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The radial tidal sand ridge (RTSR) off the Jiangsu Coast in the south Yellow Sea is one
of the most fantastic and unique natural landscapes in the world. A large number of
investigations on geomorphology and marine geology have been implemented
during the last several decades. The formation and evolution of the RTSR,
however, are still under debate. To resolve this issue, 10 ~30–60 m-long cores
were retrieved from the Jiangsu coastal plain and offshore sand ridge field in
2018–2019. Stratigraphic transects chronologically constrained by abundant
radiocarbon dates were built based on sedimentological and paleoecological
(i.e., foraminifer) data from selected cores. Combined with well-documented
core stratigraphy from earlier studies, an age–depth plot with a local sea-level
change curve revealed that the RTSR initiated approximately 9,000 cal a BP in a sandy
bedform shape under transgressive conditions, continued throughout the Holocene,
but developed mostly after 1128 AD, when the Yellow River flowed southward into
the Yellow Sea. Abundant sediment supply, thus, appears to have played a major role
in the formation and evolution of the RTSR in the south Yellow Sea.
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1 Introduction

Shelf sand ridges having longitudinal crests that are over tens of kilometers long with
spacings of hundreds to thousands of meters are well known from ancient and modern
continental margins (Emery, 1968; Johnson, 1977; Brenner, 1980; Wagle and Veerayya, 1996;
Park et al., 2003; Wu et al., 2017; Chiarella et al., 2020; Longhitano et al., 2021). They generally
form parallel to the dominant current flow on sediment-laden shelves, regardless of tidal or
storm origin (Houbolt, 1968; Swift, 1975; Swift et al., 1978; Stride, 1982). Well-documented
examples of tide-dominated shelf sand ridges have been reported from the south-eastern North
Sea (Davis and Balson, 1992; Trentesaux et al., 1999), the English Channel and the Celtic Sea
between Ireland and France (Berne et al., 1998; Reynaud et al., 1999), the western Yellow Sea off
China (Liu et al., 1989; Li et al., 2001), the inner shelf off Korea (Park and Lee, 1994; Chough
et al., 2004), the southern Yellow Sea and the East China Sea (Yang, 1989; Berne et al., 2002; Liu
et al., 2007), the Bohai Strait (Liu et al., 1998), the Taiwan Strait (Liao and Yu, 2005), and the
southwest Florida inner shelf (Davis et al., 1993). Storm-dominated sand ridges have been
described in the U.S. Atlantic Bight (Swift and Field, 1981; Goff et al., 1999; Snedden et al.,
2011), the Brazilian shelf (Figueiredo et al., 1982), the Argentinean shelf (Parker et al., 1982), the
Japanese Sendai shelf (Saito, 1989), the Canadian shelf (Hoogendoorn and Dalrymple, 1986),
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the central Dutch coast (van de Meene and van Rijn, 2000), the
German shelf (Antia, 1996), and theWest Florida shelf (Twichell et al.,
2003; Knobles et al., 2008).

Surface characteristics of shelf sand ridges have been extensively
studied since the early 1970s by using various techniques in the hot-
spot region, such as the U.S. Atlantic Bight (Swift et al., 1972; Goff
et al., 1999; Pendleton et al., 2017). Early approaches to shelf sand
ridges mainly focused on acoustic observations and surficial sampling
(Green, 1986; Davis and Balson, 1992). Further progress in
understanding the origin and evolution of shelf sand ridges was
derived from the measurement of high-resolution seismic profiles
and longer vibracores with a few radiocarbon dates (Park et al., 2006;
Snedden et al., 2011). Recent studies of sand ridges have gradually
turned to hydrodynamic model simulations, in situ underwater video
camera observations, and remote sensing satellite monitoring (Vis-
Star et al., 2007; Shi et al., 2011; Yoshikawa and Nemoto, 2014).

Previous studies have documented that shelf sand ridges
predominantly occur in passive continental margins and broad
continental shelf areas (Amos and King 1984; Snedden and
Dalrymple 1999). Their morphological characteristics are closely
related to the dominant ocean current (Galloway and Hobday,
1983) and are controlled by geologic (i.e., relative sea-level rise,
shoreline transgression, and antecedent morphological relief),
oceanographic (i.e., storms, tidal currents, and offshore-directed
currents), and other (i.e., sediment supply and net sediment
transport direction) processes (McBride and Moslow, 1991; Park
et al., 2006; Nnafie et al., 2014; Ridente, 2018). However, two

different hypotheses have been proposed for the origin of shelf
sand ridges. The first hypothesis states that they represent relict
features of the transgression, such as deltas or estuarine shoals,
which became stranded, eroded, reworked, and then eventually
submerged after a relative sea-level rise (McClennan and
McMaster, 1971; McBride and Moslow, 1991). An alternative
thought is that sand ridges were formed and stabilized by post-
transgressive oceanographic processes related to the inherent
dynamic interactions between the hydrodynamic force and sandy
beds (Swift and Freeland, 1978; Trowbridge, 1995; Twichell et al.,
2003). High-resolution seismic measurements in various sea regions
supported the relict hypothesis (Berne et al., 1998; Jung et al., 1998;
Park et al., 2006), whereas numerical modeling and hydrodynamic
simulations were in favor of the hydrodynamic hypothesis (Calvete
et al., 2001; Uehara et al., 2002; Vis-Star et al., 2007). A lack of studies
on Holocene stratigraphic sequences with accurate chronological
constraints in shelf sand ridge regions might explain these different
views (Ridente, 2018).

The radial tidal sand ridge (RTSR) off the Jiangsu Coast in the
south Yellow Sea is one of the world’s unique geomorphic units. It is
famous for its radial current pattern, which includes dozens of large
either subaerial or subaqueous radial sand ridges and high suspended
sediment concentrations (Figure 1A; Wang, 2002; Liu and Xia, 2004).
To understand the origin and mechanism of this unique unit, a variety
of field investigations have been carried out in this region since the
1960s, including geomorphology, geology, meteorology, hydrology,
and sediment dynamics (see the summary in Wang Y. et al., 2012).

FIGURE 1
Radial tidal sand ridge and distribution of borehole data in this study. (A) Remote sensing satellite map of the Yellow Sea and East China Sea captured by
NASA’s Terra satellite at 9 November 2017. Notice that the suspended sediment plume of the great Yangtze bank and radial tidal sand ridges is outlined by the
red dashed–dotted line and the dotted line, respectively. The yellow cross lines represent the distribution of M2 current ellipses (crosses) and magnitudes of
semi-major axes (Uehara et al., 2002). (B) Schematic map of geological sedimentary units in the study area, modified from Li et al. (2001) and Xue et al.
(2010). (C)Distribution of 10 boreholes and other previously published boreholes in the north Jiangsu coastal plain and in the radial tidal sand ridge region. The
black dashed–dotted line represents the limit of the Holocene maximum transgression in the northern Jiangsu Coast (Xue et al., 2010). The red dashed line
indicates the old Yellow River course between 1128 and 1855 AD.
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Since then, a large number of papers have been published on sand
ridge morphology, sediment characteristics and provenance,
sedimentary dynamic mechanisms, sand ridge migration, and
genetic models (Geng et al., 1983; Wang et al., 1999; Li et al., 2001;
Yin et al., 2008; Yin et al., 2016; Gao, 2009; Wang Y. et al., 2012; Zhang
C. et al., 2013; Rao et al., 2015; Xu et al., 2019; Liu et al., 2021).
However, the timing and mechanisms of formation of the Jiangsu
radial tidal sand ridge are still largely under debate (Li and Zhao, 1995;
Wang et al., 1998; Li and Yin, 2013; Yin et al., 2016). Several cores with
long-time sequences, accurate dating, and seismic profiles have been
documented in detail in this region (Sun et al., 2015; Yin et al., 2016).
Nevertheless, these data clarified neither the origin nor the timing of
formation of the RTSR, due to lack of detailed sea–land stratigraphic
correlation, especially from the tidal sandy coast to the inner-shelf
sand ridge (see the “tidal-genetic sandy deposition” in Li et al., 2001).
Based on the analysis of sedimentary facies, stratigraphy and relatively
precise chronology from 10 ~30–60 m-long cores recovered in the
Jiangsu coast plain and in the radial sand ridge region in 2018–2019
(Figure 1C), and numerous previously published boreholes, this study
aims to 1) reconstruct the detailed stratigraphic architecture from the
coastal plain to the sand ridge region, 2) examine its late Pleistocene
evolution, and 3) explore the mechanisms and timing of formation of
the Jiangsu radial tidal sand ridge.

2 Geological setting

2.1 Modern radial tidal sand ridge off the
Jiangsu Coast

The modern RTSR distributes at the apex of Jianggang (town) and
forms a radial underwater topography with alternating ridges and
troughs off the Jiangsu Coast in the south Yellow Sea (Figure 1B). Sand
ridges are ~260 km long in the N–S direction and over 150 km long in
the W–E direction, with a total area of ~30,000 km2 (Liu and Xia,
2004). More than 70 sand ridges alternating with tidal current
channels have been identified in this area. At least 19 large-scale
submarine sand ridges were found, most of which are ~10–100 km in
length and ~10–15 km in width. The depth of tidal current channels
between sand ridges is ~10–30 m, and the maximum depth is ~48 m
(Wang, 2002).

Sand ridges at the apex (Jianggang) are cut by grooves, and sand
bodies are small, diverse, and disordered (i.e., a length of ~4.4 km
around Tiaozini, Figure 1C), whereas sand ridges are well developed
with an average of ~52 km in 13 major ridges outside the apex (Wang,
2002). The heads and tails of each sand ridge are narrow
(mostly <2 km), whereas the middle parts are wide (~15 km wide
in the major ridges (Liu and Xia, 2004)). Within each sand ridge, the
head has the highest elevation. As the sand ridge extends outward, its
elevation also decreases. The troughs between sand ridges become
wider and deeper from the shallow to the deep sea (Ren, 1986).

Bounded by Jianggang, the north slope of the sand ridges is steeper
than the south slope on the northern side of Jianggang (Figure 1C).
Sand bodies are large and densely distributed, and troughs are
generally shallow. As troughs in the NE direction are adjacent to
the open sea, erosion is present on both sides of the sand ridges and
troughs, and sand ridges gradually retreat and disappear (Wang et al.,
2004). On the southern side of Jianggang, in general, the southern
slopes of the sand ridges are steeper than the northern slopes. This

region is characterized by low sediment accumulation and erosion
with scattered deep troughs. The coastal tidal flat gradually silts into
the sea, and a new sand ridge is formed at the top of the tidal channel.
Even so, the overall deposition pattern is relatively stable in the
southern region (Wang, 2002).

Sediment at the surface of the sand ridges generally consists of
well-sorted fine sand and silty sand within 100 km of the apex (Wang,
2002). The proportion of fine sand is >80%, including the sand ridges
and tidal current channels (Liu and Xia, 2004). Low-lying sectors
contain small amounts of silt, whereas in tidal current channels,
gravelly sand is quite abundant (~29%) with medium grain sizes
between 1.2 V and 2.6 V in local major channels, and grain size
becomes smaller (2.9–5.0 V of medium grain sizes) at both sides
(Wang et al., 1999; Wang, 2002). Clayey silt is distributed in the
outermost parts of the sand ridge region, where water depth is
commonly 18–20 m. The radial apex is generally composed of silty
sand and sandy silt and turns to a muddy tidal flat landward. On the
whole, grain size gradually decreases from the core area to the
periphery of the RTSR, which is consistent with the pattern of
hydrodynamic strength (Liu and Xia, 2004).

2.2 Coastal hydrology of the south Yellow Sea

The study area is adjacent to the south Yellow Sea (SYS), where
tidal currents, waves, and coastal currents are prevailing (Figure 1A).
The Yellow Sea is a semi-enclosed sea that is generally influenced by
two types of tidal waves: a progressive tidal wave from the Western
Pacific region and a local reflected tidal wave formed by the
obstruction of the Shandong Peninsula in the northwest (Zhang
et al., 1999; Su and Yuan, 2005). These two tidal waves converge
offshore the Jiangsu Coast in the south Yellow Sea, forming the
rotating tidal wave systems and the radial tidal field in the north
and east of Jianggang (Wang, 2002).

