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The East China Sea (ECS) is featured by the broad continental shelf, huge terrigenous
sediment input and striking river-sea interaction during the Quaternary. Despite the
numerous studies, mostly on the delta, coastal and inner shelf areas, the late Quaternary
stratigraphy and sedimentary environment on the mid-outer ECS shelf were poorly
documented. In particular, it is still controversial in issues such as the recognition of
marine transgression deposits in the interglacial period and the occurrence and ages of
deposits in the glacial period. This study presents new data of high-resolution seismic
reflection profiles and collective evidences from lithology, microfossil assemblages and
geochronology of borehole SFK-1 on the ECS outer shelf, aiming to revisit the sedimentary
stratigraphic evolution and environmental changes since the Marine Isotopic Stage 5
(MIS 5). Sixty-one ages were obtained by radiocarbon and Optical Stimulation
Luminescence (OSL), providing robust constraints on the chronostratigraphy. Three
marine regression/transgression cycles were identified, which primarily constrained the
sedimentary environmental evolution over the past 100 kyrs. Although the strong river-sea
interaction accompanied with sea level fluctuations characterized the late Quaternary
depositional environment on the shelf, this study clearly identified the stratigraphic
boundaries between MIS 1 and MIS 5, and confirmed the tide-influenced fluvial
deposition formed during the Last Glacial Maximum on the outer shelf. We infer that tidal
forcing significantly superimposed its influence on sea level change and thus formed the
most striking feature on the late Quaternary stratigraphy of the open ECS shelf. With the
combination of a large number of absolute depositional ages with high-resolution core
records, the major findings of this study may allow better understanding of the Quaternary
sedimentary evolution and river-sea interaction on open shelves dominated by
siliciclastic sedimentation.

Keywords: East China Sea, drilling core, chronology, late Quaternary stratigraphy, paleoenvironment, land-
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1 INTRODUCTION

The East China Sea (ECS), a typical marginal sea of the west
Pacific Ocean, is featured by one of the widest and gentlest
shelves in the world, with huge sedimentation accommodation
space (Li et al., 2014a; Yang et al., 2016). A large volume of
siliciclastic sediments have accumulated on the broad shelf and
continental slope, which originate from the two large rivers,
Changjiang (Yangtze River) and Huanghe (Yellow River), and
small mountainous rivers such as those in Taiwan Island. During
the last glacial and interglacial periods, the flux and deposition of
detrital and fluvial sediments in the sea were predominantly
controlled by monsoon climate, sea-level fluctuation, and ocean
circulation (Li et al., 2014a; Yang et al., 2014; Yang et al., 2016).
During the Last Glacial Maximum (LGM) the coastline of ECS
retreated to its furthest position towards the shelf break, with the
sea level dropping about 120 m below the present one (Emery
et al., 1971; Qin et al., 1987; Saito, 1998a; Liu and Milliman,
2004a; Li et al., 2005a and Li et al., 2014a; Liu et al., 2021). After
the LGM, the sea level began to rise and reached the highstand at
present position at ca. 7 ka. Correspondingly, large scale sandy
and muddy sedimentary systems respectively formed on the
mid-outer and inner shelves during the last transgression with
the sea level rise, which are defined as transgressive systems tract
(TST) and highstand systems tract (HST), respectively (Liu et al.,
2007a; Li et al., 2009; Li et al., 2014a). Therefore, the sequence
stratigraphy on the ECS shelf witnessed the changes in
paleoenvironment and sea level during the late Quaternary.
The ECS shelf could thus be regarded as a natural laboratory
for the studies of sea level fluctuation, river-sea interaction, and
sedimentary system development on the open shelf with
abundant terrigenous sediment supply.

During the past two decades, most previous studies on the late
Quaternary stratigraphy framework and paleoenvironmental
changes of the ECS were confined on the inner shelf and in
the Changjiang estuarine and delta areas, while the mid-outer
shelf was rarely concerned mostly because of the sever
investigation condition and technical limitation (Chen et al.,
2000; Hori et al., 2002; Li et al., 2002b; Wang et al., 2005; Liu
et al., 2007b; Zhao et al., 2008; Gao and Collins, 2014; Li et al.,
2014a; Bi et al., 2017; Cong et al., 2021). The pioneer
investigation on the middle ECS shelf carried out by Yang
(1989) constructed a model of sedimentary stratigraphy
evolution during the late Pleistocene based on the microfossil
and pollen assemblages in borehole YQ1 (Figure 1), but the
chronostratigraphy of this borehole was poorly constrained
without absolute depositional ages. To date, the sequence
stratigraphy during the last deglacial and Holocene period was
primarily reconstructed on the mid-outer ECS shelf based on the
high-resolution core records and shallow seismic profiles (Saito
et al., 1998b; Yoo et al., 2002; Uehara and Saito, 2003; Wang
et al., 2013; Wang et al., 2014; Xu et al., 2018; Xu et al., 2020).

In 1990s, the most representative research progresses on the
stratigraphy of the outer ECS shelf were made by the joint cruise
of China and France in 1996, and marine geological investigation
by Shanghai Geological Survey in 1990. The high-resolution
single-channel seismic survey was conducted in combination
Frontiers in Marine Science | www.frontiersin.org 2
with acquiring of core records such as on borehole DZQ4. Mostly
based on these previous investigations, the stratigraphic
sequences of transgression–regression were established (Tang,
1996; Saito et al., 1998b; Liu et al., 2000; Berné et al., 2002; Yoo
et al., 2002; Wu et al., 2010), and the formation mechanisms of
tidal sand ridges on the open shelf were discussed (Li et al.,
2002a; Yang, 2002; Wellner and Bartek, 2003; Wu et al., 2005; Liu
et al., 2007a). Recently, Xu et al. (2020) studied the sedimentary
stratigraphy of borehole DH02 (100 m) and seismic profiles on
the outer shelf of ECS, and identified three sequences
corresponding to glacial-interglacial sea-level cycles of Marine
Isotopic Stages (MIS) 1-2, 3-6, and 7-8, and further established
seven sedimentary facies since MIS 8. Meanwhile, Jiang et al.
(2020) established an age model and chronological framework
for the late Quaternary strata, based on paleomagnetic
parameters of the core SFK-1 from ECS outer shelf. In
addition, authigenic iron sulfides were used to indicate the
sedimentary environments and sea-level change since MIS 3
on the ECS (Liu et al., 2021). Overall, the lack of high-precision
absolute dating on the sedimentary strata greatly hampered the
precise correlation between different stratigraphic records on the
mid-outer shelf.

