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Abstract: The Quaternary sediments in the Yangtze delta are loose and lack precise stratification marks in the lithology.
Moreover, due to the limitations of dating methods, it is difficult for Quaternary cores to deliver accurate age constraints.
Thus, it is a challenge to establish the Quaternary stratigraphic framework. Gravity core LZK1 was drilled on Hengsha
Island, Shanghai, in the Yangtze delta, in 2012. The core was terminated at 403.83 m below the local land surface, the
uppermost 291.2 m comprising a thick sequence of Quaternary sediments. This study investigated the stratigraphic
subdivision and paleoenvironmental change of the Quaternary sediments. From bottom to top, the Quaternary stratigraphic
sequence can be subdivided into the lower Pleistocene Anting Formation, Middle Pleistocene Jiading Formation, Upper
Pleistocene Chuansha Formation and Nanhui Formation, Holocene Loutang Formation, Shanghai Formation, and Rudong
Formation. According to this study, the Hengsha Island area was dominated by a freshwater lacustrine environment during
the early Pleistocene, an alternation of shallow lake and shore lake environment during the Middle Pleistocene, a delta plain
to lagoonal environment during the early Upper Pleistocene, a fluvial channel to floodplain environment from the LGM
(Last Glacial Maximum) to the end of the Upper Pleistocene, and a delta environment during the Holocene.
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1 Introduction

In recent years, Quaternary environmental change and
its relationship to climate change, sea-level fluctuation and
human activities in the Yangtze delta area have frequently
been investigated (e.g., Han and Yu, 2001; Liu et al.,
2010; Duan et al., 2016; Wang et al., 2010, 2011; Zhang et
al.,, 2017; Cheng et al.,, 2019). The main part of the
Yangtze delta is the incised paleo-valley, which is
bounded by the Yizheng-Yangzhou-Hai’an in the north
and the Zhenjiang-Jiangyin-Zhangjiagang and the south
bank of the Yangtze River to the south (Fig. 1; Li et al.,
2000, 2002). Due to the loose Quaternary sediments in the
Yangtze delta, the marks of the lithostratigraphic
subdivision are not clear. Furthermore, the lack of a well-
dated core makes it difficult to establish the Quaternary
geochronological framework. In order to further explore
Quaternary  environmental evolution, a  regional
chronostratigraphic framework needs to be established.
Gravity core LZK1 was drilled on Hengsha Island,
Shanghai, for geological survey purposes (Xie, 2017). The
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core is located in the incised Yangtze paleo-valley and the
present-day Yangtze estuary. The Quaternary deposits
were influenced by both river and ocean sedimentary
systems. The details of the depositional environments
within the Yangtze paleo-valley and estuary were not clear
at the time that this investigation was conducted. This
study aims to investigate the change of sedimentary
environments during the Quaternary in the Yangtze delta
region, which is fundamental to understanding regional
sedimentary cycles and paleoenvironmental evolution.

2 Geological Settings

2.1 Regional geological settings

The regional tectonic unit of the Shanghai area belongs
to the southern margin of the Yangtze block (Guo et al.,
1997). The eastern subsidence zone has been developing
continuously since the uplift of the Qinghai-Tibetan
Plateau caused by the Quaternary neotectonic orogeny
(Wang et al., 2008). The Shanghai area subsided from the
land region in the southwest to the estuary region in the
northeast in sequence, forming a late Cenozoic
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sedimentary basin with the characteristics of uplift in the
southwest and subsidence in the northeast (Qiu and Li,
2007). This sedimentary basin is mainly covered by the
thick loose sediments of the late Cenozoic. The
paleoenvironmental change of the Shanghai area is
associated with both the development of the Yangtze delta
and some historical fragments of the East China sea (Chen
and Stanley, 1995; Wang et al., 2004).

