected by Yellow

1.2 | \ River were removed)
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Figure 4. (color online) Grain size vs. standard deviation based all
sediment samples (253 sediment samples) and sediment samples
only affected by the Yangtze River (184 sediment samples),
respectively.
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secondary peak in the fine section. Its grain size is mainly
composed of saltating components (Fig. Sh). The sample col-
lected at a depth 16.05 m only has a single sharp peak in the
fine section, and its grain size is mainly composed of sus-
pended components (Fig. 5i).

DISCUSSION

Sedimentary record of EASM fluctuation

Chemical weathering products are the main parts of fluvial
sediment load. Therefore, selected special elemental ratios
in river-derived sediments, which record information about
the variations of elemental concentrations, can be used as
chemical weathering indexes to capture climatic changes in
a river’s catchment (Nesbitt and Young, 1982; Wei et al.,
2006). Elemental behaviors are distinctly different during
the chemical weathering process (Nath et al., 2000). In gene-
ral, alkalis and alkaline earth elements are easily removed from
primary minerals during chemical weathering. In contrast,
some major elements, such as Al and Ti, tend to be combined
in secondary minerals and thus are retained in the chemical
weathering products (Nesbitt and Markovics, 1997). In addi-
tion, it can be seen that the vertical variations of CIA and
element ratios are not controlled by the mean grain size
(Fig. 6a—e), sand-sized component, silt-sized component,
and clay-sized component (Liu et al., 2010). Therefore, the
CIA and Al/Mg, K/Na, and Ti/Na ratios can be used as effec-
tive chemical weathering substitution indexes in this study.

The provenance analysis of core ECS0702 suggested that
the Yangtze River-derived sediments were the main sources
of sediment to the area off the Yangtze estuary until AD
1949, and the source was influenced by Yellow River material
only since AD 1950 (Liu et al., 2010). Therefore, the general
variation trends of chemical weathering indexes in DU2 and
DU1-2 could reflect an overall change of weathering condi-
tions during the Holocene in the Yangtze River basin. The
sources of DU1-1 are controlled by both the Yangtze River
and Yellow River; therefore, the chemical weathering inten-
sity for DU1-1 is not discussed in this study.

The degree of chemical weathering is primarily controlled
by climatic conditions. Warm and humid climatic conditions
may favor intense chemical weathering, with humidity play-
ing a particularly significant role (West et al., 2005; Gabet
et al.,, 2006). The Yangtze River basin is currently in a
humid subtropical climate that is strongly influenced by the
EASM (Zhao et al., 2016), hence proxies for chemical weath-
ering intensity in core ECS0702 could indicate EASM varia-
tions. As shown in Figure 6b—e, a striking feature of our
analysis is that all chemical weathering proxies, including
CIA, Al/Mg, K/Na, and Ti/Na values generally display sim-
ilar variations throughout the core, with higher values from
9630-9427 to 8504-8326 cal yr BP, 7743-7583 to 7108-
6945 cal yr BP, 44274226 to 1392-1240 cal yr BP, and
815-662 to 648-503 cal yr BP. Except for these periods,
the weathering indexes are relatively low. As mentioned ear-
lier, the higher indexes showed that the EASM intensity
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Figure 5. Grain-size distribution curves (red lines) and cumulative probability curves (blue lines) of representative samples in core ECS0702,
sample at depth 7.43 m (a), sample at depth 11.13 m (b), sample at depth 12.85 m (c), sample at depth 13.80 m (d), sample at depth 14.56 m (e),
sample at depth 15.36 m (f), sample at depth 19.26 m (g), sample at depth 24.35 m (h), and sample at depth 16.05 m (i). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

gradually increased in the Holocene, reaching a maximum in
the early Holocene (~7000 cal yr BP) and then becoming rel-
atively weak in the middle Holocene. In the late Holocene
(~4000 to ~500 cal yr BP), the EASM generally strengthened
again, but it appears to have been weaker than during the early
Holocene.