In the following sections, we will review the state-of-the-art
research progress and key questions remained on the late
FIGURE 1 | A sketch map of the East China Sea (ECS) with the locations of
core SKF-1 and other boreholes, and seismic mentioned in this study. The
index map shows the seismic track line A-B across the studied core (see
Figure 2 for the details). The black, blue and red solid lines are seismic track
lines in Liu et al. (2000)/Berné et al. (2002), Xu et al. (2020), and this study,
respectively. The green solid line is the selected part of the profile cross SFK-
1 and DZQ4. The coastal line (gray shaded area) at the last glacial maximum
(LGM) is modified after Saito et al. (1998a).
May 2022 | Volume 9 | Article 863245

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Wang et al. Stratigraphy and Environments of ECS Shelf
Quaternary sedimentary stratigraphy on the ECS, and present
new data from the in-situ geophysical observations and
comprehensive analysis of a borehole with the high-resolution
dating constraint.
2 KEY QUESTIONS RELATED TO THE
LATE QUATERNARY SEDIMENTARY
STRATIGRAPHY ON THE OPEN SHELF
OF ECS

Although previous studies have well documented the
depositional sequences and sedimentary facies in response to
sea level changes during the late Quaternary, some fundamental
and key questions, which are related to the stratigraphy and
paleoenvironmental changes of the mid-outer ECS shelf, remain
controversial. For instance, two contrasting opinions exist on the
late Quaternary stratigraphic framework on the outer shelf,
based on the seismic survey and geochronology especially the
thermoluminescence (TL) ages (Figure 1). Some studies suggest
that the glacial strata of MIS 2 and MIS 4 were hardly preserved
on the dynamic shelf environment mainly because of the limited
accommodation space within the glacial periods and the
winnowing erosion during subsequent marine transgressions.
Even the MIS 2 deposits, preserved on the shelf, are too thin to be
clearly recognized from the seismic profiles. In contrast, the
strata formed in interglacial intervals, such as MIS 5, were well
recognized on the outer shelf of ECS because of the ample
accommodation space for sediment accumulation, and the
abundant supply of terrigenous sediments from surrounding
landmass under favorable monsoon climates. However, it was
challenging to fingerprint the detailed stratum of MIS 5 because
of the subsequent erosion in MIS 4. Despite the strong sea-level
fall during MIS 6 causing strong fluvial headward erosion on the
exposed surface, the well-developed deposits of MIS 5 could
survive and be well recognized from the seismic stratigraphy and
thus, be regarded as a key and diagnostic sequence in the late
Pleistocene stratigraphy studies on the ECS shelf (Liu et al., 1999;
Liu et al., 2000; Liu et al., 2003; Wu et al., 2010; Xu et al., 2020).

By combining more lines of evidences from different cores as
well as seismic data, the other studies, however, argue that the
late Quaternary sedimentary strata on the outer shelf were
almost continuous and mainly composed of depositions of
MIS 1, MIS 2, MIS 3-5.2, MIS 5.3-5.5, and MIS 6, which
suggest that the deposition of glacial period was well preserved
and recognized on the open shelf (Berné et al., 2002; Li et al.,
2002a; Yu et al., 2006; Wang et al., 2013; Wang et al., 2014; Xu
et al., 2020). In addition, the MIS 5 strata was well developed and
more easily recognized than the MIS 3 strata probably because of
different extents of marine transgression and terrigenous
sediment accumulation (Berné et al., 2002; Xu et al., 2020).
The paleo-deltaic and estuarine sediments accumulated during
the LGM were preserved on the outer shelf, despite the bypassing
effect during the sediment routing process in the lowstand of sea
level (Li et al., 2002a; Yu et al., 2006; Wang et al., 2013; Wang
et al., 2014; Xu et al., 2018).
Frontiers in Marine Science | www.frontiersin.org 3
Recent studies summarized the stratigraphic evolution on the
outer shelf of the ECS during the last glacial period (Yang, 2002;
Li et al., 2005b, Wang et al., 2013; Li et al., 2014a; Wang et al.,
2014; Xu et al., 2018; Xu et al., 2020). Three distinct transgressive
strata (MIS 1, 3 and 5) can be recognized, and the strata of MIS 3
and 5 were well preserved on the shelf and can be well correlated
between the Bohai Sea, Yellow Sea and East China Sea (Yang
et al., 1996). The deglacial sea-level rise is characterized by
forming much variable sedimentary systems on these shelves,
including tidal sand ridges on the mid-outer ECS shelf, muddy
depositional systems on the inner ECS shelf and other shelves
(Saito et al., 1998b; Yoo et al., 2002; Uehara and Saito, 2003;
Wang et al., 2013; Wang et al., 2014; Xu et al., 2018). The
different stages of sea level rise, local hydrodynamic conditions
and terrigenous sediment inputs co-governed the Holocene
sedimentation on these shelves (Li et al., 2014a).

In summary, numerous previous studies focused on the
Changjiang delta and inner shelf areas of the ECS, among which
the stratigraphy, sedimentation process and paleoenvironmental
changes during the Holocene were well documented. While, the
stratigraphic structure and sedimentary environments on the mid-
outer ECS shelf during the late Quaternary remain poorly known,
mainly because of the absence of reliable chronology leading to the
lackof combiningvarious lines of evidences. In the previous studies,
the recognition and differentiation of the late Quaternary strata
were predominantly based on the paleogeographic interpretation
and seismic reflection profiles, which caused unpredictable
uncertainties. To target these challenges, we aim to reconstruct
the late Quaternary stratigraphy and depositional environmental
evolution on the outer ECS shelf since MIS 5, based on the
comprehensive studies of sedimentary facies, biostratigraphy and
chronostratigraphy of the borehole SFK-1, and on the comparison
with the high-resolution seismic profile data. Previously, we have
reported the paleo-fluvial sedimentation in this borehole during the
LGM (Wang et al., 2013; Wang et al., 2014), and this study will
establish the late Quaternary stratigraphic framework with more
robust chronological constraints. To our knowledge, this work will
be pioneering in terms of the high-resolution chronostratigraphy
on the outer ECS shelf, and thus will be contributive to better
understanding the late Quaternary river-sea interaction and
paleoenvironmental variability in this unique marginal sea.
3 MATERIALS AND METHODS

For this study, a borehole named SFK-1 was taken from the outer
shelf of ECS (29°03.15′N, 125°15.30′E) at 88.3 m water depth in
October, 2007, by D/V Kan 407 from the First Marine Geological
Investigation Team of Shanghai Geological Survey (Figure 1,
Wang et al., 2014). The core is 82.9 m long and the average
recovery rate is 89%.