The Quaternary strata in the Shanghai area are well-
developed and widely distributed. The distribution of the
Quaternary sediments in the delta area was controlled by
the sea-level fluctuation associated with tectonic
movements, supply of sediments, and paleoclimatic
changes (Huang et al. 2019). Tectonic movements and
climate changes also resulted in the differences in
lithology, lithofacies and the thickness of the strata (Jiang
et al., 2000). The Quaternary stratigraphic sequence of the
Shanghai area is 200—350 m thick (Wu and Li, 1987; Chen
and Stanley, 1995), consisting of the Anting Formation

(lower  Pleistocene), Jiading Formation (Middle
Pleistocene), Chuansha Formation (Upper Pleistocene),
Nanhui Formation (Upper Pleistocene), Loutang

Formation (lower Holocene), Shanghai Formation (middle
Holocene) and Rudong Formation (upper Holocene). The
discordant surface or discontinuous depositional surface is
often used as a marker among the units to reflect the
emergence of new depositional cycles (Qiu et al., 20006).

2.2 Core description

Core LZK1 was drilled on Hengsha Island, Shanghai
(31°20'N, 121°50'E; Fig. 1). The elevation of the land
surface at the core site is 0.25 m above sea level as defined
by the China National Vertical Datum (CNVE, 1985). The
core was recovered using a rotary drilling system with a

diameter of 108 mm. The drilling depth was 408.83 m.
The recovery rate of the core was approximately 90%. The
Quaternary sediment ended at 219.2 m below the surface
(Xie et al., 2017). The top half meter (0—0.6m) of the core
is plain fill, but the portion below 0.6 m can be divided
into the following nine units according to composition,
color, and sedimentary grain size (Fig. 2).

Unit 1 (0.6-12.0 m) consists of alternating gray silty
clay and silt, with both horizontal and microwave bedding.
Iron and manganese spots and humus layers can
occasionally be observed. Unit 2 (12.0-33.7 m) consists of
gray clay, intercalated with thin layers of silt and clayey
silt. The silt layers contain shells and shell debris, with
lenticular bedding, horizontal bedding, and convolute
bedding in some parts. Unit 3 (33.7-46.1 m) consists of
taupe or grayish-yellow silt and silty clay in the lower
part, with a high content of organic matter, occasional
roots of plants and shell debris, with horizontal bedding.
The upper part consists of alternating gray-taupe clay and
silt or clayey silt, with lenticular, horizontal and convolute
bedding. Unit 4 (46.1-87.3 m) mainly consists of
yellowish-gray coarse sand with gravel, medium-fine
sand, silty fine sand. The lower part consists of more
subangular or subcircular gravels with diameters ranging
from 2 to 5 mm. The grain size shows a fining-upward
trend. Some parts contain interbedded clayey silt and silt,
with horizontal, wavy and flaser bedding. Unit 5 (87.3—
112.0 m) consists of gray medium-fine sand in the bottom,
subangular or subcircular gravels in some parts with
diameters spanning 2—3 mm, overlain by gray plastic clay,
with a high content of organic matter in some parts, with
horizontal and wavy bedding. Unit 6 (112.0-143.0 m)
consists of grayish-yellow silty fine sand with parallel
bedding, overlain by silt or clayey silt-clay sedimentary
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Fig. 1. Map showing the locations of core LZK1 and the paleo-incised Yangtze Valley. The bound-
ary of the paleo-incised Yangtze Valley is modified from Li et al., 2000. SCS: South China Sea.
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cycles with lenticular and horizontal bedding. The middle
and upper parts are composed of alternating silt and silty
clay. These sedimentary cycles are gray or grayish-yellow
in color, containing abundant white shell debris. The iron
and manganese spots and calcareous concretions are
observed in this unit. Unit 7 (143.0—178.0 m) consists of
grayish-yellow or bluish-gray clay, intercalated with thin
layers of clayey silt or silty clay, containing clay
interbedded with clayey silt in some parts, with horizontal
bedding. Unit 8 (178.0-204.6 m) consists of grayish-
yellow coarse sand and silty fine sand with gravel in the
bottom, overlain by four silt-silty clay-clay sedimentary
cycles, containing iron and manganese spots, calcareous
bands and concretions. The gravel is angular in shape,
poorly sorted, with parallel bedding in some parts. Unit 9
(204.6-219.2 m) consists of grayish-yellow or blueish-
gray silt, silty clay, and clay, containing iron and
manganese spots, calcareous bands, and concretions.