The Jiangsu coastal area generally rules the regular semidiurnal
tide, with very short duration (an average of ~.38 h) between tidal rise
and fall (Wang, 2002). In addition, the onshore shallow water area and
radial sand ridge field, such as Xinyang Harbor and Jianggang, rule the
irregular semidiurnal tide with a relatively long duration (4–5 h) (Liu
and Xia, 2004). Tidal ranges normally average 2.5–4 m in the study
area but can reach up to 9.28 m in the Huangshayang Channel, which
is the maximum value recorded in the China Seas (Ye et al., 1988). In
the RTSR field, tidal currents are very strong, averaging a velocity of
~1.5–2 m s−1 in the spring tidal current, with a maximum tidal current
velocity exceeding 4.0 m s−1 (Wang, 2002).

The Jiangsu Coast is primarily affected by northward and
northeastern main waves, with remarkable seasonal changes. Wind-
induced waves commonly go toward the southeast during the
summer, whereas waves from northerly and northeasterly
directions prevail in the winter (Wang Y. et al., 2012). The height
of wind-induced waves ranges between .5 m and 3 m in this region,
occasionally exceeding 4 m during typhoons and severe storms (Liu
and Xia, 2004; Liu et al., 2010).

The oceanic circulation in the SYS generally includes the Yellow
Sea Warm Current (YSWC) and Shandong–Jiangsu coastal currents
(Su and Yuan, 2005). The YSWC is a branch of the Kuroshio Current
that carries warm and salty water northward into the Yellow Sea (Lan
et al., 1986). In the China Seas, coastal currents with relatively low
salinity due to the input of riverine water typically flow southward in
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winter and northward in summer. However, the YSWC is too weak to
reach north of 35°N in summer because the southward-flowing cold
water mass in the central SYS hinders the warm currents (Su and
Yuan, 2005). Given the northward and northeastern main waves in the
Jiangsu Coast throughout the year, the Jiangsu coastal currents flow
persistently southward during both summer and winter (Beardsley,
1983). Recent studies of green tide (Enteromorpha prolifera) along the
Jiangsu–Shandong coast revealed that coastal currents may flow
northeast for a short period during the summer (Lee et al., 2011;
Song et al., 2018).

2.3 River diversion of the lower Yellow River
courses since 20ka BP

The Yellow River is well known for its high sand content (Ren and
Shi, 1986). The annual sediment load carried by the Yellow River has
been ~1.1 × 109 tons over the past 2,000 years (Wang et al., 2007a).
When the Yellow River flowed through the central mountain area into
the flat, lower alluvial plain, it easily plugged and breached; therefore,
its lower reaches migrated because of its huge sediment load (Cheng
and Xue, 1997; Wang et al., 2007a). Previous studies revealed that at
least seven times of major diversions occurred in the lower Yellow
River course over recorded history (Xue et al., 2003; Wang and Su,
2013), with the river flowing north into the Bohai Sea and south
through the Huaihe River into the south Yellow Sea (Figure 2).

It is to be noted that no direct sedimentary record suggests that the
Yellow River delivered sediments into the south Yellow Sea during the
Holocene, except for 1128–1855 AD. Instead, since 7,000 a BP, the

Yellow River has entered the Bohai Sea and formed at least seven
phases of deltas in the Bohai Coast (Xue, 1993; He et al., 2019). During
the early Holocene, the Yellow River appeared to flow through the
Bohai Strait into the north Yellow Sea, forming the Shandong
mud–clinoform deposits during 9,600–5,000 a BP (Liu et al., 2004;
Liu et al., 2010; Xue et al., 2018). Recent study of the ancient river
channel in the Bohai Bay revealed that the ancient Yellow River seems
to pass through the Bohai Bay and flow eastward consistently between
21.8 and ~9 ka BP (Lei et al., 2021), although some research studies on
Late Pleistocene losses in the Huaihe River Basin implied that the
Yellow River may partly go across the Huaihe River Basin and empty
into the south Yellow Sea during the MIS 2 (marine isotope stage 2)
period (~13.2 ka BP) (Zhang et al., 2016).

2.4 Abandoned Jiangsu Yellow River Delta

To hold back the invasion of the Jurchen army from North China,
many dykes in the south bank of the Yellow River were artificially
destroyed at 1128 AD in central Henan Province, resulting in a major
southward shift of the Yellow River Channel since then (Figure 2; Liu
et al., 2013). During a period of more than 700 years (1128–1855 AD),
the Yellow River captured several tributaries of the Huaihe River and
emptied into the Yellow Sea, where it formed a large delta lobe along
the Jiangsu Coast (Xue et al., 2003; Xue et al., 2011). Furthermore, the
Yellow River largely shifted its course from the Yellow Sea back to the
Bohai Sea after 1855 AD, leading to the abandonment of the Jiangsu
Yellow River Delta.

The terrestrial part of the abandoned Jiangsu Yellow River Delta
is distributed on the east side of 1128 AD ancient shoreline in
northern Jiangsu (Figure 1B). Bounded by the old Yellow River
mouth, an asymmetrical, long-oval shape of deltaic bodies was
formed, of which the southern part may extend to the Jianggang
area under the action of the consistently southward longshore
current, and the northern part expands to the Lianyungang
region (Figure 1B; Xue et al., 2010; Liu et al., 2013). Additionally,
the proximal subaqueous Jiangsu Yellow River Delta is mainly
distributed near the abandoned Yellow River mouth, but the
distal part is widely dispersed on the broad shelf of the south
Yellow Sea and can even be transported to the slope of the
platform edge (water depth below 20 m) under the action of late
erosion (Liu et al., 2010; Zhou et al., 2014). Up until now, the
boundary between the abandoned Jiangsu Yellow River Delta and the
radial tidal sand ridge is not exactly defined in the study area, no
matter whether it is on the shoreface or offshore (the south Yellow
Sea shelf). Previous studies commonly recognized the dividing line of
clayey silt/sand as the boundary, which approximately distributes
eastward along the Xinyang Harbor (Li et al., 2001; Liu et al., 2010).

3 Materials and methods

A total of 10 cores, each 90 mm in diameter, were retrieved from
the Jiangsu coastal plain and radial tidal sand ridges by rotary drilling
in 2018–2019 (Figure 1C). Their coordinates, elevations, lengths, and
coring recovery rates (always >90%) are summarized in Table 1. The
lithology of each core as well as its sediment color, composition,
sedimentary structures, bedding, grain size, and fossils was examined
to identify the sedimentary facies.

FIGURE 2
River diversion of the Lower Yellow River course in recorded history
modified from Xue et al. (2003), Wang and Su (2013). Despite the Yellow
River changing its course southward to Yellow Sea several times, the
overall flowing time is limited between 1128 and 1855 AD.
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A total of 54 samples were collected and analyzed for 14C dating
with an accelerator mass spectrometer (AMS) by Beta Analytic
(Miami) and Pilot National Laboratory for Marine Science and
Technology (Qingdao), respectively. These samples included
mollusk shells, plant fragments, organic matter, and organic
sediments. Age determinations were based on a Libby half-life of
5,568 years. Radiocarbon ages were corrected for the regional marine
reservoir effect (ΔR = −100 ± 36 a), a regional average determined for
the Yellow Sea by Southon et al. (2002), and calibrated using Calib Rev.
7.02 with one standard deviation (1σ) uncertainty (Reimer et al.,
2013).

A total of 23 samples were collected for optically stimulated
luminescence (OSL) dating from relatively homogeneous silty-
sandy layers. Each sample was sealed into two black, opaque
cartridges, 6 cm in height and 3.5 cm in diameter, in a dimly lit
environment. All samples were kept in shockproof and lightproof bags
and finally examined in the Inspection & Test Center of Marine
Geology (Ministry of Natural Resources of China), using the method
of Murray and Wintle (2000). The contents of U and Th required for
dose rate calculation were obtained by a CANBERRA-E3830 high-
purity germanium γ spectrometer, while the content of K was detected
by an IRIS Intrepid Ⅱ XSP plasma emission spectrometer. The
equivalent dose was obtained using the Lexsyg research
luminescence meter, and the experimental excitation light source
was a blue light diode (λ= 470 ± 30 nm), with the instrument’s
irradiation source being 90Sr/90Y.

About 800 samples were collected for grain size analysis in cores
JSWZK01, JSWZK03, and JSWZK07. The average sampling interval
was ~.15 m. The weight of each sample was about 10 g. Grain size was
determined using a Mastersizer 2000 laser particle size analyzer after
pre-treating with 10% H2O2 and .10 N HCl to remove organic matter
and carbonates. The range of particle sizes was .02–1,000 μm; standard
deviations were <1% of the mean values; and reproducibility (φ50) was
also <1%. Grain-size classification was based on the Krumbein phi (V)
scale (Krumbein and Sloss, 1963). Size parameters were calculated
based on the methods of Folk and Ward (1957).

A total of ~300 foraminiferal samples were collected in cores
JSWZK01, JSWZK03, and JSWZK07. The average sampling interval

was ~.2 m in silty and muddy layers and ~1 m in sandy beds. All
samples were dried at 50°C in an oven and weighed at around 50 g per
sample. About 10% H2O2 was added to soak the sediment for full
dispersion and then washed over a 63-μm sieve. After drying,
foraminifera were concentrated and separated using the CCl4
flotation method (Wang et al., 1985). Sample subdivision was
carried out when the foraminiferal abundance of a sample was very
high. A representative number of more than 200 individuals was
commonly obtained for each assemblage. Otherwise, all available tests
were picked and identified under a Zeiss optical stereoscope. The
“foraminiferal abundance” parameter in this study is the number of
foraminifera per 50 g of dry sediment. The “simple diversity” is the
number of foraminiferal species in each sample.

4 Results

4.1 Dating results

Tables 2, 3 list 54 radiocarbon dates and 23 OSL ages that were
obtained from the 10 boreholes in the Jiangsu coastal plain and radial
tidal sand ridges. For radiocarbon dating results, about three-quarters
of these data are less than 10,000 years old, which are mostly reliable
except for a few reversals (old layers at young ages; see the similar
reversals in Stanley and Chen, 2000). The remaining quarter of dating
ages are more than 35,000 years old, close to the carbon-14 dating
limit. These old data, which are usually collected from deep sampling
points, can only be used for reference purposes.

For OSL ages, similarly, more than two-thirds of the dates are less
than 100 ka old, which is within the range of confidence. The rest is
more than 100 ka old, even older than 150 ka, which exceeds the OSL
dating limit and can only be used for reference.

4.2 Sedimentary facies

A total of 12 facies associations (hereinafter called “facies,”
Figure 3) were grouped into five depositional systems (alluvial,

TABLE 1 General information about the 10 cores investigated in this study.

Core Coordinate Elevation (m) Length (m) Recovery rate (%)

Latitude (N) Longitude (E)

JSWZK01 32°56′31.36″ 120°24′57.78″ 3.15 31.8 92.8

JSWZK02 33°00′58.25″ 120°35′30.02″ 3.18 33.3 96.8

JSWZK03 33°04′41.73″ 120°45′28.32″ 3.26 61.4 98.2

JSWZK04 33°09′27.62″ 121°16′25.27″ –4.2 40.9 91.6

JSWZK05 33°23′27.09″ 121°38′53.21″ –20.1 40.7 90.3

JSWZK07 33°28′27.65" 120°12′02.54" 1.88 31.7 94.0

JSWZK08 33°28′58.19" 120°17′54.12" 2.11 32 96.8

JSWZK09 33°51′33.69" 120°35′12.94" –13.7 30.1 95.0

JSWZK10 33°33′51.81" 120°41′11.10" –9.5 30.3 94.0

JSWZK11 33°53′56.14" 121°44′40.74" –18.6 30.2 90.5
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TABLE 2 Radiocarbon dating results of 54 samples from the investigated boreholes.