3.1 Lithological Description and Grain
Size Analysis
The sediment core was split, described, photographed and
subsampled in the laboratory. Lithological description includes
color, texture, lithology, macrofossil assemblage, bioturbation,
May 2022 | Volume 9 | Article 863245
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and sedimentary structure. The subsamples were collected with
intervals at 20 cm for grain size measurement, and at 10–15 cm
for microfossil examination. For grain size analysis, the
subsamples were pretreated with 10% H2O2 and 0.1 N HCl to
remove organic matter and carbonate, respectively. A total of 398
samples were measured with the Mastersizer-2000 laser particle
size analyzer in the laboratory of Qingdao Institute of Marine
Geology. The grain size parameters were presented with the
method of Folk and Ward (1957).

For microfossil analyses, 198 samples were conducted by the
standard method (Wang et al., 1985). The samples were oven-
dried at 60°C, weighed and soaked in distilled water for 24 hours
to disaggregate before sieving with a 63 mm mesh, and only the
fraction ≥63 mm of each 50 g dry sample was examined under the
optical microscope. Foraminifera including benthic and
planktonic species were recognized, following the method by
Wang et al. (1985; 1988). Foraminifera assemblages have been
analyzed on the basis of species abundance, and the proxies of
simple diversity (number of species) and Shannon-Weiner index
(complex diversity, distribution uniformity of foraminifera,
Shannon and Wiener, 1949) were also used for the indication
of depositional environment (Wang et al., 1988).

3.2 Establishing the Chronostratigraphy
For construction of reliable chronostratigraphy, we adopted
various dating methods, including radiocarbon dating of 17
samples and Optical Stimulation Luminescence (OSL) dating
of 44 samples. All the dates are given in Table 1 (14C) and
Table 2 (OSL).

Three molluscan shell samples were dated using Accelerator
Mass Spectrometry (AMS) in the AMS Laboratory at Peking
University, and three microfossil samples (a benthic foraminifera:
Frontiers in Marine Science | www.frontiersin.org 4
Ammonia beccarii vars.) in Woods Hole Oceanographic
Institution, USA. The other 11 samples of molluscan fragments
or peat were measured by low background liquid flash
spectrometer (1220 type, Finland). All dates were calibrated to
calendar ages using the procedure Calib Rev 8.1.0 with the latest
calibration database IntCal20 (Reimer et al., 2020) and Marine20
(Heaton et al., 2020). The calibrated ages were reported as calendar
14C ages before 1950 AD (cal. a BP) with 95.4% calibrated range
(Table 1). Radiocarbon ages were calibrated to remove region
marine reservoir effects (DR= −165 ± 30yr), as determined for the
East China Sea by Yoneda et al. (2007).

A total of 44 samples were dated by OSL (Table 2). The
samples for OSL dating, being 20 cm long core sediment, were
preferentially and quickly collected from the core and completely
packed by aluminum foil. After being put in the hermetic plastic
bags, they were preserved in the seal box. Only those relatively
continuous and unbroken whole sediment segments were
considered for the OSL dating, for making sure the in situ
deposition and no obvious disturbance. In the lab, all the
sample preparation was conducted under the subdued red
light. The outer 2-4 cm of each end was removed. The central
portion was used for further processes, including the
pretreatment with 10% HCl (to remove carbonates), 38% H2O2

(to remove organic matter), and separation for the 4-11 mm size
fraction by settling following the Stoke’s Law. The 4-11 mm
fractions were etched with 35% hydrofluorosilicic acid (H2SiF6)
for 1 week to dissolve feldspars and subsequently treated with
10% HCl to remove acid-soluble fluoride precipitates (Lai, 2010;
Xu et al., 2020). The purified quartz grains were then mounted
on stainless steel discs using ethanol prior to measurement. The
purity of the extracted quartz grains was checked using IRSL
stimulation (Duller, 2003).
TABLE 1 | The radiocarbon (14C) ages obtained by traditional and AMS methods on selected samples from borehole SFK-1 (calibrated ages).

Lab
codes

Depth
(mbsf)

Dating materials Age (a B.P.) Calibrated age(95.4% calibrated range; cal. a BP) Calendar
age

(cal. a B.P.)

2008y898 0.57 Molluscan shell 5 300 ± 170 4122-3312 3717
BA10815 0.70 Molluscan shell (Clausinella isabellina, Philippi,

1849)
4 140 ± 25* 2468-2106 2287

2008y899 1.11 Molluscan shell 3 000 ± 150 1256-441 849
OS-85045 1.20 Benthic foraminifera 2 740 ± 40* 742-377 560
BA10814 2.80 Molluscan shell(Solenidae) 7255 ± 45* 5735-5456 5596
2008y900 2.99 Molluscan shell 5 600 ± 350 4825-3247 4036
OS-85032 3.80 Benthic foraminifera 3 770 ± 30* 1976-1608 1792
BA10813 4.56 Molluscan shell 9420 ± 40* 8546-8184 8365
2008y901 5.26 Molluscan shell 5 500 ± 100 4190-3644 3917
2008y905 14.93 Molluscan shell 17 000 ± 600 19363-16514 17939
2008y906 15.63 Molluscan shell >20 000
2008y907 16.73 Molluscan shell 18 500 ± 800 21454-17768 19611
2008y908 24.83 Molluscan shell 22 000 ± 900 25339-21690 23515
OS-85030 28.80 Benthic foraminifera 41 000 ± 400* 42129-40810 41470
2008y909 29.09 Dark mud 28 000 ±

1300
32331-27117 29724

2008y912 30.03 Molluscan shell 27 000 ± 900 30514-26713 28612
2008y915 31.90 Dark mud >31 000
May 2022 | Volume 9 |
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All the OSL measurements were preformed using an
automated Daybreak 2200 OSL reader equipped with infrared
(880 ± 60 nm) and blue (470 ± 5 nm) LED units and a 90Sr/Y beta
source for irradiation. The quartz grains were stimulated at 125 °
C with blue LEDs for 1 min, and the OSL signal was detected
using an EMI 9235QA photomultiplier tube coupled in front
with two 3-mm U-340 (290-370 nm) glass filters.

In this study, the single-aliquot regenerative-dose (SAR) OSL
dating method (Murray and Wintle, 2003) was applied to fine-
grained (4-11mm) quartz samples. And the net OSL signal was
calculated using the first 2-s integral of the OSL decay curve minus
the last 2 s integral for equivalent dose (De) determination.