3 Materials and Methods

In this study, a total of 1,085 oriented samples were
collected across the section ranging from 0.6 to 219.2 m of
core LZK1 for paleomagnetic analysis. As the core was
obtained using a rotary drilling system, the horizontal
orientation of the samples is arbitrary and has no
geological meaning. The sampling interval was between
0.1 and 0.2 m for clayey silt and silt layers, and 0.5 m for
sand layers. All the paleomagnetic samples were cut into
cubes with dimensions of 2 x 2 X 2 cm. The paleomagnetic
measurements were performed at the Paleomagnetism and
Geochronology Laboratory of the Institute of Earth
Environment, Chinese Academy of Sciences, Xi’an,
China. A total of 1,085 samples were subjected to
progressive alternating demagnetization in a 2G-600
alternating demagnetizer. Alternating demagnetization up
to 80 mT included a maximum of 16 steps with intervals
of 2.5-5 mT below 10 mT and 5-10 mT above.
Remanence measurements were performed using a 2G-
755R U-Channel cryogenic magnetometer housed in a
magnetically- shielded room (background field < 300 nT).
The magnetostratigraphy of the core was reported
extensively in Xie et al. (2017).

AMS "C dates were obtained on shells from four
samples by Beta Analytic Inc., Miami, Florida, USA (Xie
et al., 2017). Eight samples of silt, fine sand or clayey silt
around the boundaries of the different lithological units
were collected from over the depth 0.6-110 m in core
LZK1 for OSL dating, at the Groundwater Mineral Water
and Environmental Monitoring Center, Ministry of
Natural Resources, Shijiazhuang, China, using a Daybreak
2200 TL/OSL reader (Xie et al., 2017). Table 1 and Table
2 list the AMS "C dating results and OSL dating results,
respectively.

A total of 998 samples for grain analyses were collected
from throughout the core section 0.6-219.2 m at intervals
of 20 cm. The grain analyses were performed at the State
Key Laboratory of Biogeology and Environmental
Geology at the China University of Geosciences, Wuhan,
China and State Key Laboratory of Estuarine and Coastal
Research at East China Normal University, Shanghai,

China, using the Coulter LS230 and LS13320 LPSA
(Laser Particle Size Analyzer), respectively. The
parameters of grain size, including mean (M,), skewness
(SKj), kurtosis (K,), and standard deviation (o;), were
calculated according to the method introduced in Folk and
Ward (1957).

For microfossil (benthic foraminifers and ostracods)
identification, 320 samples were analyzed from section 0.6
to 219.2 m with intervals of 20 cm. Micropaleontological
analysis of the samples was conducted using the treatment
method introduced by Ke et al. (2017) and the >74 pum
fraction was examined under a stereoscopic microscope
for foraminifers and ostracods. The abundances (numbers
of individuals) and simple diversity (number of species) of
the foraminifers and ostracods were calculated based on a
dry sample of 50 g. The Shannon Index (Hs) was
estimated to assess the variation of benthic foraminiferal
complex diversity (Shannon, 1948).

4 Results

Foraminiferal specimens were found within sections of
0.6-46.lm and 87.4-92.0 m (Fig. 3). Most of the
foraminifers were benthic forms, with planktonic types
constituting less than 5%. 113 species of benthic
foraminifers in 53 genera have been identified. In core
LZK1, the abundance of the benthic foraminifers varies
from 1 to 2285 specimens per 50 g of core sample. The
simple diversity trend of benthic foraminiferal species is
much like the trend of H(s), varying from 1-46 (Fig. 3).
Most of the benthic foraminifers are hyaline tests. The
porcellaneous forms are frequently observed in Unit 2, and
arenaceous forms are occasionally observed. The
dominant species in the core is Ammonia beccarii var.,
which approaches 50% on average. Other species, such as
Cribrononion  subincertum,  Elphidium advenum,
Elphidium magellanicum and Florilus decorus are also
frequently observed (Fig. 3).