Core Sample Depth (m) Lab no. Materials δ13C (per mil) Conventional age Calendar ages (cal a BP)

(a BP) Intercept Range (1σ)

JSWZK01 J1S01 1.95 510290 Organic sediment −20.1 4,620 ± 30 5,410 5,308–~5,445

J1S02 10.88 510291 Potamocorbula laevis 1.0 7,630 ± 30 8,205 8,151–~8,273

J1S03 11.7 510292 Pelecyora trigona −1.7 7,440 ± 30 7,995 7,936–~8,041

J1S05 12.54 Q200206 Ruditapes philippinarum — 5,670 ± 25 6,195 6,160–~6,260

J1S04 13.3 510293 Potamocorbula laevis −.5 7,620 ± 30 8,190 8,140–~8,269

JSWZK02 J2S01 3.3 510294 Organic sediment −23.7 3,290 ± 30 3,520 3,480–~3,560

J2S02 12.36 510295 Plant materials −25.9 8,570 ± 30 9,540 9,529–~9,545

J2S05 14.82 Q200456 Organic matters −25.5 9,156 ± 40 10,325 10,246–~10,377

J2S03 24.76 510296 Plant materials −28.9 7,820 ± 30 8,600 8,578–~8,628

J2S04 31.58 510297 Plant materials −25.9 11,080 ± 30 12,955 12,897–~13,028

JSWZK03 J3S01 7.35 510298 Shell fragments 2.8 1,480 ± 30 1,140 1,079–~1,204

J3S02 11.88 510299 Shell fragments 0.0 1,620 ± 30 1,275 1,231–~1,318

J3S03 24.7 510300 Plant materials −26.7 8,880 ± 30 10,030 9,918–~10,149

J3S04 36.93 510301 Plant materials −27.4 >43,500

J3S05 57.16 510302 Oyster fragments −3.2 >43,500

JSWZK04 J4S01 4.85 510303 Organic sediment −20.8 8,720 ± 30 9,665 9,597–~9,705

J4S02 7.12 510304 Organic sediment −21.5 10,480 ± 30 12,465 12,404–~12,527

J4S03 12.55 510305 Organic sediment −22.4 9,660 ± 30 11,110 10,898–~11,173

J4S06 16.76 Q200215 Arca subcrenata — 2,695 ± 20 2,515 2,475–~2,645

J4S04 17.18 510306 Oyster fragments .9 5,170 ± 30 5,630 5,578–~5,671

J4S05 29.9 510307 Corbicula fluminea −9.1 >43,500

JSWZK05 J5S01 .69 510308 Shell fragments −1.1 3,580 ± 30 3,590 3,534–~3,667

J5S02 5.62 510309 Shell fragments −2.5 5,420 ± 30 5,905 5,859–~5,967

J5S03 9.15 510310 Potamocorbula laevis −.6 8,440 ± 30 9,175 9,100–~9,253

J5S04 11.7 510311 Oyster fragments .9 8,790 ± 30 9,535 9,482–~9,582

JSWZK07 J7S01 8.88 542791 Organic matters −29.0 50 ± 30 145 31–~256

J7S02 14.34 542792 Plant materials −27.9 6,390 ± 30 7,320 7,270–~7,368

(Continued on following page)
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TABLE 2 (Continued) Radiocarbon dating results of 54 samples from the investigated boreholes.

Core Sample Depth (m) Lab no. Materials δ13C (per mil) Conventional age Calendar ages (cal a BP)

(a BP) Intercept Range (1σ)

J7S06 15 Q200216 Arca subcrenata – 5,350 ± 25 5,820 5,767–~5,884

J7S03 15.07 542793 Oyster fragments 1.2 5,450 ± 30 5,940 5,885–~5,985

J7S04 15.12 542794 Organic matters −19.7 13,670 ± 40 16,480 16,359–~16,579

J7S05 25.9 542795 Shell fragments −6.4 32,270 ± 190 35,870 35,653–~36,105

JSWZK08 J8S04 16.22 Q200212 Oyster fragments — 5,465 ± 30 5,955 5,891–~5,998

J8S01 16.45 542796 Oyster fragments −2.1 5,620 ± 30 6,135 6,064–~6,204

J8S05 17.46 Q200214 Oyster fragments — 5,225 ± 25 5,680 5,619–5,729

J8S02 17.91 542797 Oyster fragments −2.4 5,490 ± 30 5,980 5,906–~6,034

J8S03 31.59 542798 Potamocorbula ustulata −3.3 >43,500

JSWZK09 J9S08 4.68 Q200766 Potamocorbula laevis — 8,080 ± 40 8,675 8,578–~8,756

J9S06 11.57 Q200210 Gastropod fragment — 36,050 ± 420 40,365 39,893–~40,859

J9S07 12.35 Q200207 Nassarius variciferus — 32,580 ± 280 36,165 35,840–~36,455

J9S01 16.96 542799 Oyster fragments −8.0 >43,500

J9S02 18.58 542800 Gastropod fragment −2.7 >43,500

J9S03 19.08 542801 Bivalve fragment −1.1 >43,500

J9S04 19.23 542802 Organic matters −18.1 34,280 ± 220 38,770 38,519–~38,981

J9S05 24.93 542803 Bivalve fragment −1.0 42,950 ± 620 45,900 45,300–~46,445

JSWZK10 J10S05 3.96 Q200961 Organic sediment — 5,425 ± 45 6,235 6,206–~6,284

J10S01 7.58 542804 Barbatia bistrigata −1.3 6,170 ± 30 6,725 6,658–~6,778

J10S02 11.2 542805 Corbicula fluminea −10.3 >43,500

J10S03 24.3 542806 Gastropod fragment −2.6 41,470 ± 500 44,645 44,205–~45,129

JSWZK11 J11S01 1.63 542790 Pelecyora trigona −0.1 1,330 ± 30 980 924–~1,029

J11S02 3.06 542791 Shell fragments −0.4 1,290 ± 30 940 888–~993

J11S06 11.42 Q200213 Pelecyora trigona — 3,500 ± 20 3,495 3,442–~3,551

J11S03 12.95 542792 Oliva mustelina −1.0 7,050 ± 30 7,620 7,573–~7,657

J11S04 15.92 542793 Shell fragments −0.3 8,140 ± 30 8,770 8,659–~8,859

J11S05 25.05 542794 Shell fragments −13.0 >43,500

*The lab numbers with Q as the prefix were the laboratory numbers of the Pilot National Laboratory for Marine Science and Technology (Qingdao), and the rest were from Beta Analytic (Miami).
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coastal, deltaic, subtidal, and shallow sea deposits). Individual facies
associations were differentiated on the basis of sedimentological and
fossil features, reflecting changes in depth, salinity, and degree of
confinement. Diagnostic grain size characteristics for facies
identification are summarized in Table 4. Depositional systems and
their component facies are described from updip to downdip
locations.

4.2.1 Alluvial deposits
Three facies (river channel, floodplain, and lacustrine bog) were

recognized within alluvial deposits. These facies are described in detail
as follows.

4.2.1.1 Facies I: River channel
This facies, commonly 3–10 m thick, is dominated by light gray

fine-medium sand and gray coarse silt, with an overall fining upward
trend (Figure 3A). The facies has a mean grain size (Mz) of 2.72–5.93
V with a sand proportion of 11%–83%, locally as high as 90%. Sorting
is moderate to poor with a standard deviation (SD) of .85–1.55V. The
grain size frequency curve generally shows a unimodal distribution

with a narrow peak (2–4 V of peak value) (Table 4). The grain size
accumulation curve commonly exhibits a two-tier mode (Figure 4A).
The saltating component dominates the curve with a proportion
of >70%. Black organic mottles and calcareous concretions were
occasionally found in some layers. No obvious marine fossils were
found, except for some severely abraded shell fragments occasionally
presenting in this facies. This facies generally has a sharp or erosional
boundary with the underlying depositional units, typically
representing a floodplain.

Thick sand bodies with lower erosional boundaries, an overall
fining upward trend, and a lack of marine fossils are the characteristic
features of fluvial deposits (Galloway and Hobday, 1983; Miall, 1992;
Hori et al., 2001). Both the frequency and accumulation curves of this
facies reveal a high-energy and steady single flowing-direction water
environment (Folk and Ward, 1957). Accordingly, we interpret this
facies as formed in laterally accreting river channels. Two AMS 14C
ages and eight reliable OSL ages ranged from 12,955 cal a BP to 106 ±
10 ka BP. These ages mostly fall within marine isotope stages 2 and 4.
This facies, thus, seems to have been deposited throughmultiple cycles
of fluvial activity during the Late Pleistocene.

TABLE 3 OSL dates of 23 samples from the investigated boreholes.

Sample no. Depth
(m)

Core Lab no. U
(μg/g)

Th
(μg/g)

K
(%)

Mass water
content (%)

Dose
rate (Gy)

Age
(Ka)

Deviation
(Ka)

JSW01 20.35 JSWZK01 2018A123 1.07 5.91 1.91 23.94 154.9 62.2 5.9

JSW02 26.65 JSWZK01 2018A124 1.19 5.61 1.89 7.45 320.7 113.8 11.4

JSW03 13.95 JSWZK03 2018A125 1.21 6.16 1.88 20.77 19.9 7.9 .3

JSW04 18.35 JSWZK03 2018A126 1.19 6.08 1.93 25.65 30.6 12.5 3.9

JSW05 30.7 JSWZK03 2018A127 1.19 5.81 1.97 9.24 270 94.5 4.8

JSW06 45.95 JSWZK03 2018A128 1.25 6.57 2.01 12.03 >400 >137.3

JSW07 48.9 JSWZK03 2018A129 1.24 6.59 2.08 9.62 >400 >134.2

JSW08 53.53 JSWZK03 2018A130 1.14 6.04 1.84 11.50 >400 >150.3

JSW09 56.75 JSWZK03 2018A131 1.18 5.98 1.83 18.39 >400 >170.0

JSW10 21.25 JSWZK04 2018A132 1.10 6.64 2.14 10.15 247.7 82.3 7.5

JSW11 30.75 JSWZK04 2018A133 1.18 5.65 2.06 10.55 270.2 94.1 10.5

JSW12 34.3 JSWZK04 2018A134 1.26 5.46 1.86 12.78 259.3 99.2 14.3

JSW13 37.7 JSWZK04 2018A135 1.30 5.47 1.86 13.32 260 97.1 17.1

JSW14 20.67 JSWZK05 2018A136 1.25 5.47 2.16 9.02 320.1 105.9 10.1

JSW15 27.75 JSWZK05 2018A137 1.22 6.47 2.10 13.96 >400 >166

OSL-23 14.55 JSWZK07 2020A035 2.38 6.93 1.94 12 10.37 3.3 .2

OSL-24 21.15 JSWZK07 2020A036 2.14 8.68 1.94 24 84.14 31.0 5.6

OSL-25 24.1 JSWZK07 2020A037 2.17 5.40 1.89 17 99.49 36.8 5.4

OSL-26 26.3 JSWZK07 2020A038 2.08 7.33 1.98 19 111.63 39.4 7.1

OSL-27 30.5 JSWZK07 2020A039 3.10 8.80 1.89 21 219.43 71.4 7.3

OSL-28 1.85 JSWZK10 2020A040 2.02 7.94 2.17 19.5 3.65 1.2 .3

OSL-29 14 JSWZK10 2020A041 1.91 6.71 1.63 33 55.49 28.3 7.8

OSL-30 22.1 JSWZK10 2020A042 1.82 6.83 1.62 23.5 169.21 74.7 3.0
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4.2.1.2 Facies II: Floodplain
This facies, generally 2–6 m thick, consists of gray to grayish-

yellow silty clay and silt, locally interbedded with sandy silt layers
(Figure 3B). The mean grain size ranges between 3.58 V and 7.71 V
with poor to very poor sorting (SD: 1.07–2.65). Sand, silt, and clay
contents are <10%, 24.2%–82.8%, and 2.65%–40.9%, respectively
(Table 4). The grain size frequency curve principally outlines a
unimodal-tailed distribution with a wide peak (4.5–6.5 V of peak
value). The grain size accumulation curve commonly displays a two-
tier mode (Figure 4B). The suspension component dominates the
curve with a proportion of >80%. This facies generally contains plant
material, iron manganese oxides, and calcareous concretions in some
layers.