For doserate measurement, samples were sent for chemical
elements (U, Th, and K) detection after the water content
Frontiers in Marine Science | www.frontiersin.org 5
measurement. The concentrations of U and Th were measured
by the inductively coupled plasma mass spectrometry (ICP-MS),
and the concentrations of K by inductively coupled plasma-optical
emission spectrometry (ICP-OES). The concentrations of U, Th
and K in these samples are displayed in Table 2. Calculation of the
cosmic dose rate was based on Prescott and Hutton (1994).

Both the traditional 14C and OSL dating were conducted in
the laboratory of Qingdao Institute of Marine Geology, China
Geological Survey (CGS).

3.3 Seismic Survey and Sub-Bottom
Profile Acquirement
In this paper, the section (A–B) of the profile across boreholes
DZQ4 and SFK-1 was selected for the interpretation of
TABLE 2 | The OSL dates of selected samples from borehole SFK-1.

Samples Depth (mbsf) U(10-6) Th(10-6) K2O (%) Moisture content (%) AD (Gy) d (Gy/ka) T (ka)

OSL1 5.8 3.44 23.0 2.08 27 35.4 5.06 7 ± 0.7
OSL2 6.6 1.93 9.1 1.93 24 34.6 3.84 9 ± 0.9
OSL3 7.4 1.89 10.5 2.26 27 39.8 3.98 10 ± 1
OSL4 8.4 2.10 12.9 2.12 27 41.1 3.74 11 ± 1
OSL5 9.8 2.18 13.1 2.49 48 44.2 3.84 11.5 ± 1
OSL6 10.9 2.48 13.6 2.61 37 45.2 3.62 12.5 ± 1
OSL7 11.9 1.97 12.2 2.27 37 45 3.46 13 ± 1
OSL8 14.1 2.17 13.7 2.25 23 48.5 3.23 15 ± 2
OSL9 16 3.23 13.6 2.08 23 53.4 2.97 18 ± 2
OSL10 17.5 1.39 9.1 2.05 22 62.9 3.31 19 ± 2
OSL11 18.4 1.70 10.7 2.13 34 69.6 3.48 20 ± 2
OSL12 19.3 1.55 9.0 2.01 28 74.6 3.24 23 ± 2
OSL13 20.3 1.74 10.0 1.89 23 82.3 3.29 25 ± 3
OSL14 22.8 1.57 8.3 2.20 25 98.7 3.53 28 ± 3
OSL15 23.7 1.09 9.4 1.98 20 95.2 3.17 30 ± 3
OSL16 25.6 1.76 10.6 2.06 24 102.7 3.21 32 ± 3
OSL17 27.4 1.59 10.7 2.04 23 121.2 3.56 34 ± 3
OSL18 29.1 2.54 14.9 2.83 36 158.7 4.53 35 ± 4
OSL19 30.4 2.41 14.5 2.78 35 189.7 4.63 41 ± 4
OSL20 33 2.63 15.7 3.00 43 205.9 4.68 44 ± 4
OSL21 34.3 2.75 13.5 2.58 35 211.1 4.49 47 ± 5
OSL22 35.1 2.72 14.3 2.47 31 238.8 4.87 49 ± 5
OSL23 36.3 3.47 18.2 1.93 24 261.6 5.45 48 ± 5
OSL24 38.5 2.61 15.0 2.41 29 256.9 5.14 50 ± 5
OSL25 39.3 2.05 10.9 2.04 27 210.6 3.97 53 ± 5
OSL26 40.4 2.23 11.7 1.96 27 262.4 4.69 56 ± 6
OSL27 42.1 4.06 10.4 1.92 27 289.4 5.08 57 ± 6
OSL28 44.1 1.86 11.7 2.02 24 227.5 4.06 56 ± 6
OSL29 47.3 1.89 10.5 1.83 22 231.9 4.00 58 ± 6
OSL30 48.9 2.51 14.2 2.14 23 289.4 4.82 60 ± 6
OSL31 53.2 3.25 17.1 2.77 26 353.6 5.80 61 ± 6
OSL32 55.1 2.62 16.3 2.90 30 328.3 5.47 60 ± 6
OSL33 55.9 2.92 16.1 2.83 27 348.3 5.62 62 ± 6
OSL34 61 4.42 20.6 2.89 30 412.6 6.35 65 ± 6
OSL35 67.8 3.08 15.7 2.53 24 361.8 5.57 75 ± 8
OSL36 73.5 2.90 13.5 2.57 25 387.1 5.87 66 ± 7
OSL37 74.2 2.48 13.0 2.53 25 362.8 5.26 69 ± 7
OSL38 75.8 3.43 17.4 2.80 33 356.1 5.74 62 ± 6
OSL39 76.6 3.37 16.3 2.86 30 392.8 5.78 68 ± 7
OSL40 78.6 3.17 17.0 2.94 31 358.8 5.70 63 ± 6
OSL41 79.4 3.15 16.2 2.72 32 375.5 5.07 74 ± 7
OSL42 79.8 2.97 16.3 2.95 31 371.3 4.76 78 ± 8
OSL43 80.5 2.72 13.5 2.70 39 375.6 4.70 80 ± 8
OSL44 81.7 3.56 16.9 3.11 33 485.5 5.34 91 ± 9
May 2022
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sedimentary structure (Figure 1), which is located very close to
the seismic profile distribution of previous studies (Liu et al.,
2000; Berné et al., 2002; Liu et al., 2003; Wellner and Bartek,
2003; Xu et al., 2018). In the field survey, a SIG 2 Mille sub–
bottom profiler was employed, with a Boomer system for
shooting and Delph seismic system for data acquisition. The
depth conversion was calculated using an average sound velocity
of 1650 m/s, as reported in previous studies (Yang, 1989; Liu
et al., 2000; Berné et al., 2002). High-resolution seismic
interpretation was based on the recognition of minor seismic
discontinuities by comparing the seismic facies with the
lithofacies of core SFK-1.
4 RESULTS

4.1 Seismic Reflections and Units Across
Cores SFK-1 and DZQ4
A total of 10 seismic units were identified in the high-resolution
seismic profile A-B (Figure 2) across cores SFK-1 and DZQ4
based on the seismic reflection features and their contacts. The
main characteristics of these seismic units are summarized in
Figure 2 and also sees below. Numbers have been attributed to
every major seismic unit (SU1 to SU10, from top to bottom), the
underlying discontinuity being labeled with a ‘D’ followed by the
corresponding number.