Ostracod specimens were found within sections of
0.6-46.1 m and 105.9-163.0 m (Fig. 4). In total, 30
species (including 2 undetermined species) in 37 genera
have been identified. The abundance of the ostracods
varies from 1 to 450 specimens per 50 g. The simple
diversity trend of ostracod species is the same as the trend
of H(s), varying from 1-20 (Fig. 4). The dominant genera
and species in the core LZK1 are Sinocytheridea impressa,
Albileberis sinesis, Bicornucythere bisanensis,
Neomonoceratina dongtaiensis, Ilyocypris spp., and
Candoniella 1 spp. (Fig. 4). Other species, such as Tanella
opima Chen, Aurila cymba, Pistcythereis bradyformis and
Pistcythereis bradyi were also identified at a relatively
high frequency.

The grain-size analysis of the Quaternary sediments
includes mean (M,), skewness (SK;), kurtosis (Kg), and
standard deviation (o;). Each parameter is important for
evaluating the hydrodynamic conditions of sediment
transport (Folk, 1966). In the core LZK1, these parameters
show a remarkable correspondence with each other in the
vertical direction (Fig. 5). The value of M, varies within a
broad range from —0.54 to 8.33®, which suggests that the
source of supply or depositional environment has changed
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Fig. 3. Downcore changes in foraminiferal abundance, simple diversity, and Shannon index (H(s)), and the relative abun-
dance of the main foraminiferal species in the uppermost 120 m of core LZK1.
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Fig. 5. Downcore changes of grain-size parameters: mean (M,), standard deviation (o;), kurtosis (K,), skewness (SK;).

dramatically since the Quaternary. The value of o; extends
from 0.56-3.3 and mostly concentrates within a narrow
range from 1.5 to 2.5. In general, the trend of o; indicates
the variation of sorting. The considerably broad range of ;
suggests that the sorting is poor. SK; and K, indicate the
genesis of sediments as reflected in the normality of their

size distributions (Folk, 1966). Most of the LZK 1 samples
are positively skewed, which implies that the sediments
mainly consist of coarse grains. The value of K, varies
from 0.58 to 4.25 (mostly concentrated in a narrow band
from 0.4 to 0.8), indicating that most of the normal curves
are platykurtic distributions.
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5 Discussion

5.1 Quaternary chronostratigraphic framework

By using the magnetostratigraaphic results (Fig. 2)
together with the OSL and AMS '“C dates (Tables 1 and
2), we were able to establish a chronostratigraphic
framework for the sedimentary sequence of core LZKI.
Two geomagnetic boundaries were recorded in the core
over the depth range 0.6-219.2 m: the Matuyam/Gauss
(M/Ga) chron boundary at 219.2 m and the Brunhes/
Matuyama (B/M) chron boundary at 143.0 m (Fig. 2). The
Ga/M boundary is dated to 2.58 Ma (Ogg, 2012), which is
the basal age of the Quaternary. The B/M boundary has
been dated to 0.781 Ma (Hilgen et al., 2012), which is the
age boundary between the Middle Pleistocene and
Calabrian. Therefore, Units 7, 8, and 9 were deposited
from 2.58 Ma to 0.78 Ma, in the Calabrian and Gelasian.

As defined above, we interpret Unit 6 (112.0 to 143.0
m) to have been deposited from 780 Ka to 126 Ka in the
Middle Pleistocene, according to the Upper/Middle
Pleistocene boundary and the B/M boundary. The Upper/
Middle Pleistocene boundary of core LZKI1 can be
correlated with the boundary of the cores in the southern
bank of the Yangtze distributary (Chen et al., 1997; Wang
et al., 2005) and Chongming Island (Li, 2005).

In Unit 5 (87.3 to 112.0 m), the magnetic reversal at
106.2 m can be correlated with the Blake Magnetic
Excursion (120 Ka) (Fig. 2). Additionally, the OSL
sample at 107.1 m (age of 124.5 Ka on average) is about 5
m above the boundary (112 m) between Unit 5 and Unit 6.
Moreover, the core section from 108.0 to 112.0 m consists
of medium-fine sand with gravels, overlain by clay
interbedded with silt upwards. In comparison, the section
below 112.0 m consists of interbedded clay and sand,
showing a sudden depositional change around 112.0 m
(Fig. 3a). Thus, we infer the depth of the Upper/Middle
Pleistocene boundary to be 112.0 m. Therefore, Unit 5
was formed from 126 Ka to 95 Ka in the early Upper
Pleistocene, based on the OSL date at core depth 87.5 m.