Scattered iron manganese oxides and calcareous concretions are
good indicators of pedogenic processes in a subaerial terrestrial
environment (Galloway and Hobday, 1983; Tanabe et al., 2006).

Both the frequency and accumulation curves indicate a low-energy
environment with gradually waning flows (Mycielska-Dowgiałło and
Ludwikowska-Kędzia, 2011). Based on the aforementioned features,
this fine-grained, poorly sorted facies is interpreted to represent a well-
drained floodplain environment (Miall, 1992). No chronological data
are available from this facies. However, as this unit is generally
sandwiched between two river channel sediment bodies (i.e., facies
Ⅰ), it is likely that this facies may also be assigned to MIS 4 and 2.

4.2.1.3 Facies III: Lacustrine bog
This facies is dominated by steel gray to dark gray silty clay and

clayey silt, partly interbedded with silt layers (Figure 3C). The
thickness range is commonly 2–4 m. The mean grain size ranges
from 5.8 to 7.1 V, with poor to very poor sorting (SD: 1.48–2.26).
Sand, silt, and clay contents are .99%–12.14%, 68.77%–79.71%, and
14.38%–27.83%, respectively (Table 4). The grain size frequency curve

FIGURE 3
Representative photographs of facies in the Jiangsu coastal plain and radial tidal sand ridges. (A) River channel (depth 18.7–19.16 m) in the core
JSWZK02; (B) floodplain (depth 13.4–13.87 m) in the core JSWZK05; (C) lacustrine bog (depth 59–59.4 m) in the core JSWZK03; (D) tidal river channel (depth
31–31.4 m) in the core JSWZK01; (E) supratidal flat (depth 1.8–2.2 m) in the core JSWZK01; (F) tidal flat (depth 9.7–10.1 m) in the core JSWZK05; (G) lagoon
(depth 9.6–10 m) in the core JSWZK01; (H) delta front (depth 18.7–19.1 m) in the core JSWZK02; (I) prodelta (depth 11.8–12.2 m) in the core JSWZK08;
(J) tidal sand ridge (depth 13.4–13.8 m) in the core JSWZK05; (K) tidal sand flank (depth 20.9–21.3 m) in the core JSWZK03; and (L) offshore (depth 7.4–7.8 m)
in the core JSWZK10. All column lengths are 40 cm.
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mainly presents a unimodal-tailed or bimodal-tailed distribution with
a very wide peak (4.5–7V of peak value). The grain size accumulation
curve commonly displays a one- or two-tier mode (Figure 4C). The
suspension component dominates the curve with a proportion
of >90%. Horizontal bedding and bioturbation are well displayed
locally. Fe-Mn nodules and calcareous concretions were commonly
found in the clay (Figure 3C). Some small freshwater gastropods,
including Radix sp. and Biomphalaria sp., can be found in some beds.

Sediments in this facies invariably overlie with a sharp contact
river–channel deposit, reflecting an abrupt channel abandonment
(Amorosi et al., 2008). Horizontal bedding and bioturbation with
very fine grain size reflect a low-energy sedimentary environment,
consistent with grain size accumulation curves. Fe-Mn nodules and
calcareous concretions commonly indicate the pedogenic processes in
a terrestrial environment (Galloway and Hobday, 1983). Given the
presence of a typical freshwater fauna, this facies is considered to have
formed in a bog after channel abandonment (Hori et al., 2004). Like
for floodplain deposits, neither AMS 14C data nor OSL data are
available from this facies.

4.2.2 Coastal deposits
Coastal deposits have been recognized in all study cores and can be

subdivided into five facies referable to the tidal river channel,
supratidal zone, tidal flat, and lagoon.

4.2.2.1 Facies IV: Tidal river channel
This facies, with a thickness of ~3–8 m, is mainly composed of

gray fine sand and silt containing some marine and brackish water
mollusk shells (Figure 3D), such as Talonostrea and Corbicula
fluminea. The mean grain size ranges from 3.36 V to 6.42 V; the
standard deviation (.77–1.76 V) indicates moderate to poor sorting.
Sand, silt, and clay contents are 7.5%–78.49%, 18.7%–74.2%, and
1.42%–16.32%, respectively (Table 4). The grain size frequency curve
mainly shows a bimodal distribution with a coarse main peak (2.8–4.2
V of peak value) and a fine secondary peak (6–7.3 V of peak value).
The grain size accumulation curve commonly displays two- or three-
tier modes (Figure 4D). Two saltation components dominate the curve
with a total proportion of >90%. The fine saltation component
generally has worse sorting but a higher content than the coarse

TABLE 4 Summary of grain size characteristics of facies associations.

Facies
association

Mean
grain

size (V)

Sorting Sand
content
(%)

Silt
content
(%)

Clay
content
(%)

Frequency curve Accumulation curve

River channel 2.72–5.93 .85–1.55 11.09–83.01 7.24–75.7 .8–16.59 Unimodal distribution with a narrow
peak (2–4 V of peak value)

Two-tier mode, saltating
component dominating

Floodplain 3.58–7.71 1.07–2.65 1.86–68.93 24.22–82.78 2.59–40.97 Unimodal-tailed distribution with a wide
peak (4.5–6.5 V of peak value)

Two-tier mode, suspension
component dominating

Lacustrine bog 5.8–7.1 1.48–2.26 .99–12.14 68.77–79.71 14.38–27.83 Unimodal-tailed or bimodal-tailed
distribution with a wide peak (4.5–7V of

peak value)

One-tier or two-tier mode,
suspension component

dominating

Tidal river channel 3.36–6.42 .77–1.76 7.5–78.49 18.7–74.2 1.42–21.33 Bimodal distribution with a coarse main
peak (2.8–4.2 V of peak value) and a fine
secondary peak (6–7.3 V of peak value)

Two-tier or three-tier mode,
saltating component

dominating

Supratidal flat 5.99–6.71 1.58–2.51 .66–5.24 76.47–81.19 13.82–21.3 Unimodal-tailed distribution with a wide
peak (5–6 V of peak value)

Two-tier or three-tier mode,
suspension component

dominating

Tidal flat 4.56–6.88 .88–2.06 2.27–45.66 45.78–86.13 3.81–25.23 Bimodal distribution with a coarse main
peak (4.3–5.1 V of peak value) and a fine
secondary peak (7–8.2 V of peak value)

Two-tier or three-tier mode,
saltating component

dominating

Lagoon 4.39–6.82 1.17–2.25 .9–36.11 57.24–82.93 3.91–22.83 Bimodal or multimodal distribution with
a wide peak (4.2–6.2 V of peak value)

Three-tier or multiple-tier
mode, saltating component

dominating

Delta front 4.28–6.17 .95–2.01 6.84–36.1 61.25–77.38 2.66–20.32 Bimodal distribution with a coarse main
peak (3.8–5.2 V of peak value) and a fine
secondary peak (6–7.5 V of peak value)

Two-tier or three-tier mode,
saltating component

dominating

Prodelta 4.79–7.25 1.18–2.06 .58–28.13 58.84–87.73 6.13–31.78 Unimodal-tailed distribution with a wide
peak (4.2–7 V of peak value)

Two-tier or three-tier mode,
suspension component

dominating

Tidal sand ridge 2.23–5.27 .73–1.76 11.35–93.06 6.08–73.93 .71–20.34 Bimodal distribution with a coarse
narrow peak (2–4.2 V of peak value) and
a fine peak (6–7.5 V of peak value)

Three-tier mode, saltating
component dominating

Tidal sand flank 3.6–7.02 .71–2.56 1.05–73.41 23.39–79.02 1.28–29.11 Unimodal-tailed distribution with a wide
peak (4.2–6.5 V of peak value)

Two-tier or three-tier mode,
saltating component

dominating

Offshore 4.52–7.23 .99–2.27 1.14–65.12 25.8–78.61 2.66–29.74 Unimodal or bimodal distribution with a
coarse main peak (4.3–5.1 V of peak

value) and a fine secondary peak (7–8.2V
of peak value)

Two-tier or three-tier mode,
suspension component

dominating
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saltation component (Figure 4D). Average foraminiferal abundance
and simple diversity in this facies (core JSWZK01) are 419 and 4,
respectively. Benthic foraminifers are dominated by euryhaline taxa,
such as Ammonia beccarii varsus (average percentage: 46.6%),
Protelphidium tuberculatum (32.7%), and Elphidium magellanicum
(11.18%) (Figure 5).

This facies has similar lithologic characteristics as the river
channel facies, being characterized by well-sorted sandy deposits.
However, the presence of mollusk shells and of a few euryhaline
foraminifers indicates that these deposits accumulated in a brackish
environment (Hori et al., 2001; Hori et al., 2004; Tanabe et al.,
2006). The grain size frequency curve and accumulation curve are

FIGURE 4
Grain size frequency (blue curve) and accumulation curves (red polyline) of typical sedimentary facies in the Jiangsu coastal plain and radial tidal sand
ridges. (A) River channel at a depth of 25.55 m in the core JSWZK11; (B) floodplain at depths of 36.65 m (solid) and 40.75 m (dotted) in the core JSWZK04; (C)
lacustrine bog at a depth of 15.35 m in the core JSWZK01; (D) tidal river channel at a depth of 26.45 m in the core JSWZK01; (E) supratidal flat at a depth of
1.75 m in the core JSWZK01; (F) tidal flat at a depth of 4.45 m in the core JSWZK02; (G) lagoon at a depth of 5.65 m in the core JSWZK01; (H) delta front at
a depth of 1.25 m in the core JSWZK10; (I) prodelta at a depth of 4.25 m in the core JSWZK08; (J) tidal sand ridge at a depth of 16.35 m in the core JSWZK02;
(K) tidal sand flank at depths of 20.55 m (solid) and 20.65 m (dotted) in the core JSWZK03; and (L) offshore at a depth of 7.45 m in the core JSWZK10.

FIGURE 5
Comprehensive stratigraphic log of the core JSWZK01, showing lithology, grain size, and foraminiferal content. The borehole is divided into six
sedimentary facies from the late Pleistocene tidal river channel and floodplain to the Holocene tidal sand flank, lagoon, and supratidal zone. It is to be note that
the foramiferal data (i.e., abundance) changed abruptly at depths of 23.3 m and 13.4 m, indicating the end of Late Pleistocene marine transgression and the
initiation of Holocene aggression in the core JSWZK01, relatively. For more detailed foraminiferal data, see Supplementary Table S1 in the attachment.
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also different from those of the river channel facies, which
commonly miss the fine secondary peak and the fine saltation
component (Figures 4A, D). Thus, this facies association is
interpreted to reflect a tidal river channel that was intermittently
influenced by tidal currents. A few AMS 14C and OSL data in cores
JSWZK01 and JSWZK07 reveal two stages of development for this
facies, namely, ~30–40 ka BP and ~100 ka BP, which approximately
correspond to stages MIS 3 and 5, respectively.

4.2.2.2 Facies V: Supratidal flat
This facies association consists of brown to yellowish-gray silt,

partly interbedded with gray clayey silt or silty clay, containing
abundant plant roots and ferruginous nodules (Figure 3E). Organic
material and peat are locally present. Freshwater and brackish shells
are common, including Radix swinhoei and Gyraulus albus. The range
of Mz is 5.99–6.71 V, and the standard deviation of 1.58–2.51 V

indicates poor to very poor sorting. Sand, silt, and clay contents are
.66%–5.24%, 76.47%–81.19%, and 13.82%–21.3%, respectively
(Table 4). The grain size frequency curve mainly shows a
unimodal-tailed distribution with a wide peak (5–6 V of peak
value). The grain size accumulation curve commonly displays two-
or three-tier modes (Figure 4E). The suspension component
dominates the curve with a total proportion of >50%.