It is notable that a Holocene optimum in the early Holo-
cene existed in the Yangtze River basin based on the change
trend of the EASM proxy indexes in core ECS0702 (Fig. 6).
A Holocene optimum in the early Holocene is also evidenced
by a high-resolution record of pollen assemblages from Lake
Zhuyeze in arid China (Chen et al., 2006; Fig. 6g) and the
peat organic carbon isotope record from northeast China
(Hong et al., 2003) as well as pollen assemblages (Song
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et al.,, 2017) and the oxygen isotope record from Heshang
Cave (Hu et al., 2008) in central China. In addition, many
reports, including desert (Yang, 2000), lake sediments
(Chen et al., 2003), and hopanoid accumulation rates in
Dajiuhu peatland (Zhu et al., 2017; Fig. 6h) also indicate
the EASM was relatively strong in the early Holocene before
7000 cal yr BP and that a dry climate existed during the mid-
dle Holocene in northwest China. Some research suggests
that the EASM was much reduced during the middle Holo-
cene in southern China (Zhou et al., 2004). Atmospheric
methane concentrations reached a maximum in the early
Holocene and subsequently decreased to a minimum during
the middle Holocene, also suggesting that the Holocene opti-
mum occurred in the early Holocene (Zheng et al., 2014). It
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Figure 6. (color online) Climate conditions in Yangtze River basin since the early Holocene inferred from mean grain size (Mz) (a), chemical
weathering index CIA (b), Al/Mg (c), K/Na (d), and Ti/Na (e) in core ECS0702; observed ENSO variability from foraminiferal &' 80 (Koutavas
and Joanides, 2012) (f); Picea and Pinus pollen record at Lake Zhuyeze in arid China (Chen et al., 2006) (g); hopanoid accumulation rate in
Dajiuhu peatland, for which high (low) accumulation rates correlate with dry (wet) intervals (Zhu et al., 2017) (h); and the summer monsoon
proxy of stalagmite 5'0 at Dongge Cave (Wang et al., 2005) (i) and Heshang Cave (Hu et al., 2008) (j).

has been proposed that evolution in the intensity of the EASM
is closely linked to the strength of the ENSO (Li et al., 2011),
especially the El Nifio events (Jiang et al., 2006). Our record
of weathering indexes appears to be consistent with paleo-
ENSO proxies available for the Holocene (Fig. 6b-f).
These results, together with our data, support an early Holo-
cene optimum in China.

After the middle Holocene until ~500 cal yr BP, our results
show that the EASM intensity generally increased in the
Yangtze River basin (Fig. 6b—e). This trend agrees well
with the moisture changes indicated by the aerobic microbial
biomarkers in the Dajiuhu peat and the environmental mag-
netism record from Heshang Cave during this interval (Xie
et al., 2013). The carbon isotope composition of the soil-
derived acid-soluble organic matter in the HS4 stalagmite
also detected a wet period during the late Holocene (Li
et al., 2014). In the China, chemical weathering intensity
from Poyang Lake also showed an overall enhanced trend
during the last 4000 yr, suggesting an ongoing humid cli-
matic condition. Additionally, the increasing storm frequency
inferred from the magnetic records in Heshang Cave provided
additional support for the humid climatic conditions over the
late Holocene (Zhu et al., 2017).

The 8'%0 record of Dongge Cave (Fig. 1a) showed some
similarity of structure with Heshang Cave (Dykoski et al.,
2005; Hu et al., 2008), indicating that it could also reflect
the EASM variation in Yangtze River basin. High-resolution
Dongge Cave 8'%0 data suggested that the EASM was
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punctuated by some weak EASM events during the
Holocene, each lasting ~1 to 5 centuries. Among these cool-
ing events, the ~8.2 cal ka BP (8.4 to 8.1 cal ka BP) and ~4.4
cal ka BP (4.5 to 4.0 ka BP) cooling events were longer in
duration and larger in magnitude (Wang et al., 2005).

These two noticeable cooling events were also docu-
mented by core ECS0702. Our study displays that the
EASM intensity is weak during the period of 8504-8326 to
7743-7583 cal yr BP. The weathering indexes begin to
decrease at 8504-8326 cal yr BP (Fig. 6b—e), coinciding
with the beginning of the ~8.2 cal ka BP cooling event
(Neff et al., 2001; Gupta et al., 2003). However, the decreas-
ing trend of weathering indexes did not stop until 77437583
cal yr BP (Fig. 6b—e). The end of this cold period was consis-
tent with the ~7.7 cal ka BP cooling event (7780-7600 cal yr
BP) recorded in a sediment core from the upper region of the
Yangtze River delta plain (Song et al., 2017). In other words,
the weak EASM period (8504—8326 to 77437583 cal yr BP)
in this study not only documents the ~8.2 cal ka BP cooling
event but also the ~7.7 cal ka BP cooling event. The distinc-
tion between these two cooling events has not been recog-
nized in ECS0702 due to low sample resolution. Another
major ~4.4 cal ka BP cooling event ending at 4427-4226
cal yr BP in this study also coincides with previous reports
(Wang et al., 2005; Hong et al., 2003; Fig. 6b—e). In addition
to the above two cooling events, other weak EASM events
centered at ~5.5 and ~6.3 cal ka BP also showed sedimentary
imprinting in our studied core ECS0702 (Fig. 6b—e). Core
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ECS0702 also records a ~0.7 yr BP cooling event (Fig. 6b—
e), which was also found in the 8'®0 record of Dongge
Cave (Wang et al., 2005).