As described above, in Unit 4, the core section of 55.2
to 87.3 m includes upward-fining deposits consisting of
coarse sand with gravels, medium-fine sand, fine sand,
and silt (Fig. 2a). During the Last Glacial Maximum

Table 1 AMS *C dates of core LZK1

(LGM), a huge incised valley was formed in the present
Yangtze delta area (Li et al., 2000). The deeply incised
paleo-valley was filled by upward-fining deposits during
the post-glacial sea-level rise. (Li et al., 2000, 2002).
Therefore, the incised-valley sequence from Unit 4 to Unit
1 was deposited continuously since the LGM. These
sedimentary successions can be observed in several cores
distributed in the incised Yangtze paleo-valley area (Chen
et al., 2000; Hori et al, 2001a, 2002; Xu et al., 2013; Zhao
et al., 2017). The OSL dates at the core depths of 87.5 m
and 86.8 m are 95.5 Ka and 63.2 Ka, respectively,
indicating that a depositional hiatus existed between 87. 5
m and 86.8 m. Since the valley cuts into the Middle to
Upper Pleistocene deposits (Chen and Stanley, 1995), the
OSL date at the depth of 86.8 suggests that the base of the
unit may represent the lag deposits. The OSL dates at the
sections of 43.3 m and 57.0 m seem to conflict with the
continuous deposits since the LGM. The overestimated
ages from these two samples are probably caused by
partial bleaching, which frequently occurred in the coastal/
shelf environment (Wang et al., 2015). Thus, it can be
concluded that Unit 4 was deposited from after the LGM
to the end of the Upper Pleistocene.

From the OSL dating results at 41.6 m (11.1 + 0.5 ka.),
it can be inferred that the magnetic reversal at 41.0 m
correlates to the Gothenburg Magnetic Excursion (12—-13
Ka BP), (Fig. 2; Morner, 1977). Furthermore, based on the
appearance of large numbers of foraminifera and
ostracoda at 46.1 m (Figs. 3 and 4), which indicates a
transgression in the Holocene (Wang et al., 1981; Ke et
al., 2017), the Holocene deposits can be defined. Thus, it
can be concluded that Unit 1 to Unit 3 inclusive were
formed in the Holocene.

5.2 Lithostratigraphic subdivision

According to  the lithological  stratification
characteristics and stratigraphic unit division in the
Shanghai area, from bottom to top, the Quaternary
stratigraphic sequence of core LZK1 can be subdivided
into Anting Formation, Jiading Formation, Chuansha
Formation, Nanhui Formation, Loutang Formation,
Shanghai Formation, and Rudong Formation. The lower
Pleistocene Anting Formation includes three members,
namely Unit 7, Unit 8 and Unit 9. The Middle Pleistocene
Jiading Formation can be correlated with Unit 6. The

Laboratory ~ Core depth Material Conventional age Cal age Upper Pleistocene Chuansha Formation and Nanhui
No. (m) (a BP) (20, Cal a BP) Formation are likely associated with Unit 5 and Unit 4,

geta'gigggg 5(1)2 Sﬁeﬂ g?‘l)gigg ;;?8*3‘7’28 respectively. The Holocene Loutang Formation, Shanghai
eta- . € +! —. : : :

Beta 345639 308 Shell 1890430 52605030 For.matlon, anfi Rudong Eormatlgn correspond to Unit 3,

Beta-345641  32.8 Shell 629030 6760-6630 Unit 2 and Unit 1, respectively (Fig. 6).