Ferruginous nodules suggest subaerial exposure and pedogenic
modification (Liu et al., 2016). Abundant plant roots, organic
materials, and brackish/freshwater mollusk shells are commonly
found in coastal marsh environments, which are typically located in
the upper tidal flat to the supratidal zone (Hori et al., 2004). The
dominant suspension component with a unimodal-tailed
distribution also reveals a low-energy environment with
gradually waning flows, which is possible during the ebb and
flood. Based on distinct grain sizes and fossil characteristics,

FIGURE 6
Comprehensive stratigraphic log of the core JSWZK03, showing lithology, grain size, and foraminiferal content. The borehole is divided into five
sedimentary facies from the Late Pleistocene lacustrine bog, tidal sand ridge, and floodplain to the Holocene tidal sand ridge, tidal sand flank, and tidal flat. It is
to be noted that the OSL ages are older than 130 ka BP below the depth of 45 m, indicating an age-unconstrained strata in this borehole. For more detailed
foraminiferal data, see Supplementary Table S2 in the attachment.
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this facies is considered to have formed in a supratidal flat
environment.

4.2.2.3 Facies VI: Tidal flat
This facies consists of alternating gray to yellowish-gray silt with

gray clayey silt or silty clay (Figure 3F). Wavy bedding and lenticular
bedding are clearly recognized, whereas bioturbation and iron oxides
are occasionally found. The mean grain size of this facies ranges from
4.56 V to 6.88 V with .88–2.06 V of standard deviation, indicating
moderate to poor sorting. Sand, silt, and clay contents are 2.27%–
45.66%, 45.78%–86.13%, and 3.81%–25.23%, respectively (Table 4).
The grain size frequency curve and accumulation curves are similar to
those of the tidal river facies association, with a bimodal distribution
with a coarse main peak (4.3–5.1V of peak value) and a fine secondary
peak (7–8.2 V of peak value) in the frequency curve (Figure 3F). The
grain size accumulation curve also displays two- or three-tier modes.
The two saltation components dominate the curve with a total
proportion of >80%. The fine saltation component has poorer
sorting but a higher content than the coarse saltation component.
The average foraminiferal abundance and simple diversity of this
facies are 273 and 6 in the core JSWZK03, respectively. Similar to tidal
river deposits, this facies is dominated by euryhaline foraminifera,
such as A. beccarii vars (46.9%), P. tuberculatum (26.7%), and E.
magellanicum (16.2%) (Figure 6).

Wavy bedding and lenticular bedding are reliable indicators of
tidal processes (Galloway andHobday, 1983). The grain size frequency
and accumulation curves reveal a low-energy, multi-sourced, or
bimodal current environment (Wang and Ke, 1997). The
foraminiferal assemblage indicates the transition from a marine to
a brackish/freshwater environment. As a whole, this facies is
interpreted as a tidal flat. According to several AMS 14C and OSL
dates from the study cores, the development of the tidal flat took place
at least in three distinct stages, including MIS 3, the early Holocene,
and modern times.

4.2.2.4 Facies VII:Lagoon
This facies is composed mainly of gray to dark gray coarse silt

alternating with gray silty clay (Figure 3G). The range of Mz is
4.39–6.82 V, and the standard deviation is 1.17–2.25 V, thus
indicating poor to very poor sorting. The sand, silt, and clay
contents are .9%–36.11%, 57.24%–82.93%, and 3.91%–22.83%,
respectively (Table 4). The grain size frequency curve mainly shows
bimodal or multimodal distributions with a wide peak (4.2–6.2 V of
peak value). The grain size accumulation curve commonly displays
three-tier or multiple-tier modes (Figure 4G). The two saltation
components dominate the curve with a total proportion of >70%.
Tiny marine shells or fragments are commonly found, including
Potamocorbula laevis, Umbonium thomasi, and Mactra
veneriformis. The average abundance and simple diversity in core
JSWZK01 are 319 and 6, respectively. The dominant foraminiferal
species are A. beccarii vars (37.1%), P. tuberculatum (30.2%), and E.
magellanicum (13.18%) (Figure 5).

The rhythmical alternation of silt clay layers and the foraminiferal
assemblage in this facies association are characteristic features of tidal
flat deposits. However, frequency and accumulative curves are clearly
distinct between lagoon and tidal flat facies (Figure 4;Wang Y. Z. et al.,
2012). In addition, the brackish-dominated macrofaunal assemblage,
some plant roots, and the small size of marine fossils indicate a high-
salinity, barred marine environment, such as a lagoon (Como and

Magni, 2009). Consistent with stratigraphic relations with underlying
tidal sandy deposits, this facies is interpreted as having formed in a
lagoon environment under conspicuous tidal influence. The lagoon
likely evolved to a more restricted environment, as documented by the
gradual decrease in abundance and simple diversity of foraminiferal
assemblages from the bottom up in the core JSWZK01 (Figure 5). The
AMS 14C dates fall between 6,200 cal a BP and 5,410 cal a BP in the
core JSWZK01, indicating that this facies association developed in a
back-barrier environment at the onset of progradation of coastal
barriers or delta systems during the middle Holocene (Li and
Wang, 1991).

4.2.3 Deltaic deposits
Deltaic deposits were mostly recognized in cores from the NW

part of our study area. Two distinct facies, namely, delta front and
prodelta, were identified.

4.2.3.1 Facies VIII: Delta front
This facies is composed of gray coarse silt that in its lower part is

interbedded with light gray fine sand and clayey silt (Figure 3H). It
contains Potamocorbula laevis, Talonostrea, and Mitrella bella. No
bioturbation was observed in the upper part of this facies. The range of
Mz is 4.28–6.17V, with a standard deviation of .95–2.01V, indicating
moderate to poor sorting. Sand, silt, and clay contents are 6.84%–
36.1%, 61.25%–77.38%, and 2.66%–20.32%, respectively (Table 4).
The grain size frequency curve mainly shows a bimodal distribution
with a coarse main peak (3.8–5.2V of peak value) and a fine secondary
peak (6–7.5 V of peak value). The grain size accumulation curve
commonly displays two- or three-tier modes (Figure 4H). The two
saltation components dominate the curve with a total proportion
of >80%. The fine saltation component has poorer sorting but a higher
content than the coarse saltation component. The average benthic
foraminiferal abundance is ~647, whereas simple diversity reaches
~18 in the core JSWZK07 (Figure 7). The dominant foraminiferal
species are A. beccarii vars (36.7%), A. pauciloculata (14.8%), and
Nonionella decora (10.2%) (Figure 7).

Relatively well-sorted coarse silt and the nearly absence of
bioturbation in the upper part of this facies may reflect high-
energy conditions and high sediment accumulation rates (Abrahim
et al., 2008; Liu et al., 2009). Silt-sand alternations in the lower part of
this facies and the bimodal distribution are inferred to reflect a
combined hydrodynamic environment. Considering the euryhaline
foraminiferal assemblage and stratigraphic relations with adjacent
facies, this facies likely represents a delta front deposit (Galloway
and Hobday, 1983), whereas its lower and upper parts represent distal
to proximal sandy bars, respectively. The overall yellowish color in this
facies suggests that the sediment source may have derived from the
Yellow River (Cheng and Xue, 1997; Figure 3H). A few AMS 14C and
OSL dates from this facies fall between 3.3 ka BP and 145 cal a BP in
the core JSWZK07.

4.2.3.2 Facies IX: Prodelta
This facies consists of gray to dark gray silty clay, alternating with

light gray silt and fine sand layers or lenses. Lenticular bedding is
common, and bioturbation is moderate (Figure 3I). This facies
contains a few fragments of mollusk shells, such as Arca
subcrenata, Anomia chinensis, Dosinia biscocta, P. laevis, and
Pelecyora trigona. The mean grain size of this facies ranges from
4.79V to 7.25V, with a standard deviation of 1.18–2.06V, indicating
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poor to very poor sorting. Sand, silt, and clay contents are .58%–
28.13%, 58.84%–87.73%, and 6.13%–31.78%, respectively (Table 4).
The grain size frequency curve principally shows a unimodal-tailed
distribution with a wide peak (4.2–7 V of peak value). The grain size
accumulation curve commonly displays two- or three-tier modes
(Figure 4I). The suspension component dominates the curve with a
proportion of >50%.

The high proportion of suspended load, concurrently with a
moderately abundant marine fossil assemblage and a moderate
degree of bioturbation, is a reliable indicator of a low-energy,
stressed marine depositional environment. This sedimentary
environment was likely close to a fluvial mouth, such as a prodelta
(Coleman and Wright, 1975). The overall brownish-yellow color
(Figure 3I) may indicate direct sediment supply from the Yellow
River (Cheng and Xue, 1997). This facies association developed during
two distinct periods on the basis of a few chronological data, including
MIS 3 and the late Holocene.

4.2.4 Subtidal deposits
Subtidal deposits are well exposed in seaward cores. They can be

subdivided into two facies, namely, the tidal sand ridge and tidal sand
flank.

4.2.4.1 Facies X: Tidal sand ridge
This facies is dominated by yellowish-gray to gray fine-medium

sand and coarse silt (Figure 3J).Mz ranges from 2.23 to 5.27V, and the

contents of sand, silt, and clay are 11.35%–93.06%, 6.08%–73.93%, and
.71%–20.34%, respectively. Sorting is moderate to poor. Like the tidal
river facies, the grain size frequency curve mainly shows a bimodal
distribution with a coarse, narrow peak (2–4.2V of peak value) and a
fine peak (6–7.5 V of peak value) (Figure 4J). The grain size
accumulation curve commonly displays a three-tier mode. The two
saltation components dominate the curve with a total proportion
of >80% (Table 4). The fine saltation component generally has poorer
sorting and a lower concentration than the coarse saltation
component. Marine mollusk shells are scarce and mostly
fragmented. In the core JSWZK03, the average foraminiferal
abundance and simple diversity are ~333 and 6, respectively.
Euryhaline A. beccarii vars (57.3%) and P. tuberculatum (10.1%)
are the dominant foraminiferal species (Figure 6).

Relatively well-sorted coarse sediments and a few marine shell
fragments are characteristic of a high-energy, marine-influenced
environment. The bimodal distribution and three-tier mode with
two saltation components of grain size curves are consistent with a
to-and-fro movement in a tidally influenced environment. Although it
is difficult to distinguish this facies from tidal river channel deposits on
the basis of grain size analysis alone (Figures 4D, J), the fossil
assemblages showed some marked differences. For example, the
tidal channel river facies had some brackish shell fragments, such
as Corbicula fluminea, which were only rarely found in this facies. This
facies also had a higher diversity of foraminifers (4–10) than those of
the tidal river channel (2–5) (see Figures 5, 6), indicating a subtidal

FIGURE 7
Comprehensive stratigraphic log of the core JSWZK07, showing lithology, grain size, and foraminiferal content. The borehole can be divided into six
sedimentary facies from the Late Pleistocene lacustrine bog, tidal river channel, river channel, and floodplain to the Holocene tidal flat–shallow sea, delta
front, and tidal flat. It is to be noted that the foramiferal data (i.e., abundance) changed abruptly at the depths of 24 m and 15.2 m, indicating the end of MIS
3 marine transgression and the initiation of Holocene aggression in the core JSWZK07, relatively. For more detailed foraminiferal data, see
Supplementary Table S3 in the attachment.
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environment. Additionally, the grain size frequency curve of this facies
commonly displays a bimodal distribution with a coarse narrow peak
and a fine peak, which is similar to grain size characteristics of tidal
sand ridges detailed by previous studies in the south Yellow Sea (Wang
et al., 2019a). This facies, thus, is interpreted as having formed in a
tidal sand ridge. Based on numerous AMS 14C and OSL dates in cores
JSWZK03, JSWZK04, and JSWZK05, tidal sand ridges developed at
least during two distinct phases, namely, the early–middle Holocene
and an age possibly older than MIS 5, although OSL data are not
conclusive.