Sedimentary record of flood caused by EASM

Grain-size analysis is widely used to reconstruct depositional
environments (Owen, 2005) and reveal ancient flood events
(Brown et al., 2000; Nan et al., 2014). In river-mouth depos-
its, an abrupt increase of coarser-grained sediment with little
or no fine-grained sediment is usually associated with condi-
tions of high river discharge associated with floods (Holz
et al., 2007; Dinakaran and Krishnayya, 2011). In general,
high precipitation rates enhance soil erosion over the river
basin (Zong et al., 2010) and increase the transport capacity
of rivers, leading to coarser-grained sediment being available
for river transport (Nan et al., 2014). Several studies have
showed that sediment grain size and sorting coefficient
increase during strong monsoon rainfalls (Zhan et al.,
2010). Peak values of coarser sensitive grain-size populations
and sorting coefficient were recorded at 543-413, 1567-
1403, 2404-2217, 2552-2334, 3900-3694, 5354-5162,
and 7622-7465 cal yr BP in core ECS0702 (Fig. 7). The
size—frequency curves (Fig. 5a—g) and cumulative probability
curves (Fig. 5a—g) of those samples mainly formed in near-
shore shallow-sea environments (Liu et al., 2010) show simi-
lar characteristics to estuarine—inner shelf sediments produced
by Yangtze River floods (Zhao et al., 2016). The sample col-
lected at a depth of 16.05 m also mainly formed in a nearshore
shallow-sea environment (Liu et al., 2010); however, its size—
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frequency and cumulative probability curves are different
from the adjacent samples, as it was mainly deposited from
suspension corresponding to the sedimentary characteristics
of a low-energy subaqueous delta-front environment. The
size—frequency and cumulative probability curves of the sam-
ple collected at a depth of 24.35 m show evidence of strong
hydrodynamic conditions corresponding to the sample being
deposited in a nearshore, subtidal environment (Liu et al.,
2010). Therefore, the grain-size characteristics of sediments
deposited at 543-413, 1567-1403, 2404-2217, 25522334,
3900-3694, 5354-5162, and 7622-7465 cal yr BP were
mainly caused by Yangtze River floods.

The geophysical parameter IRM,¢._qux represents the flux
of soil-derived magnetic minerals preserved in stalagmite
Heshang4 from Zhu et al. (2017), which correlates with rain-
fall amount and intensity (Fig. 7f). As shown in Figure 7, it is
notable that the flooding events recorded in core ECS0702
correspond with the strong rainfall events. Previous studies
have suggested that the EASM was strongly influenced by
ENSO during the Holocene (Marchitto et al., 2010; Zhu
et al., 2017). The strong ENSO activity during the early
and late Holocene is roughly consistent with the humid period
indicated by the chemical weathering proxies from core
ECS0702 (Fig. 6b—f). This suggests that a stronger ENSO
can trigger plentiful precipitation in the Yangtze River basin.
During the middle Holocene, the ENSO intensity was signifi-
cantly reduced (Cobb et al., 2013; Carré et al., 2014), resulting
in fewer El Nifio—related flood events in the Yangtze River
basin (Fig. 7b—f). Increased frequency of ENSO-related storms
during the late Holocene caused a corresponding increase of
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flooding events in the Yangtze River Basin (Fig. 7b—f). Based
on our data and data from the literature, generally, it was found
that seven flooding periods caused by strong EASM were doc-
umented in core ECS0702.