SU10: Due to the interference of multiple reflections, it is
difficult to identify its bottom reflection layer, and the top layer is
D9. The unit has relatively steep clinoform that systematically
dips toward the SW, being toplap with the overlying layer of SU9
and locally distributed in the study area.

SU9: It displays horizontal and continuous distribution, with
low frequency and strong amplitude. SU9 as a seismic subunit
displays continuous internal reflections, with a high frequency
and relatively weak amplitude, forming a low-angle onlap fill at
the bottom. SU9 has a conformable contact with the overlying
layer of SU8, and is widely distributed in the study area.
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SU8: It displays continuously with a high frequency and weak
amplitude, subparallel distribution on the outer shelf. It has been
eroded by the overlying layer of SU7 and forming a parallel
unconformity contact with the SU9.

SU7: This seismic unit displays a wide distribution, with
subparallel and continuous high frequency and weak amplitude,
being a toplap and truncated with the overlying layer of SU6.

SU6: This unit shows a parallel, onlap and continuous
distribution, and has a low frequency and high amplitude, an
angular unconformity contact with the SU7.

SU5: A large variation in distribution patterns characterizes
this unit, with chaotic reflections and clinoform reflections.

SU4: This unit is characterized by a high amplitude and
continuous and wide distribution, with partly channelized
erosion. SU4 has an erosion contact with the overlying SU3.

SU3: This unit is filled by the chaotic reflections, with erosional
contacts between the overlying SU2 and underlying SU4. The
upper interface is continuous, subparallel and widely distributed.
Typical fluvial seismic reflections can be observed in this unit
(SU3-1~SU3-3), displaying apparently lateral aggradation.

SU2: A clear planation surface occurs between SU2 and SU1,
which is truncated and partly onlap. SU2-2 is horizontal and sub-
horizontal, and SU2-1 developed striking foreset inclined bedding.

SU1: This unit is affected heavily by the multiple seabed
reflection. It is hard to identify D1 from the overlying layer.

4.2 Lithological Description and
Sedimentary Units of Core SFK-1
Based on the sediment color, texture, structure, grain size
composition and microfossil assemblages, eleven sedimentary
units (LU10 to LU1) are recognized from bottom to top
(Figures 3‒5). The lithological description of each depositional
unit is summarized below.

LU10 (82.9‒82.4 mbsf, meter below seafloor): The bottom unit
was poorly recovered during the drilling, showing grey silt mixed
with grey medium-fine sand at the core cut. No erosional surface
and distinct sedimentary structure can be observed.
FIGURE 2 | The (A, B) section of the high-resolution seismic profile across boreholes SFK-1 and DZQ4. The schematic interpretation is partly modified after Wang
et al. (2013; 2014). The red solid and blue dotted lines are the boundaries of depositional units and subunits respectively. SU indicates seismic units, and D denotes
the discontinuity or depositional hiatus.
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LU9 (82.4‒72.3 mbsf): The sediments are dominated by grey
silt with a trend of coarsening upward, massive bedding and
heavily bioturbation occur in the top part. This unit is divided
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into two subunits, LU9-1 (78.1–72.3 mbsf) and LU9-2 (82.4–78.1
mbsf), based on the internal sedimentary characters and
microfossil assemblages. Some burrows are found in the
sediments of LU9-1, and molluscan fragments occur in LU9-2.
The mean grain size (Mz) varies from 6 F to 4 F, with the
content of sand less than 20%. The assemblages of microfossils
change considerably between two subunits with almost the same
benthic-planktonic ratio. The dominant species of LU9-1 include
Protelphidium tuberculatum, Ammonia beccarii vars. and
Episominella naraensis, while Bolivina robusta-Globocassidulina
subglobosa-Protelphidium tuberculatum characterize the
microfossil assemblages in LU9-2. Their common species are
Brizalina striatula, Nonionella decora, Nonion akitaense in LU9-
1 and Epistominella naraensis, Elphidium advenum, Cassidulinia
carinata in LU9-2, respectively.

LU 8 (72.3‒64.7 mbsf): The sediments consist of grey to black
medium-fine sand, showing massive bedding and bioturbation
upward. The molluscan fragments increase toward the top,
meanwhile, the sediment color changes from dark and grey to
celadon. The Mz ranges from 3 F to 4 F, and sand contents
exceed 50% in all samples, with a stable and striking positive
skewness. The foraminifera assemblages vary considerably, with
the main species being Protelphidium tuberculatum, Bolivina
robusta, Nonionella decora, while Pulleniatina obliquiloculata
(Parker and Jones) is relatively enriched at the top of LU8. The
ratio of benthic to planktonic foraminifera shows negligible
variations compared to LU9.

LU7 (64.7‒54.7 mbsf): The sediments are composed of grey
silt interbedded with grey black fine sands, showing fining
upward and rhythmic bedding at an interval of 3‒40 cm. A
small amount of burrows appear in this subunit. However, the
sedimentary structures of LU7-2 are heavily bioturbated by the
horizontal and vertical burrows. The Mz varies between 4.7 F
and 6.3 F. From bottom to top, the foraminifera abundance
reduces with an average of 2000 individuals in 50 g dry sample.
In this unit, the planktonic contents decrease obviously, and
most are below10%. The dominate benthic species are
Protelphidium tuberculatum, Ammonia beccarii vars. and
Buccella frigida, and common species are Nonionella decora,
Cribrononio incertum, Elphidium magellanicum Heron-Allen
and Eerland. Additionally, Quinqueloculina akneriana rotunda
appears abundantly at the bottom.

LU6 (54.7‒46.5 mbsf): It is characterized by grey silt, with
heavy bioturbation, very fine molluscan fragments, parallel
bedding, lenticular bedding and wave bedding, rhythmic
bedding, and lots of burrows in the sediments. Particularly, a
fawn muddy nodule is discovered at ca. 54.0 m. The Mz ranges
from 3.9 F to 5.6 F. The abundance of microfossils increases
upward, and the main species are Bolivina robusta, Ammonia
beccarii vars., Nonionella decora, Siphouvigerina proboscidea,
Globocassidulina subglobosa, Protelphidium tuberculatum and
Quinqueloculina akneriana rotunda. Among which, the
percentage of Bolivina robusta is more than 5%. The
planktonic percentage increases upward from 20% to 80%.