4.2.4.2 Facies XI: Tidal sand flank
This facies consists of light gray fine sand, alternating with gray to

dark gray clayey silt and silt (Figure 3K). It contains a few fragments of
mollusk shells, such as Arca subcrenata and P. laevis. The mean grain
size of this facies ranges from 3.6 V to 7.02 V with a standard
deviation of .71–2.56V, indicating moderate to very poor sorting. The
sand, silt, and clay contents are 1.05%–73.41%, 23.39%–79.02%, and
1.28%–29.11%, respectively (Table 4). The grain size frequency curve
of sandy layers is similar to that of tidal sand ridges, whereas the curve
of clayey silt principally shows a unimodal-tailed distribution with a
wide peak (4.2–6.5 V of peak value). The grain size accumulation
curve commonly displays two- or three-tier modes (Figure 4K). The
suspension component dominates the curve with a proportion
of >60% in the silty layer. The average foraminiferal abundance
and simple diversity are ~716 and 8 in the core JSWZK03,
respectively (Figure 6). Euryhaline A. beccarii vars (48.8%) and
Haynesina germanica (10.1%) are the dominant foraminiferal species.

The lithological characteristics are quite similar to the “tidal inlet”
facies of published boreholes 11DT03 and 11DT04 described by Ji
et al. (2015) or the sand ridge bottom facies described by Yin et al.
(2016). This facies shows characteristic sand–mud couplets, with
obviously contrasting grain size characteristics (see Figure 4K).
This facies exhibits a lateral transition to tidal sand ridge deposits
and shows intermediate characteristics between the tidal sand ridge
and offshore facies in terms of grain size and foraminiferal abundance.
Thus, it is inferred to represent a slightly deeper and lower-energy
(subtidal) environment than tidal sand ridges, which we interpret as a
tidal sand flank.

4.2.5 Shallow sea deposits
4.2.5.1 Facies XII: Offshore

This facies is dominated by dark gray clayey silt and silty clay,
locally interbedded with lenses of gray coarse silt and fine sand
(Figure 3L). It has an Mz range of 4.52–7.23 V, with contents of
sand, silt, and clay of 25.8%–78.61%, 2.66%–29.74%, and 1.14%–

65.12%, respectively (Table 4). Sorting is poor to very poor. The
grain size frequency curve mainly shows a unimodal or bimodal
distribution with a coarse main peak (4.3–5.1 V of peak value) and
a fine secondary peak (7–8.2 V of peak value). The grain size
accumulation curve commonly displays two- or three-tier modes
(Figure 4L). The suspension components dominate the curve, with
a proportion of >50%.

Bioturbation is very common. Marine mollusk shells are abundant
and include Arca subcrenata, Mactra veneriformis, Potamocorbula
laevis, Talonostrea, and Anomia sp. The average foraminiferal
abundance of this facies has the highest value (~1,645 per 50 g of
dry sediment) of the whole succession. The average simple diversity is
also the highest, up to 25. The dominant foraminiferal species are A.

beccarii vars (24.8%), Cribrononion gnythosuturatum (10.3%),
Nonionella decora (8.2%), and A. pauciloculata (6.8%) (Figure 7).

The abundance of marine shells and bioturbation, the high
diversity, and abundance of foraminifers with high concentrations
of relatively stenohaline species coupled with a predominant fine-
grained sediment and a dominant suspension component indicate a
low-energy offshore environment (He et al., 2018; 2019). The
development of this facies association took place at least during
two distinct periods, including MIS 3 and the mid-late Holocene,
respectively.

4.3 Late Pleistocene to Holocene
stratigraphic architecture of the Jiangsu
coastal plain and tidal sand ridge area

To reconstruct the Late Pleistocene to Holocene facies architecture
in the Jiangsu coastal plain and tidal sand ridge area, we performed
stratigraphic correlation among the 10 cores investigated in this study
and eight cores from previously published studies (see Figure 1C). The
stratigraphy of the study area was depicted through two SW–NE
(along-dip)-oriented stratigraphic transects (Figures 8, 9), transversal
to the modern coastline, and a NW–SE (along-strike)-oriented
transect (Figure 10), parallel to the modern coastline.

4.3.1 Along-dip transects
4.3.1.1 Transect X-X′

This transect (Figure 1C) is located in the northern part of the
Jiangsu coastal area. From proximal to distal locations, it includes
cores JSWZK07, JSWZK08, JSWZK10, 07SR03, and JSWZK11
(Figure 8, core 07SR03 modified from Zhang et al., 2014).

Two major intervals with marine or mixed marine-coastal
deposits represent a prominent feature across the whole transect.
Marine and coastal deposits are invariably separated from underlying
laterally continuous alluvial units by distinctive transgressive surfaces
(Figure 8). The marine influence is highest at or a fewmeters above the
transgressive surfaces, where shallow marine deposits are dominant.
Offshore clays are generally overlain by prograding deltaic or subtidal
sandy complexes. There is also clear distal to proximal transition from
thick tidal sand ridge and shallow sea sediments in the NE to deltaic
and tidal river channel facies in a more SW position. A large number of
AMS 14C and OSL dates assign the uppermost marine interval (tidal
flat and shallow marine sediments) to the early Holocene, suggesting
that marine ingression in the current tidal sand ridge area occurred
before 8,800 cal a BP. According to the available radiocarbon dates and
based on the morphological evolution of the study area, the overlying,
prograding delta complex is thought to be the old Yellow River Delta
of northern Jiangsu during the period in which the Yellow River
captured the Huaihe River in 1128–1855 AD (Xue et al., 2010; Liu
et al., 2013).

Unlike the Holocene marine interval, the older one is made up
predominantly of tidal river channels and deltaic deposits,
testifying to a more complex fluvial–marine interaction. The age
of this older marine deposit is centered around 35–38 ka BP, with a
few data ranging between 28 and 39 ka BP (Figure 8). This suggests
an age attribution to the MIS 3 period. Clearly, deltaic progradation
during MIS 3 occurred more seaward than Holocene progradation,
which is consistent with the significantly lower eustatic rise during
MIS 3.

Frontiers in Earth Science frontiersin.org15

He et al. 10.3389/feart.2022.1107495

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1107495


4.3.1.2 Transect Y-Y′
This transect is located in the south of the Jiangsu coastal plain and

partly across the shelf tidal sand ridge area, about 60 km south of
transect X-X′. From proximal to distal locations, this transect includes
cores JSWZK01, JSWZK02, JSWZK03, Y1, Y2, JSWZK04, and
JSWZK05 (Figure 9, cores Y1 and Y2 are modified from Wang
et al. (2015) and Yin et al. (2016), respectively).

The stratigraphy reconstructed from seven boreholes displays
striking similarities with the facies architecture illustrated along
transect X-X′; two major intervals of marine sedimentation,
bounded by prominent transgressive surfaces, are separated by a
thicker alluvial unit (Figure 9). Along transect Y-Y′, marine
sediments consist entirely of tidal sand ridge facies at seaward
locations, whereas the landward areas are dominated by coastal
facies, including lagoon and tidal river channel deposits (Figure 9).

A large number of radiocarbon dates from transect Y-Y′ reveal
that the uppermost marine interval, about 10–30 m thick, is of
Holocene age. Sedimentary facies in the westernmost core
JSWZK01 are composed of tidal sand bar and lagoon facies that
gradually transition seaward to tidal sand ridge and tidal sand flank
facies (Figure 9). Multiple dating along this transect suggests that the
sea may have reached the current sand ridge region around 9,000 cal a
BP (see core JSWZK05 in Figure 9).

The older marine deposits are mainly tidal sand ridge and tidal
sand flank facies in landward transition to tidal river channel deposits.
Several AMS 14C dates from this marine interval yielded ages older

than 40,000 a BP, which may not be reliable due to the limit of carbon-
14 dating. In contrast, a few OSL dates cluster around 110–170 ka BP
(though they may exceed 130 ka BP locally—Figure 9), suggesting that
the older marine interval may have formed during MIS 5.

Alluvial deposits between these two marine intervals are mostly
river channel and floodplain facies and yielded ages ranging between
20,000 and 90,000 a BP, suggesting deposition betweenMIS 2 andMIS
4. Unlike section X-X′, MIS 3 deposits were not encountered in
transect Y-Y′, which may imply that they originally were relatively
thin or that they were eroded by subsequent fluvial activity.

4.3.2 Along-strike transect
4.3.2.1 Transect Z-Z′

This transect runs along strike, parallel to the present coastline of
the northern Jiangsu coastal plain, including cores JSWZK09,
JSWZK10, 07SR01, JSWZK03, NTCJ3, JC-1203, Sanming, and
07SR11 from north to south, respectively (Figure 10, cores 07SR01,
NTCJ3, JC-1203, Sanming, and 07SR11 modified from Yin and Zhang
(2010), Wang Y. et al. (2012), Zhang X. et al. (2013), Sun et al. (2015),
and Xiao (2015), respectively).

Similar to the along-dip transects, two intervals of marine or
coastal-marine sedimentation and two intervals of alluvial deposits
can be found in most cores along this transect. The uppermost marine
interval in this transect mainly consists of Holocene tidal sand ridges
that gradually turn into deltaic sediments from south to north. A few
radiocarbon dates reveal that deltaic deposits were the subaqueous

FIGURE 8
Facies architecture along coastal transect X-X′. The core 07SR03 is modified from Zhang et al. (2014).
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delta part of the old Yellow River Delta between 1128 and 1855 AD in
Jiangsu Province. The tidal sand ridge seems to have formed earlier
than 4,800 cal a BP near the present coastline (see Figure 10).

Older (Late Pleistocene) marine or coastal-marine deposits in
transect Z-Z′ are (i) suspected tidal sand ridge and tidal sand flank
facies in the southern part of the study area, likely assigned to MIS 5,
and (ii) deltaic deposits in the north, attributed to MIS 3. The ~30-m-
long boreholes in the northern side may be too short to unravel MIS
5 deposits. On the other hand, transgressive MIS 3 deposits in the
south are missing. The southernmost core (07SR11) lacks Holocene
tidal sand ridge/sand flat facies, which are replaced by thicker tidal flat
to shallow marine deposits, indicating the limit of tidal sandy
influence.

5 Discussion

5.1 Changes in sedimentation rates and
Holocene radial tidal sand ridge development

The formation of the RTSR in this area has been widely discussed
by several studies (Li and Zhao, 1995; Li et al., 2001; Wang Y. et al.,
2012; Yin et al., 2016). A consensus has been reached that a
convergent–divergent tidal current field and large amounts of
sediment are prerequisites for the formation of the RTSR (Zhu,

1998). Thus, the initiation of the convergent–divergent tidal
current field and periods of high sediment flux appear to be critical
to understanding the evolution of the RTSR.

According to simulations of regional paleotidal currents since the
Holocene (Wang et al., 1998), the convergent and divergent tidal
current fields in the study area were established between 10 and 8.5 ka
BP, which implies that the RTSR could develop in the coastal area of
Jiangsu Province after 10 ka BP. Zhu and Chang (2001) generally
agreed with this opinion; however, they considered the early Holocene
RTSR smaller than the present one due to reduced sediment supply
during the early Holocene. Based on the evolution history of large
rivers flowing to the SYS and a few ancient charts in the study area
(Zhang, 1988), Liu and Xia (2004) proposed that the present RTSR
could have formed since 2 ka BP and that it developed rapidly in
response to the southward migration and supply of a large amount of
sediment by the Yellow River after 1128 AD. Strong tidal currents
could have shaped the radial morphology of the RTSR after the Yellow
River flowed northward to the Bohai Sea since 1855 AD. Yin et al.
(2016) concluded likewise that the formation of tidal sand ridges was
highly related to remarkable sand input from the old Yellow River
Delta after 1128 AD, as some radiocarbon ages from their cores
indicated the initiation of tidal ridges since 600 years ago.

On the basis of seismic profiles and core data from the subaqueous
sand ridge field, Wang et al. (1998) hypothesized that the RTSR could
have formed after the early Holocene transgression, like other

FIGURE 9
Facies architecture along coastal transect Y-Y′. Cores Y1 and Y2 are modified from Wang et al. (2015) and Yin et al. (2016), respectively.
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Holocene sand ridges around the world (McBride and Moslow, 1991;
Park et al., 2006). This hypothesis also agrees with simulations of
regional paleotidal currents since the Holocene (Wang et al., 1998;
Wang, 2002). Moreover, based on detailed sequence stratigraphic
analysis of the SYS area since the MIS 5 period, Xia et al. (2012)
delineated the relationship between relative sea-level change and the
evolution of the RTSR, suggesting that the RTSR could start to develop
after the submergence of the study area, following the early Holocene
sea level jump around 9 cal ka BP.