Development of the river-mouth sandbar

River-mouth sandbars are fundamental morphological units
of a delta, and their formation is typically controlled by the
balance between upstream fluvial energy and downstream
marine energy (Galloway, 1975). According to Edmonds
and Slingerland (2007), river-mouth sandbar formation is
due to the reduction of the sediment transport capacity and
the decrease in the jet momentum flux when the flow expands
into a standing body of water. More specifically, the decrease
in the jet momentum flux is responsible for the formation of
river-mouth sandbars (Edmonds and Slingerland, 2007).
Recent progress has been made through the use of physical
(Hoyal and Sheets, 2009; Martin et al., 2009) and numerical
(Edmonds and Slingerland, 2010; Geleynse et al., 2011)
experiments of delta formation, suggesting that grain size
exerts a significant control on deltaic processes (Orton and
Reading, 1993). A report from Caldwell and Edmonds
(2014) showed that grain-size effect on deltaic processes is
evident in the presence of both waves and tides, indicating
that sediment properties may exert a stronger control than pre-
viously thought and the effect of sediment properties on del-
taic processes may be a first-order control. A delta with a
representative dominant grain size Dg4=0.04-0.4 mm is
mainly dominated by the process of river-mouth sandbar con-
struction (Caldwell and Edmonds, 2014).

As discussed in the previous section, the floods were char-
acterized by more coarse-grained sediments and a larger rep-
resentative dominant grain size Dg4. During flood periods, the
increased river discharge led to coarse-grained materials
being available for river transport and subsequent deposition
in the river mouth (Nan et al., 2014). The Yangtze River
mouth is characterized by a trumpet shape, and this shape
could decrease the river jet momentum flux. Therefore, at
the Yangtze River estuary, the coarse-grained materials car-
ried by the flood have a fast enough settling velocity to
encourage sediment deposition near the channel mouth
(Caldwell and Edmonds, 2014). In addition, during flood
periods, although the Yangtze River mouth is dominated by
the fluvial condition, tides enhance jet spreading, which in
turn promotes lateral residual currents that facilitate the for-
mation of bifurcating channels (Leonardi et al., 2013). This
factor finally caused river-mouth sandbars to occur at the
Yangtze River mouth. Therefore, the floods that occurred at
543-413, 1567-1403, 2404-2217, 2552-2334, 3900-3694,
5354-5162, and 7622-7465 cal yr BP easily formed river-
mouth sandbars corresponding to development of the Hon-
gqiao, Huanggiao, Jinsha, Haimen, Qidong, Chongming,
and Changxing sandbars, respectively, as shown in Figure 7.

It is interesting that the sensitive grain-size populations
2.5-2.75¢, as well as representative dominant Dg, grain
sizes, gradually increase from the Hongqgiao to Chongming
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stages and then gradually decrease from the Chongming to
Changxing stages. This phenomenon corresponds to the
trend of the Yangtze River mouth gradually migrating from
north to south since the early Holocene (Fig. 1b). Except dur-
ing the Chongming stage, the location of core ECS0702 was
far from the Yangtze River mouth, and the gravity differenti-
ation sedimentation of sand carried by the floods caused few
coarser grains to be transported to the location of core
ECS0702. During the Chongming stage, the ECS0702 was
located in the main channel of the Yangtze River to the sea,
so each indicator presents its maximum value in the Chongm-
ing stage (Figs. 1b and 7b—e).

Our results show that the Haimen sandbar and Honggiao
sandbar initiated at 2552-2334 cal yr BP and 7622-7465
cal yr BP, respectively, which is comparable with previous
results (Li et al., 1979). Core Xj03, located on the Honggiao
sandbar, showed that there was an abrupt change in the clay-
sized component at ~7500 cal yr BP (Song et al., 2013;
Fig. 8a), which confirms our hypothesis is reasonable. As dis-
cussed earlier, the EASM was much weaker due to reduction
in ENSO intensity during the middle Holocene. In addition,
the precipitation inferred from IRMy¢_qux during the middle
Holocene in central China was also much lower (Zhu et al.,
2017; Fig. 7h). Specially, the ~4.5 cal ka BP cooling
recorded in ECS0702 is the start of the ~4.4 cal ka BP
extreme cooling event (Wang et al., 2005). There were no
conditions for forming river-mouth sandbars in the middle
Holocene, especially at ~4500 '*C yr BP. It should be
pointed out that at 5354-5162 cal yr BP, there was a flood
period that could be verified by a strong rainfall inferred
from IRMg5.qux (Zhu et al., 2017; Fig. 7h). And this flood
period caused the start of development of the Hungqiao sand-
bar, which could be also verified by the vertical variation of
sediment grain size in core HQ98 (Hori et al., 2001; Yi
et al., 2003; Fig. 8b).