LU5 (46.5‒35.9 mbsf): This unit can also be divided into two
subunits based on the lithological characters and microfossil
FIGURE 3 | The photos showing the sediment characters and lithological units
of borehole SFK-1. mbsf, meters below sea floor. The red and blue arrows
indicate the boundaries of depositional units and subunits respectively.
FIGURE 4 | The grain size composition of borehole SFK-1. Mz, mean grain
size (phi); S.D., standard deviation; SkI, skewness; KG, kurtosis.
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assemblages. The subunit LU5-1 sediments are mostly black silty
sand with a large number of molluscan fragments, while the
sediments of LU5-2 are dominated by grey silt interbedded with
grey black fine sand, showing subparallel bedding, flaser and
lenticular beddings, rhythmic structures, and lots of organic
burrows. Moreover, muddy gravels are widely observed in the
fine sand layers, being irregular shapes of bar and block. At the
bottom, LU5 has an erosional surface.

The grain size parameters including Mz, standard deviation,
skewness and kurtosis display remarkable changes in the subunits.
The clay contents are all below 10%, while the silt contents are
much variable. Microfossils occasionally occur in the unit, with
their species numbers (simple diversity) only changing from 22 to
33 individuals in all samples. The benthic foraminifera are
dominant, including Ammonia beccarii vars., Protelphidium
tuberculatum, Nonionella decora, Cribrononio incertum,
Elphidium nakanokawaense and Nonion akitaense, while the
abundance of planktonic foraminifera decreases significantly.

LU4 (35.9‒27.95 mbsf): It is characterized by gray-black silt,
displaying massive bedding, hard texture and occasional flaser
bedding. Very fine molluscan fragments and flaser fine sand layers
with some dwelling burrows rarely occur in the sediments of 35.9‒
34.5 mbsf, and an obvious hiatus at its bottom. The silt accounts
for 70% and sand content is less than 20%. The microfossil
assemblages are dominated by benthic foraminifera, including
Bolivina robusta-Gavelinopsis prageri, Ammonia beccarii vars.,
Elphidium advenum, Cibicides pseudoungerianus and Hyalinea
balthica (Schroter). The content of planktonic foraminifera in LU4
is slightly higher than in LU5.

LU3 (27.95‒24.8 mbsf): Three different parts can be recognized in
this unit. The upper part is dominated by gray-black sand and grey
silt with parallel bedding and lenticular bedding, and high water
content at the top. The middle part is composed of medium-fine
sands with large pieces of grey clay and molluscan fragments. The
lower part is characterized by fawn fine sands mixing with gray
black sands and some grey mud gravels, with a clear erosional
surface with the overlying subunit. The Mz increases upward and
ranges from 5.3 F to 3.4 F, accompanied with large variations of
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standard deviation, skewness and kurtosis. The percentage of
benthic foraminifera varies upward from 50% to 75%. The main
foraminifera are Ammonia beccarii vars., Bolivina robusta,
Ammonia compressiuscula (Brady), Quinqueloculina lamarckiana,
Cassidulinia carinata and Nonionella decora.

LU3’ (24.8‒18.2 mbsf): It can be divided into two subunits.
The subunit LU3’-1 (20.0‒18.2 mbsf) is featured by brownish to
gray black silty sands with lots of quartz and mica, and some thin
reddish brown oxide layers and ferromanganese nodules occur at
19.2‒19.1 mbsf. The subunit LU3’-2 (24.8‒20.0 mbsf) mainly
consists of fawn fine sands and medium-coarse sands, forming a
markedly thick sandy bedding with several thin flaser mud layers
and lots of small molluscan fragments. Similarly, quartz and
schistose minerals are widely observed in this subunit.

The sediment color of LU3’ changes from fawn to gray black
upward, with two clear erosion surfaces occurring at each end.
The Mz fluctuates between 2.1 F to 4.5 F, showing a trend of
fining upward with large variations of standard deviation,
skewness and kurtosis. The coarsest samples appear at the
bottom of subunit LU3’-2. The abundance of planktonic
foraminifera in LU3’ is higher than benthic foraminifera,
although their species are relatively few. The dominated
benthic species are Ammonia beccarii vars., Bolivina robusta
and Protelphidium tuberculatum. While, Cassidulinia carinata,
Elphidium advenum, Nonionella decora, Buccella frigida and
Cribrononion incertum are also widely observed. A striking
peak of planktonic foraminifera with small shells occurs at the
lower part of the unit.

LU2 (18.2‒5.2 mbsf): The flaser bedding, lenticular bedding,
wavy bedding and some parallel bedding are well developed in this
unit that is dominated by the interbedded gray-black sand and
gray silt. The two sub-units, LU2-1 and LU2-2, show different
grain size compositions but both with fining bottom-up. A large
number of gray mud gravels of irregular shapes are found at the
bottom of the unit, with few shell fragments. TheMz ranges at 3.0‒
6.0 F, showing coarsening to fining and then coarsening trends
upward. The ratio of the benthic to planktonic foraminifera is
relatively stable, completely different from that in LU3. The
FIGURE 5 | Downcore profiles of foraminifera assemblage in borehole SFK-1. S: simple diversity; H(S): Shannon-Weiner index. H(S)= -SPilnPi (Pi refers to proportion
of the i-th species). Pulleniatina obliquiloculata (Parker & Jones): numbers of fossils; the other foraminifera: volume percentage.
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dominant fossil assemblage is Ammonia beccarii vars.-
Protelphidium tuberculatum (d’Orbigny)- Episominella
naraensis, occupying over 30% of the total abundance. The
species with the percentages between 5% and 10% include
Elphidium advenum, Elphidium nakanokawaense Shirai and
Nonionella decora (Cushman et Mc Culloch). In addition,
Buccella frigida (Cushman), Cribrononio incertum (Williamson),
Quinqueloculina akneriana rotunda (Gerke) and Quinqueloculina
lamarckiana (d’Orbigny) are also common in the samples.

LU1 (5.2‒0 mbsf): Two subunits comprise this top unit, among
which one is composed of gray-black silty sand (LU1-1, 2.80‒0
mbsf, Figures 3, 4), and another characterized by dark grey
medium-fine sand (LU1-2, 5.2‒2.8 mbsf). A distinct erosional
surface exits between these two subunits. LU1-1 is mixed with
flaser grey silt layers and plentiful shell fragments with a high water
content. LU1-2 is well sorted, mixed with some shell fragment
layers, rich in quartz, with an erosional contact with the underlying
layer. The sand content of LU1-1 decreases from 79% to 36%
upward, while the coarsest sediments of the whole borehole appear
in the LU1-2 with the sand contents higher than 94%. In addition,
the fossil abundance reaches high numbers of 7352‒79960
individuals per 50 g dry sample, with the peak number appearing
at the surface sediments. The characteristic species are Bolivina
robusta (Brady), Epistominella naraensis (Kuwano), Cassidulinia
carinata (Silcertri), Globocassidulina subglobosa (Brady),
Siphouvigerina proboscidea (Schwager) and Hanzawaia nipponica.
The abundance of planktonic foraminifera in LU1-1 is much higher
than in LU1-2, with Ammonia beccarii vars. (Linné) being absent in
LU1-1 but occasionally observed in LU1-2.