However, contrary to the investigations of subaqueous sand ridges,
studies from terrestrial tidally influenced sandy sediment attached to
the present RTSR presented a different interpretion on the formation
history of the Jiangsu coastal area (Figure 1C). Chen et al. (1995)
recognized the terrestrial tidally influenced sandy sediment as the
earliest sand ridges after detailed analysis of sedimentary facies, which
were related to large sediment input from the Yangtze River around
7–6.5 ka BP, during the Holocene maximum transgression. Li et al.
(2001) argued that the RTSR developed after 7.5 ka BP, prograding
seaward under the Holocene normal regression. Chough et al. (2004)
also considered that the RTSR off the Jiangsu Coast may represent
“regressive,” highstand deposits that formed when sea level reached
the present position at about 6 ka BP.

In summary, contrasting opinions about the formation and
evolution of the RTSR mainly focused on when and where the
original sand ridges developed, and distinct views led to highly
different reconstructions. In order to contribute new data to this
debate, in this study, we applied to the Holocene RTSR a technique
based on age–depth plots from previous work (Figure 11A), which has

proved to be an effective method to figure out the complex
sedimentary evolution of depositional systems under high sediment
supply conditions (He et al., 2019). The initiation of the RTSR in the
study area is defined by the oldest depositional age obtained from tidal
flat deposits, namely, ~9,000 cal a BP (Figure 11A; Liu et al., 2013; Xue,
2014).

Using published chronological data from cores, we found that
sedimentation rates are clearly distinct before and after ~800 cal a
BP. In particular, sedimentation rates range between .37 mm/a and
3.3 mm/a during ~9,000–800 cal a BP, but they dramatically increase
to 18.9–108.7 mm/a after ~800 cal a BP (Figure 11B). This abrupt
increase in the sedimentation rate of tidal sand ridges strikingly
coincides with the moment (1128–1855 AD) in which the Yellow
River delivered sediments to the Yellow Sea, following the capture of
the Huaihe River (Xue et al., 2010; Liu et al., 2013). Thus, the growth
of the RTSR can be subdivided into two stages. The first stage of
bedform migration, from ~9,000 cal a BP to 1128 AD, is
characterized by generally slow deposition, with locally increasing
sedimentation rates under highstand conditions (since 5,000–3,000 a
BP). The second stage, after 1128 AD, is a period of rapid
development, when the sand ridge field received a large amount
of sediment from the Yellow River and rapidly built its modern
shape. A significant development of the RTSR following maximum
marine ingression, particularly during the latest Holocene, can be
clearly observed in the stratigraphic cross sections of Figures 9, 10.
According to the available data, no direct evidence was found for the
renewed growth of the sand ridges after the Yellow River re-entered
the Bohai Sea northward in 1855 AD.

FIGURE 10
Facies architecture along coastal transect Z-Z′. Cores 07SR01, NTCJ3, JC-1203, Sanming, and 07SR11 are modified from Yin and Zhang (2010), Zhang X.
et al. (2013), Xiao (2015), Wang Y. et al. (2012), and Sun et al. (2015), respectively.
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5.2 Sedimentary evolution of the radial tidal
sand ridge region since the Late Pleistocene

According to the stratigraphic analysis of 10 continuous cores and
previous data (Figures 8–10), the study area documents a cyclic
sedimentation pattern of alluvial and coastal/shallow marine
deposits that define transgressive–regressive successions deposited
over the last two interglacial–glacial cycles. Along-dip facies
changes include a transition from fluvio-deltaic deposits in the
northern part of the study area to tidally influenced sand deposits
to the south.

5.2.1 MIS 5 and older periods (>100 ka BP)
Although results from OSL dating are not conclusive about its age,

the sand tidal ridge facies assigned to the early MIS 5 (and possibly to
older periods) is well preserved in the southern part of the study area
(e.g., core JSWZK03) (Figures 9, 10). Previous numerical simulations
have revealed that the formation and evolution of the tidal current
system in the south Yellow Sea were mainly controlled by the
interaction between the East China advancing tide wave and the
position of the Jiangsu–Shandong paleocoastline, especially the
Jiangsu paleocoastline (Wang et al., 1998; Uehara et al., 2002), as
the bedrock coast of the Shandong Peninsula has basically kept steady

FIGURE 11
(A) Age–depth plot of collected drilling cores in the RTSR; (B) different sedimentary rates of the tidal sand ridge during 9,000 a BP–1128 AD and
1128–1855 AD.
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since the Early Cretaceous (Wang S. J. et al., 2009). The reconstruction
of Pacific sea-level changes since the Late Pleistocene implies that the
early MIS 5 sea-level position was comparable to the present position
(Chappell et al., 1996). The sediment source for the MIS 5 RTSR likely
was the paleo Yangtze River (Wang et al., 2007b; Wang Y. et al., 2012;
Wang et al., 2019b).

No early MIS 5 deposits were encountered in the north because of
insufficient borehole depth (Figures 8, 10). However, two ~70-m-long
cores (SYS-0701 and SYS-0702) from the south Yellow Sea, adjacent to
the northernmost part of the study area, at a water depth of ~33 m,
revealed the presence of a MIS 5 nearshore to shallow marine facies
(Liu et al., 2010). Neither prominent deltaic deposits nor tidal sand
ridge facies were encountered in the northern area. Tidal river deposits
assigned to the early MIS 5 were observed on the basis of individual
(JSWZK01) core data.

5.2.2 Late MIS 5 and MIS 4 periods (~60–100 ka BP)
Terrestrial deposition, including riverine and floodplain

environments, dominated the study area during the late MIS 5 and
MIS 4. River channel facies made up of thick, homogeneous coarse
sand bodies was recognized in most cores (e.g., JSWZK04, Figure 9).
Severely abraded marine shell fragments locally floor erosion surfaces,
indicating the widespread occurrence of condensed stratigraphic
intervals and hiatal surfaces during this period (see core
JSWZK04 in Figure 9). The sedimentary evolution of the study
area was highly related to sea-level fluctuations during the Late
Pleistocene in the Yellow Sea (Liu et al., 2010).

5.2.3 MIS 3 period (~24–60 ka BP)
Tidal flat and shallow marine deposits assigned to MIS 3 mark the

onset of renewed (minor) transgression in the study area. These
deposits are overlain by a characteristic prograding succession of
deltaic deposits in northern cores (e.g., JSWZK09 and JSWZK10)
(Figures 8, 10), whereas tidal river deposits can be found in landward
cores (e.g., JSWZK07 and JSWZK08).

The existence of marine deposits assigned to MIS 3 on the Jiangsu
Coast has been debated in previous studies. Sedimentological analysis
of cores BY1, 07SR01, and Longgang indicates that marine-influenced
environments likely existed during MIS 3 (e.g., Zhang et al., 2010; Xia
et al., 2013; Xia and Zhang, 2018); this hypothesis is also supported by
numerical modeling of the MIS 3 transgression along the Jiangsu and
Fujian coasts (Ye et al., 2016; Yu et al., 2016). Conversely, nearby
boreholes, such as cores 07SR09 and 07SR11 (Sun et al., 2014; 2015),
showed that MIS 3 deposits are entirely of continental origin.
Unfortunately, most chronologic attributions to MIS 3 lack
supporting OSL dates or are mostly constrained by AMS 14C ages
ranging between 35,000 and 40,000 a BP, which is close to the dating
limits and could be questionable (Yin and Zhang, 2010; Zhang et al.,
2010; Xia et al., 2013; Sun et al., 2014; Sun et al., 2015; Xia and Zhang,
2018).

Marine deposits have been reported at −20–−50 m elevation
around the present coastline on the basis of macro- and micro-
fossil (foraminifers) analyses from cores JC-1204 and 07SR01 (Xia
et al., 2013; Xiao, 2015). Liu et al. (2013) confirmed the presence of
MIS 3 deltaic deposits from core SYS-0701 through OSL dating in the
southern Yellow Sea. Gao et al. (2021) detailed a mass of post-infrared
(IR) IR-stimulated luminescence (pIRIR) ages and found no MIS
3 marine deposits in the core JCP01 beyond the limit of Holocene
marine ingression. Therefore, it thus appears to exist a marked

correlation between the formation of MIS 3 marine deposits and
the distance from the coastline.

Although dating of JSWZK10 deltaic deposits yielded two AMS
14C ages >40 ka BP and two OSL results ranging between 28 ka and
75 ka BP, the adjacent core JSWZK07 provided consistent OSL results
in tidally influenced strata (36.8 ± 5.4 ka BP and 39.4 ± 7.1 ka BP,
respectively) (see Figures 7, 8). We considered these adjacent tidal and
deltaic deposits as indicators of coeval MIS 3 sedimentation because of
the same elevation (−20–−30 m) and short distance between them.
Our findings support the presence of a large active delta during MIS 3,
which had been recognized from a series of seismic profiles and core
data in the south Yellow Sea (Liu et al., 2010). The delta likely formed
between 40 ka BP and 28 ka BP in the late MIS 3. Progradation of the
MIS 3 delta took place in a more seaward position relative to its
Holocene counterpart (Figure 8), which is consistent with a lower
relative sea-level position during this period (Chappell et al., 1996).

It is remarkable that almost no MIS 3 deltaic or marine sediments
were found in the southern part of our study area (Figures 9, 10),
though thin marine layers have been reported from cores 07SR09 and
07SR04 in adjacent areas (Sun et al., 2014; Sun et al., 2015). This could
be related to a relatively weak MIS 3 marine transgression and/or later
(MIS 2) intense fluvial erosion in the region.

5.2.4MIS 2 and the early Holocene period (~9–24 cal
ka BP)

The whole south Yellow sea shelf was mostly subaerially exposed
when sea-level position retreated to the Okinawa trough during the
Last Glacial Maximum and early Holocene (Li et al., 2014). At that
time, terrestrial, riverine, and lacustrine environments dominated the
study area. A ~2–4-m-thick stiff clay layer was found in several cores,
such as JSWZK01 (13.4–16.2 m), JSWZK04 (17.18–19.68 m),
JSWZK06 (10.4–12.3 m), and JSWZK07 (15.08–18.1 m) (Figures 9,
10), thus representing a laterally continuous marker bed for
stratigraphic correlation in the southern Jiangsu Plain and in the
Yangtze deltaic area (Li et al., 2001; Sun et al., 2015). This
overconsolidated horizon represents a stratigraphic unconformity
of worldwide significance; it corresponds to a weakly developed
paleosol that formed at the MIS 3/2 transition in response to the
last phase of sea-level fall (Amorosi et al., 2017), and it is likely
correlative with the development of the adjacent Yangtze River
incised-valley systems (Saito et al., 2001; Li et al., 2002).

5.2.5 9,000–7,000 cal a BP
Marine ingression occurred in the present RTSR field area during

the early Holocene sea-level jump, around 9,000–8,500 cal a BP (Hori
and Saito, 2007). This transgressive trend is documented by the
presence of typical tidal flat facies in the seaward-most cores
(i.e., core JSWZK05) (Figures 8, 9, 12A). Radial tidal sand ridges
are supposed to have been formed during this period by numerous
hydrodynamic model simulations (Wang et al., 1998; Zhu and Chang,
2001). Our detailed sedimentary facies analysis, corroborated by
several radiometric dates, supports this hypothesis, indicating that
tidal sand ridges were active since about 9,000 cal a BP.

With rapid relative sea-level rise, the shoreline reached its present
position around 8,200–8,500 cal a BP (see the cores JSWZK01 and
JSWZK09 in Figures 8, 10). In the northern region, tidal flat and
shallowmarine environments developed with no apparent influence of
radial tidal currents. In contrast, tidal sand ridges (bedforms) migrated
in the southern area. A coastal barrier–lagoon system was
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reconstructed from the core JSWZK01 (Figure 9), confirming that
tidal sand deposition occurred during the Holocene transgression.