Table 2 OSL dates of core LZK1

Field No. Depth(m) U(ppm)  Th(ppm) K (%) Total dose(Gy) Total dose rate(Gy/Ka) Water content(%) Age(Ka)
gsg-1 13.6 1.80 9.80 1.80 4.94+0.37 3.02 27.26 1.6+0.1
gsg-2 14.0 2.56 13.7 2.25 6.50+0.19 3.78 36.92 1.7+0.1
gsg-5 41.6 2.30 12.7 2.26 41.04+0.71 3.71 29.98 11.1+0.5
gsg-6 433 1.76 8.70 1.63 43.62+0.31 2.77 22.68 15.6£0.6
gsg-7 57.0 1.54 7.25 1.77 82.56+1.17 2.74 20.39 30.1+1.3
gsg-8 86.8 1.20 5.56 1.82 168.70+2.901 2.67 10.82 63.243.4
2sg-9 87.5 291 15.5 2.67 435.76+15.62 456 27.35 95.5+5.1
gsg-10 107.1 3.11 14.4 2.24 532.54+6.40 428 20.57 124.5+5.22
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Age
Ka Epoch | Unit Stratigraphy Depth (m Lithology
(Ka)
Rudong Formation Gray silty clay and silt alternated, with horizontal bedding and
1 0.6-13.7 . .
(Qh,r) microwave bedding.
. . Gray clay, intercalated with the thin layer of silt and clayey silt,
2 Shang(l(l)ahl F;)rmatlon 13.7-33.7 |thesiltlayer contains shells and shell debris. Lenticular bedding,
1§ horizontal bedding, and convolute bedding in some parts.
Holocene
Lower part: taupe or grayish-yellow silt and silty clay, high organic
Loutang Formation matter, occasional roots of plants and shell debris, horizontal bedding.
3 (Qh, 1) 33.7-46.1 |Upper part: gray-taupe clay interbeded with silt and clayey silt, with
1.7 ' sand lens, horrizontal bedding and convolute bedding
Yellowish-gray coarse sand with gravel, medium-fine sand, silty fine
sand, the lower part contanis more subangular or subcircular gravels
Nanhui Formation which diameters range from 2 to 5 mm. Grain size shows
4 (Qp.n) 46.1-87.3 | fining-upward trends, partially with clay and silt, with horizontal
Upper : bedding, wavy bedding, and flaser bedding.
50 1S ] 1 o731 e e
. Gray medium-fine sand in the bottom, occasional subangular or
126
5 Chuansha Formation | ¢, 5 /5 ( |subcircular gravels with diameters span from 2-3 mm, overlain by gray]
(Qpsc) plastic clay, with horizontal bedding and wavy bedding.
, Grayish-yellow silty fine sand with parallel bedding, overlain by gray
Middle Jiading Formation or grayish-yellow silt/clayey silt- clay sedimentary cycles, containing
Pleistocene 6 (Qp.) 112.0-143.0 abundant white shell debris,with iron and manganese spots and
. calcareous concretions, lenticular bedding and horizontal bedding.
781 The third member of Grayish-yellow or blueish-gray clay, with thin layers of clayey silt
7 | Anting Forn}ation 143.0-178.0 |or silty clay, partially clay interbeded with clayey silt, horizontal
Calabrian (Qp,a) bedding.
The second member of Grayish-yellow corse sand and silty fine sand with gravels in the
1800 8 |Anting Form?tion 178.0-204.6 | bottom, overlain by 4 slit/silty clay-clay sedimentary cycles, with
(Qp,a) iron and manganese spots, calcareous bands and concretions.
: The first ber of . . R .
Gelasian An?in;SFI;‘TI?;tforno 204.6-219.2 _Graylsh-yellow or blueish-gray silt, silty clay, and clay, containing
1530 9 (Qp,a’) iron and manganese spots, calcareous bands, and concretions.

Fig. 6. Stratigraphic division and lithology of core LZK1.

5.3 Sedimentary environment and marine transgressions

Units 7, 8, and 9 (143.0 to 219.2 m) include several
upward-fining depositional cycles consisting of lower
sandy beds and upper muddy beds (Fig. 2). The M, value
in Unit 9 is the highest among all depositional units of the
core (Fig. 5). In general, the o; value is relatively low in
Unit 9 (Fig. 5), indicating a stable sedimentary
environment with weak hydrodynamic force. The base of
Unit 8 (204.2-197.6 m) consists of coarse sand with
gravels. Thus, the M, value suddenly drops then rises
again. The values of SK; and K, show a sudden rise,
suggesting the depositional environment has changed at
the bottom of Unit 8. Units 8 and 9 are completely devoid
of foraminifers and ostracods (Fig. 3 and Fig. 4). In unit 7,
the M, value is extremely high and o; value fluctuates
slightly. This unit is also devoid of foraminifers but
contains a terrestrial ostracod assemblage with relatively
low abundances (mostly <100). The ostracod assemblage
is composed predominantly of Ilyocpris spp., Candona
spp., Candoniella spp. and Ilyocpris spp. (Fig. 4), which
are widely distributed in fresh to brackish water (e.g.,
lakes, rivers, and marshes), indicating flowing water or a
slow-flowing water environment (Xie et al., 2009). Most
species of Candona and Candoniella are fresh-water
genera (Luo et al., 2010). Therefore, Unit 7 to Unit 9 are
interpreted as freshwater lacustrine deposits. The lower
part of these three units, which contains more sandy beds,
may change from shallow lake to shore lake. The abundant