4.3 OSL and Radiocarbon Ages of
Core SFK-1
For ages by both radiocarbon and OSL dating, most of them
occur in stratigraphic order in the core (Tables 1, 2), and agree
with each other. The OSL ages demonstrate a reasonable
chronological framework up to ca. 100 ka (Figure 6). The
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radiocarbon ages were measured on benthic foraminifera and
molluscan shells, respectively, which might be overestimated for
their re-deposition under strong hydrodynamic environments,
i.e. in fluvial and nearshore sedimentation (Xu et al., 2020).
Contamination by younger carbon can lead to biased younger
ages (Pigati et al., 2007; Lai et al., 2014; Song et al., 2015).
Therefore, the radiocarbon ages are used as supplementary
supporting data in the age model, and those in apparent
disorder were not included in the age model (Figure 6).
4.4 Sedimentary Facies and Stratigraphic
Framework of Core SFK-1
Based on the above mentioned sediment characters, foraminifera
assemblages and dating results, the stratigraphic framework and
sedimentary facies of core SFK-1 from the outer shelf of ECS are
reconstructed (Figure 7). In summary, the late Quaternary
deposition from bottom to top is characterized by neritic and
prodelta facies in mid MIS 5, tidal sand ridge and littoral-tidal
flat facies in late MIS 5, estuarine-tidal flat and tidal nearshore
facies in MIS 4, neritic facies in early MIS 3, nearshore facies in
late MIS 3, tide-influenced fluvial and estuarine facies in LGM,
tidal flat facies in late MIS 2, and tidal sand ridge facies in the
Holocene (MIS 1).

Neritic and prodelta facies during the mid MIS 5
(corresponding to LU9, SU9): They are characterized by gray
silt with massive bedding. The lower neritic facies gradually
changes to the upper prodelta deposition without an obvious
hiatus. The foraminifera assemblage is dominated by the mid-
shelf species of Bolivina robusta and Globocassidulina
subglobosa, while the warm-water species of Cibicides
pseudoungerianus and Hyalinea balthica reduce upward in
abundance and the cold water species increase, respectively.
Additionally, the nearshore shallow water species of
Protelphidium tuberculatum and Ammonia beccarii vars. and
some burrows appear and gradually increase. The relatively high
ratio of planktonic to benthic microfossil in LU9 also indicates
that they are in a neritic sedimentary environment (Figure 5).
These observations and dating results suggest that the
sedimentary facies probably developed during the MIS 5c‒5b
at about 100 ka, with the sea level probably declining gradually
from the high stand (Wang et al., 1985; Wang et al., 1988).

Tidal sand ridge facies during early transgression in late MIS 5
(LU8, SU8): The remarkable feature of this facies is high sand
content with positively biased skewness and massive bedding,
which indicates a stronger hydrodynamic depositional
environment and/or proximal provenance. The microfossil
assemblages show a striking reduction of shallow water species,
the disappearance of typical euryhaline brackish species of
Ammonia beccarii vars., and a relatively low content of deep
water species of Bolivina robusta (Wang et al., 1985; Yang et al.,
1998; Liu et al., 2010). This microfossil assemblage indicates the
MIS 5a deposition was formed at the water depth of 30‒50 m
(Wang et al., 1985). Moreover, the high content of cold water
species Protelphidium tuberculatum and Buccella frigida might
result from the intrusion of cold current or weak warm current
(Wang et al., 1988; Li et al., 2014b; Mei et al., 2016). The OSL
FIGURE 6 | Age model of SFK-1 on the basis of OSL and 14C dates.
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dates indicate this depositional unit was formed at about 80 ka
(Figures 6, 7). It can be inferred that the deposits might be
formed on mid-shelf dominated by the strong tide current and
early marine transgression of MIS 5a.

Littoral-tidal flat facies in late MIS 5 (LU7 and SU7) and
estuarine-tidal flat facies of MIS 4 (LU6 and SU6): These
depositional units are characterized by rhythmic mud- sand
alternations of gray black fine sand, weakening bioturbation,
normal graded bedding sequence, and gradually better sorting
upward. Deep water species of Gavelinopsis prageri and
Sigmoilopsis asperula and small shells of planktonic foraminifera
in LU7 are widely observed whose contents are significantly lower
than that in both LU8 and LU9, while shallow water species of
Ammonia beccarii vars. and Cribrononion incertum only occur at
the bottom (Figure 7). All the above observations of LU7 clearly
indicate that it developed under a nearshore environment,
forming littoral-tidal flat deposits on the inner shelf. The
depositional environment of LU6 is similar to LU8, except for
higher abundance of planktonic foraminifera. The sudden increase
of deep water benthic foraminifera of Bolivina robusta,
Siphouvigerina proboscidea and Globocassidulina subglobosa
indicates some fluctuation of sea level.

The evidences of sediment coarsening upward, large numbers
of shell fragments, more bioturbation, and a few of yellow-brown
mud gravels, all indicate the estuarine and/or tidal flat facies of
LU6. Two seismic facies (SU6 and SU7) correspond well with the
two sedimentary facies (LU6 and LU7), and both are
characterized by subparallel and continuous reflections,
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medium amplitudes, onlap of NE direction. These features
indicate a typical progradation in forced regressive systems
tract (FRST) (Catuneanu, 2002). Based on the OSL ages and
eustatic sea level change during MIS 5a, we interpret these two
depositional units as the littoral-tidal flat and estuarine-tidal flat
facies developed at 70‒80 ka (Figure 6).

Tidal nearshore facies during the MIS 4 (LU5; SU5): The
sediments are identified as typical tidal deposition, showing grey
to gray black lenticular and flaser bedding, higher bioturbation
intensity (numerous burrows), and distinctive black shell sand at
the top. Microfossil assemblages suggest an environment of cold
water and low salinity at the depth of 20 m below sea surface. The
number of cold species of benthic foraminifera including
Protelphidium tuberculatum, Buccella frigida and Elphidium
magellanicum suddenly increased, while the planktonic
foraminifera reduced in abundance (Figure 5), indicating
shallower water (Wang et al., 1985; Wang et al., 1988). The age
of this unit is inferred at ca. 55‒68 ka (Figure 6).