5.2.6 7,000–1,128 cal a BP
The Holocene maximum marine ingression took place around

7,000 cal a BP in the SYS region (Liu et al., 2004; Xue, 2014—Figures
8–10, 12B). Previous model simulations revealed that the apex of the
radial tidal current was located at the paleo Yangtze River Channel
mouth (Uehara et al., 2002; Figure 12B). In the southern region, tidal
sand ridges gradually received more abundant supplies of sediment,
while in the northern part, sedimentation occurred in a shallow
marine environment and a chenier–coastal marsh sedimentary
system on the landward side (Figure 12C; Wang and Ke, 1989). As
the coastline prograded seaward after 7,000 cal a BP, the study area
was gradually subdivided into a northern (deltaic) area and a southern
(tidal sand ridge) area.

5.2.7 1128–1855 AD
The Yellow River captured the Huaihe River from the north of

Jiangsu to the sea after 1128 AD (Liu et al., 2013).With 1 billion tons of
sediment discharge into the south Yellow Sea per year, a new Yellow
River Delta lobe formed in the north of Jiangsu, and the shoreline
migrated southward at an average rate of 250–300 m/a (Zhang, 1984).
Moreover, a large subaqueous delta also emerged in the northern part
of the study area (Zhou et al., 2014; Figure 1B; Figures 8, 10). During
this period, the tidal sand ridge system was fed by a huge amount of
sediment, which is reflected in very high sediment accumulation rates

(Figure 11), and the size of the RTSR dramatically increased in height
and width (Liu and Xia, 2004). The submerged sand ridges gradually
emerged, especially their nearshore portion (Figure 12D; see several
ancient charts collected by Su et al., 2017a).

5.2.8 After 1855 AD
The Yellow River went back to the Bohai Sea after 1855 AD, and

the Jiangsu Yellow River Delta was abandoned. The Jiangsu coastline
and underwater bedforms were continuously and dynamically
adjusted with the abrupt decrease in sediment influx (Zhou et al.,
2014). The abandoned subaqueous delta suffered severe erosion under
the combined effect of tidal currents and alongshore waves (Liu et al.,
2013). Meanwhile, the huge deposit left by the Yellow River was
gradually shaped by tidal currents into a new submarine linear
bedform (Liu and Xia, 2004). This bedform combined with the
southern sand ridges to form the present Jiangsu offshore sand
ridge system (Figure 12E; Su et al., 2017b).

5.3 Controlling factors on the formation and
evolution of the RTSR

Previous studies highlighted that sand ridge formation, growth,
migration, and eventual drowning on storm-dominated shelves are the
results of geologic processes (i.e., relative sea-level rise and shoreline
transgression), oceanographic processes (i.e., storms and offshore-
directed currents), and other factors (sediment supply and antecedent

FIGURE 12
Synoptic geomorphological diagram revealing the relationships between Holocene evolution of the tidal sand ridge and relative sea-level change and
sediment supply in the south Yellow Sea. The relative sea-level curve on the East China Sea shelf is modified from Xue (2014). The curve of estimated sediment
influxes in the study area is referred to as the estimated sediment discharge of the Yellow River by Wang et al. (2007a). (A) 9 ka BP: initiation of tidal sand ridge
bedforms during the rapid sea-level rise at the early Holocene; (B) 7 ka BP: the tidal flat and shallow sea environments well developed in the study area
during the Holocene maximum transgressive period. The tidal sand ridge may mostly occur outside the Yangtze River mouth according to Li et al. (2001); (C)
5 ka BP: the tidal sand ridge developed slowly in the south Yellow Sea, while the cheniers and coastalmarshes arewell developed in the coastal area (Wang and
Ke, 1989); (D) 1128–1855 AD: rapid growth of the tidal sand ridge after the Yellow River capturing the Huaihe River and subsequently delivering a large amount
of sediment into the study area; and (E) 1855 AD–present: dynamic adjustment of the radial tidal sand ridge after the Yellow River emptying back into the
Bohai Sea.
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geology) (Figueiredo et al., 1981; McBride and Moslow, 1991; Nnafie
et al., 2014). These factors can also be essential to explain the
distribution, evolution, and morphology of the RTSR on the tide-
dominated Yellow Sea shelf.

5.3.1 Relative sea-level rise andmarine transgression
Holocene coastal and shelf sedimentary systems, including the

sand ridge facies, were sensitive to sea-level changes in the East China
Sea (Gao and Collins, 2014; Li et al., 2014). The same holds for Late
Pleistocene sea-level changes, which clearly affected the sedimentary
evolution of the shelf in our study area.

The magnitude of eustatic rise since the Late Pleistocene
primarily controlled the formation of sand ridge facies in the
SYS. Previous research on paleo sea-level reconstructions
indicated that the extent of the MIS 3 transgression was smaller
than that of the Holocene andMIS 5 ages (Chappell et al., 1996). This
implies that no sufficient accommodation was created in the Yellow
Sea to host a thick tidal system during this period. Indeed, an
alternation of terrestrial and marine facies prevailed in the
northern region, and barely no marine facies developed in the
south during MIS 3 (Figure 10). In contrast, at least 15-m-thick
tidal sand ridge facies accumulated in the study boreholes during the
Holocene and MIS 5 (See Figure 9, 10).

In addition, changes in the rates of relative sea-level rise likely
affected sand ridge growth and migration in the SYS shelf. Liu et al.
(2004) outlined a classical stepwise post-glacial sea-level rise in the
western Pacific and postulated a close tie between phases of rapid
relative sea-level rise and distinct meltwater pulse events. Rapid
relative sea-level rise, especially in the early Holocene around
9,000 cal a BP, largely favored the development of transgressive
depositional systems, including the sand ridge facies (Hori and
Saito, 2007; Xia et al., 2012). Sand ridges developed as bedforms or
sandy shoals during this phase of rapid relative sea-level rise and
migrated landward under continuing transgression. When the relative
sea-level rise decelerated and kept steady after 7,000 cal a BP, the tide-
wave system had enough time to shape the sandy bedforms or shoals
into the final form of the RTSR.

5.3.2 Sediment supply
Sediment provenance is another aspect of debate about the

evolution of the RTSR. Based on the interpretation of shallow
seismic profiles and stratigraphic correlation between the northern
Jiangsu plain and Yangtze River Delta, early studies indicated that the
tidal sand ridge area represented an independent “desert
accumulation” during the LGM (Zhao, 1991). However, based on
grain size analysis and the clastic mineral composition of sediments in
the tidal sand ridge area, Wang et al. (1999) proposed that the
sediments of the RTSR were mainly derived from the ancient
Yangtze River. This hypothesis has been recently supported by
detrital zircon geochronology in the SYS (Su et al., 2018). However,
based upon heavy minerals and geochemical analysis from cores in the
northern Jiangsu land area and in the tidal sand ridge area, most
researchers believe that the ancient Yellow River and Yangtze River
catchments were the major sediment sources for the RTSR, with the
relative influence of each river depending on the distance from the
ancient river mouth (Li et al., 2001; Yang et al., 2002; Wang Y. et al.,
2009; Wang et al., 2013; Wang Z. B. et al., 2019). Moreover, Liu and
Xia (2004) postulated multiple sources for the sand ridge systems: 1)
Yellow River provenance for its southern part, mainly supplied in the

historical period; 2) Yangtze River provenance for the southern sand
ridge; and 3) glacial terrestrial sediments for the SYS shelf.

Although the debate is still open, most authors agree that a huge
amount of sediment was necessary for the development of the
enormous RTSR in the SYS (Li and Zhao, 1995; Zhu, 1998). Our
age–depth plot of core data may provide new insights into this subject.
The rates of tidal sand ridges were consistently 1.1–3.3 mm/a before
1128 AD, slightly 2–3 times than the average sedimentary rate on the
SYS shelf, and dramatically increased to 18.9–108.7 mm/a after
1128 AD. We, thus, believe that the Yellow River played a key role
in the rapid accretion (growth) of the RTSR through enormous
sediment input into the Yellow Sea during 1128–1855 AD.

5.3.3 Oceanographic processes
The morphology of sand ridges on terrigenous shelves is generally

parallel to the dominant current flow. This is particularly clear for the
tidal sand ridges on the SYS shelf (Figure 1A). In this area, the radial
morphology of the RTSR coincides with the directions of the current
flow in the present radial tidal field (Wang, 2002).

There is some uncertainty about the relationship between ancient
ocean dynamics and sand ridge growth in the study area. Although
several hydrodynamic model simulations revealed that the radial tidal
field could have formed off the Jiangsu Coast around 10,000–8,500 a
BP, the radial center of tidal currents migrated north and south
repeatedly, following the movement of the Jiangsu paleocoastline
(Li et al., 2001; Uehara et al., 2002). This means that the formation
and migration of the sand ridges could have been very complex due to
unpredictable hydrodynamic conditions since the early Holocene in
the SYS area.

As a matter of fact, the typical morphology of the RTSR became
radial in shape only after 1900 AD, which is consistent with
previous ancient charts (Zhang, 1988). In addition, wave
currents appear to have dominated the Jiangsu Coast, leading to
the formation of coastal barrier–lagoon systems in the northern
Jiangsu coastal plain between ~8,500 a BP and 1128 AD (see studies
of shelly sand bars by Wang and Ke, 1989; Ling, 2002; Xue et al.,
2010). A large amount of Yellow River sediments emptied into the
Yellow Sea and filled the Jiangsu Coast during 1128–1855 AD,
resulting in the formation of the northern Jiangsu Yellow River
Delta (Xue et al., 2010). In the meanwhile, the SYS shelf became
wide and had a low gradient, which likely weakened wave activity
and strengthened the influence of local tidal currents. After the
Yellow River re-entered the Bohai Sea, tidal currents played a
prominent role in redistributing the abandoned subaqueous
deltaic sediments, shaping the irregular morphologies of the
sand ridges into their present radial form (Liu and Xia, 2004).

6 Conclusion

A total of 10 ~30–60 m-long cores were retrieved from the
Jiangsu coastal plain and offshore a sand ridge field in the south
Yellow Sea (SYS) during 2018–2019. Based on a comprehensive
analysis of sedimentary facies, grain size, foraminifers,
radiocarbon dates (AMS 14C), and optically stimulated
luminescence (OSL) ages, we reconstructed the detailed Late
Pleistocene sedimentary evolution of the radial tidal sand ridge
(RTSR) region. This area evolved from a tidal sand ridge system
during the late MIS 5 to an alluvial plain, with river channels and
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floodplains during MIS 4. A deltaic sedimentary system,
reconstructed in the northern part of the RTSR region,
developed approximately in the early MIS 3. After a period of
fluvial incision, channel belt sedimentation, and paleosol
formation during the Last Glacial Maximum, the RTSR began
to form during the early Holocene. Our stratigraphic correlation
of along-dip and along-strike transects indicates that deltas and
tidal sand ridges are important sedimentary components in this
region, representing the relative sea-level change history since the
Late Pleistocene. Age–depth plots reveal that the RTSR likely
initiated in a sandy bedform shape at approximately 9,000 cal a
BP, with sedimentation rates of 1.1–3.3 mm/a and continued
throughout the Holocene. Sedimentation rates increased
rapidly to 18.9–108.7 mm/a after 1128 AD, when the Yellow
River captured the Huaihe River, flowing southward into the
Yellow Sea. This study suggests that increased sediment supply
played a major role in the formation and evolution of the
Holocene RTSR in the south Yellow Sea. Relative sea-level
change created sufficient accommodation to host a thick tidal
system during this period in the SYS and also likely affected sand
ridge growth and migration by changing the rates of relative sea-
level rise in the SYS shelf. Oceanographic processes, namely, the
radial current flow in the SYS, dominated the formation of radial
morphology in the RTSR. Thus, our studies also highlight that
relative sea-level change and oceanographic processes were
important controlling factors of the distribution, evolution,
and morphology of the RTSR on the tide-dominated Yellow
Sea shelf.
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