iron and manganese spots and calcareous concretions in
the muddy beds of the lower part suggest subaerial
exposure and pedogenic modification. The water depth
increased in the upper part of these three units, with more
muddy beds.

Unit 6 (112.0 to 143.0 m) contains several upward-
fining depositional cycles consisting of lower sandy beds
and upper muddy beds, with an alternation of silt and clay
in the middle and upper parts of the unit (Fig. 2 and Fig.
5). Shell fragments are common and an ostracod
assemblage of terrestrial (e.g., Ilyocpris spp.) and
euryhaline marine species (e.g., Sinocythere dongtaiensis)
can be identified (Fig. 4). In general, the value of M,
increased compared with Unit 7. M, and SK; values
fluctuate severely (Fig. 5). These features indicate that the
hydrodynamic force increased. The supply source may
have changed. The iron and manganese spots and
calcareous concretions observed in the unit also indicate
subaerial exposure. Accordingly, Unit 6 is interpreted as
an alternation of lakeshore and shallow lake environment.
The lake was subject to marine influenced when the
marine ostracods appeared. Since the unit was interpreted
as being deposited in the Middle Pleistocene, it may have
been affected by the ‘Jiading marine transgression’ (Qiu
and Li, 2007).

Unit 5 (87.3 to 112.0 m) consists of medium-fine sand
with gravel in the basement, and clay intercalated upward
with a thin layer of silt (Fig. 2). The M, value shows an
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upward-increasing- trend, suggesting a fining trend in the
sediments. The o; value decreased (Fig. 5), which means
that the hydrodynamic force weakened. In this unit, the
ostracod assemblage has a relatively high abundance but a
simple diversity (only two species) (Fig. 4), the dominant
species being Sinocytheridea impressa, which lives in
littoral and nearshore environments (Li et al., 2015). The
foraminiferal assemblage in this unit has the highest
abundance among all depositional units of the core, with
simple diversities (between 2 and 6) (Fig. 4). The
assemblage is dominated by Ammonia beccarii vars,
which is a euryhaline species. Based on the lithological
characteristics and the benthic foraminifera and ostracod
assemblages, in conjunction with the depositional period
inferred above, the basement of Unit 5 is interpreted as
having been deposited in the branch channel of a delta
plain environment, which then changed to a lagoonal
environment when it experienced a marine transgression
in the early Upper Pleistocene (100-80 Ka; Wang et al.,
2004).

Unit 4 (46.1 to 87.3 m) is characterized by gradually
upward-fining deposits from coarse sand with gravels to
silt (Fig. 2). The upper part of this unit consists of an
alternation from silt to clayey silt and clay (Fig. 2). The
M, value is the lowest among all depositional units of the
core, ascending upward, o, K, and SK; values fluctuate
severely, which are indicative of a hydrodynamic force
increasing strength and instability. This unit is free of
foraminifers and ostracods and was deposited in the
incised Yangtze paleo-valley, changing from fluvial
channel to floodplain environment with rising sea-level
(Li et al., 2000, 2002; Hori et al., 2001b, 2017).