The strong ENSO activity during the late Holocene could
have triggered plentiful precipitation in the Yangtze River
basin (Marchitto et al., 2010; Zhu et al., 2017) and caused
floods to frequently occur (Fig. 7f). Therefore, many river-
mouth sandbars started to develop from the middle Holocene,
such as the Jinsha sandbar (3900-3694 cal yr BP), the Hai-
men sandbar (2552-2334 cal yr BP), the Qidong sandbar
(2404-2217 cal yr BP), the Chongming Sandbar (1567-
1403 cal yr BP), and the Changxing sandbar (543—413 cal
yr BP). The start of development of the Jinsha, Qidong,
and Chongming sandbars can also be verified by cores
JS98 (Hori et al., 2001; Yi et al., 2003; Fig. 8c), QD (Liu
et al.,, 1992; Zhao et al., 2018; Fig. 8d) and CM97 (Hori
etal.,2001; Yietal., 2003; Zhao et al., 2018; Fig. 8e), respec-
tively. In summary, our results suggest that the Yangtze
River-mouth sandbars mainly started to develop during stron-
ger EASM periods with warm and humid environments.

It was previously suggested that the Yangtze River-mouth
sandbar shifting from north to south during the Holocene was
mainly caused by the action of tidal currents and the Coriolis
force (Delta Research Group, Department of Marine Geology,
Tongji University, 1978; Li et al., 1979; Fig. 1b). However,
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Figure 8. (color online) The vertical characteristics of lithology and mud content as well as the chronological framework of cores Xj03 (mod-
ified after Song et al., 2013) (a), HQ98 (modified after Hori et al., 2001; Yi et al., 2003; Feng et al., 2016) (b), JS98 (c) (modified after Hori
etal., 2001; Yietal., 2003; Feng et al., 2016), QD (modified after Liu et al., 1992; Zhao et al., 2018) (d), and CM97 (modified after Hori et al.,

2001; Yi et al., 2003; Zhao et al., 2018) (e).

we believe that this phenomenon, while being affected by tidal
currents and the Coriolis force, is more importantly influenced
by the EASM. The discussion presented here has made clear
that the floods have caused the river-mouth sandbars to develop
during the stronger EASM periods. After the flood periods, the
river discharge decreased and its estuary was mainly dominated
by tidal currents. At low tide, even an incipient river-mouth bar
became an obstacle to the flow. As a result, more materials were
deposited on the river-mouth sandbar, speeding up its initial
development. Once the two bifurcating channels were
emplaced, strong ebb flows became established at low tide.
These fast, shallow flows transported large quantities of sedi-
ments around the sandbar (Leonardi et al., 2013). During the
weaker EASM period, the water depth over the sandbar was
shallow enough to create an upstream fluid pressure that was
capable of forcing the water around the sandbar rather than
over the sandbar (Edmonds and Slingerland, 2007; Zhu et al.,
2017). Therefore, the earlier-formed sandbar stopped aggrada-
tion and emerged from the water in this period. In addition,
the Coriolis force caused the early-formation sandbar to mainly
prograde southward, which, combined with the decreased water
discharge, finally led to the southward migration of the main
channel of the Yangtze River. In the following flood period,
another river-mouth sandbar started to develop in the newly
migrated southern river channel. Based on this evolution
model, the Yangtze River-mouth sandbars shifted from north
to south as they formed.

CONCLUSIONS

Based on multiproxy criteria, a relative high-resolution
EASM record since the early Holocene was established for
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the Yangtze River basin: an early Holocene optimum
EASM (~9.5 to ~7.0 cal ka BP), a weak EASM in the middle
Holocene (~7.0 to ~ 4.0 cal ka BP), and a generally strong
EASM in the late Holocene (since ~4.0 cal ka BP). Our bore-
hole provides a good record of the ~8.2 and ~4.4 cal ka BP
cold events with longer durations and larger magnitudes, as
well as other cold events. The grain-size parameters suggest
that flooding events in the Yangtze River basin were mainly
caused by a stronger EASM. The representative dominant
grain size Dgy, sensitive grain-size populations, and sorting
coefficients, indicate that the development of Yangtze
River-mouth sandbars since the early Holocene were mainly
controlled by the floods. Floods that occurred at 543-413,
1567-1403, 2404-2217, 2552-2334, 3900-3694, 5354—
5162, and 76227465 cal yr BP correspond to development
of the Hongqiao, Huangqiao, Jinsha, Haimen, Qidong,
Chongming, and Changxing sandbars, respectively. While
the Yangtze River mouth sandbars since the early Holocene
shifted from north to south, affected by tidal currents and
the Coriolis force, they were more importantly controlled
by the EASM.
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