Unit 3 (33.7 to 46.1 m) is characterized by alternating
clay and silty clay (Fig. 2). The M, value increased in
comparison to Unit 4, reflecting a weakening
hydrodynamic force. In this unit, both the foraminifers and
the ostracods are in low abundance (Fig. 3 and Fig. 4), the
foraminifer assemblage being dominated by Ammonia
beccarii var. and Florilus decorus (Ke et al. 2017), which
are ecuryhaline species. The ostracod assemblage is
dominated by littoral and nearshore species:
Sinocytheridea impressa, Bicornucythere bisanensis and
Pistcythereis bradyformis. Based on the lithological
characteristics and benthic foraminifer and ostracod
assemblages, Unit 3 is interpreted as having been
deposited in a delta front, representing the beginning of
the marine transgression in the early Holocene (Chen et
al., 2003; Xu et al., 2016).

Unit 2 (12.0 to 33.7 m) consists of clay, intercalated
with silty clay and silt (Fig. 2). The M, value increased
and o; decreased compared with Unit 3 (Fig. 5), showing a
weak hydrodynamic force and better sorting of the
sediments. In this unit, the benthic foraminiferal
assemblage has a moderately high abundance and
diversity (Fig. 3). The assemblage is dominated by
Ammonia beccarii var. and Elphidium advenum (Ke et al.,
2017). The ostracod assemblage has the highest abundance
among all depositional units of the core with a moderately
high diversity (Fig. 4). The assemblage is dominated by
Neomonoceratina  dongtaiensis, Albileberis  sinesis,
Bicornucythere bisanensis and Sinocytheridea impressa.

Some deep-water species such as Trachyleberis
scabrocuneata,  Munseyella  Japonilca, Munseyella
pupilla, and Aurila cymba are relatively abundant. Thus,
Unit 2 is interpreted as deposits of a prodelta or shallow
sea environment, suggesting the strongest transgression
during the middle Holocene.

Unit 1 (0.6 to 12.0 m) is characterized by alternation of
clayey silt and silt (Fig. 2). The M, value decreased and
the SK; value increased significantly compared to Unit 2.
In general, the value of o; shows an upward-ascending
trend (Fig. 5). The variation of these values indicates that
the hydrodynamic force changed during this period. In this
unit, both foraminifers and ostracods are in relatively low
abundance (Figs. 3 and 4). The foraminiferal assemblage
is dominated by Ammonia beccarii var. and Florilus
decorus. The ostracod assemblage is dominated by
brackish water and euryhaline species (ZTanella opima,
Neomonoceratina dongtaiensis, and Albileberis sinesis).
The terrestrial species appear in the 0.6 to 1.5 m core
section. Accordingly, Unit 1 was deposited in a delta front
environment when the marine regression happened in the
late Holocene. Unit 1 to Unit 3 can be correlated with the
‘Ammonia marine transgression’ during the Holocene
(Wang et al., 1981; Ke et al., 2017).

6 Conclusions

This study provided a chronostratigraphic framework
for studying the stratigraphic correlation in the Yangtze
incised paleo-valley since the start of the Quaternary,
based on an integrated analysis of lithological
characteristics of the «core with dates from
magnetostratigraphic, AMS'*C and OSL, and microfossils
(benthic foraminifers and ostracods). The following
conclusions can be drawn:

(1) The boundaries between the Holocene and
Pleistocene, between the Upper Pleistocene and Middle
Pleistocene, and between the Middle Pleistocene and the
Calabrian, are estimated to be at ~46.1 m, ~112.0 m, and
~143.0 m of the core section, respectively.

(2) From the bottom upwards, the Quaternary
stratigraphic sequence of core LZK1 can be subdivided
into the lower Pleistocene Anting Formation, Middle
Pleistocene Jiading Formation, Upper Pleistocene
Chuansha Formation and Nanhui Formation, Holocene
Loutang Formation, Shanghai Formation, and Rudong
Formation.

(3) Three marine transgressions can be identified since
the beginning of the Quaternary, which can be correlated
to the Middle Pleistocene ‘Jiading marine transgression’,
the early Upper Pleistocene marine transgression and the
Holocene ‘Ammonia marine transgression’.

(4) The sedimentary environments of the Hengsha
Island area can be interpreted as a freshwater lacustrine
environment during the early Pleistocene, an alternation
between shallow lake and lakeshore environment during
the Middle Pleistocene, a delta plain to lagoonal
environment during the early Upper Pleistocene, a fluvial
channel to floodplain environment from the LGM to the
end of the Upper Pleistocene, and a deltaic environment
during the Holocene.
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