Neritic facies in the MIS 3 (LU4; SU4): It is featured by
homogeneous gray black silt with massive bedding, no obvious
bioturbation, and typical shallow sea species of Bolivina robust
and warm species of Cibicides pseudoungerianus and Hyalinea
balthica. These observations indicate a neritic and warm water
condition (Wang et al., 1988). One AMS 14C age of benthic
foraminifera is 41470 a cal B.P. at 28.8 mbsf, suggesting the
sedimentation in MIS 3 (Figures 6, 7).

Nearshore facies of late regression in early MIS 2/late MIS 3
(LU3; lower SU3): It is dominated by parallel bedding with some
FIGURE 7 | Correlation of SFK-1lithologic units with grain size and foraminifera assemblages, seismic units and the global sea level curve. LU and SU indicates
depositional units and seismic units, respectively, and D denotes the discontinuity or depositional hiatus. The sea level curve is modified from Chappell et al. (2002).
Cycles 1-3 refers to the cycle of marine transgression and regression sequences. APD, PA and R indicates the stratigraphic motif of aggradation- progradation-
degradation, aggradation- progradation, retrogradation proposed by Neal and Abreu (2009).
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lenticular bedding, forming two erosion surfaces at the top and
bottom. A transitional or coastal shelf sedimentary environment
is indicated by the coexistence of typical euryhaline brackish
species of Ammonia beccarii vars. and the representative shallow
water species in the middle shelf of Bolivina robusta (Wang et al.,
1985). The deposition might partly develop during the late MIS 3
(Table 1 and Figure 6).

Fluvial and estuarine facies during the LGM (LU3’; upper
SU3): It is characterized by a normal graded vertical sequence
with the dominance of yellow brown–grey sorted sands. Both
planktonic and benthic foraminifera reach their peak
abundances in this depositional unit, and most of them are a
mass of very small and re-worked planktonic foraminifera,
transported by the currents after previous deposition and
mixed with larger and intact bodies of nearshore euryhaline
brackish species of benthic foraminifera and abundant cold
species. The microfossil observation as well as the dating
results suggest that this unit was tidal river and estuarine
sedimentation in the LGM.

Tidal flat facies during the deglaciation of late MIS 2 (LU2;
SU2): The striking feature of this unit is tidal flat with sand and
mud interstratification, and flaser, lenticular and little parallel
beddings. The depositional ages were confined to the late MIS 2
based on the OSL dates (Table 2 and Figure 6). Due to the sea
level fluctuation during the deglacial period, two different
depositional subunits formed, corresponding to the two stages of
slow sea level rise, while the hiatus between them apparently
coincides with the melt-water pulses (MWP-1A, 14.5‒13.7 ka) in
the last transgression on the ECS shelf (Fairbanks, 1989; Bard
et al., 1990; Liu and Milliman, 2004a; Li et al., 2005b). The
dominance of nearshore species Ammonia beccarii vars. and
cold species Protelphidium tuberculatum reveals a depositional
environment of euryhaline brackish and cold water, with a relative
sea level rise from the lowest stand (Chappell et al., 1996).

Tidal sand ridge facies in the Holocene (LU1; SU1): A typical
assemblage of Bolivina robusta suggests a mid-outer shelf
environment (Wang et al., 1985; Wang et al., 1988), although
two different parts can be distinctly identified by sediment grain
size composition. The upper one is mainly composed of silt and
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clay, with occasional thin flaser muddy layers occurring in the
massive black sandy deposits, which are defined as quasi–active
tidal sand ridges mixed with modern fine sediments (Liu et al.,
2007a). Their ages are dated at 560 a cal B.P. at 1.2 mbsf and 5596
a cal B.P. at 2.80 mbsf, respectively (Table 1), diagnostic of the
mixed sedimentation. The lower part is characterized by well-
sorted sandy sediments. The dominant microfossil group of
Ammonia beccarii vars. and Protelphidium tuberculatum at the
bottom presents an eurythermal and euryhaline environment,
when the tidal sand ridge began to develop in the early Holocene.
Low value of Pulleniatina obliquiloculata coincides with the P.
obliquiloculata Minimum Event (PME) during the Holocene
(Lin and Hsieh, 2007).
5 DISCUSSIONS

5.1 Evolution of Sedimentary Environment
on the Outer Shelf of ECS Since MIS 5
The basic features of seismic reflections on the profile A-B across
SFK-1 are overall similar with previous studies (Figure 2). For
example, the reflection boundary D3 in this study corresponds to
the top boundary of U2b defined by Yang (1989), the boundary
D130 in Berné et al. (2002), the boundary SB1 in Wellner and
Bartek (2003), the boundary QR2 in Li et al. (2005a), and the
boundary T3 in Xu et al. (2020), respectively. Additionally, seismic
unit SU5 coincides well with U110 in Berné et al. (2002), U7 in Liu
et al. (2000), and SU5 in Xu et al. (2020) (Table 3). Nevertheless,
the consensus on regional stratigraphic framework of the ECS
shelf has never been reached in these previous studies mainly
because of the absence of high-resolution depositional ages on
drilling boreholes (Yang, 1989; Tang, 1996; Saito et al., 1998b; Liu
et al., 2000; Berné et al., 2002; Yang, 2002; Yoo et al., 2002; Wellner
and Bartek, 2003; Wu et al., 2010; Xu et al., 2020). In particular, it
is still an open question on the recognition and interpretation of
MIS 6 strata in the seismic stratigraphy by Liu et al. (2000), Berné
et al. (2002) and Xu et al. (2020) (Table 3).

By comparing the sedimentary facies (Figure 7), seismic
reflection facies of profile across boreholes SFK-1 and DZQ4
TABLE 3 | Comparison in the interpretation of seismic stratigraphy on the ECS outer shelf between previous studies and this work.

Liu et al., 1999; Liu et al., 2000;
Wu et al., 2010

Berné et al., 2002 Xu et al., 2020 This study

Seismic Unit Marine Isotopic Stage Seismic Unit Maine Isotopic Stage Seismic Unit Maine Isotopic Stage Seismic Unit Maine Isotopic Stage

U2 MIS 1 U140b MIS 1 SU1 MIS 1 SU1 MIS 1
U3 MIS 3.1 U140a
U4 MIS 3.2 U130 MIS 2 SU2 SU2 MIS 2

SU3 SU3
U5 MIS 3.3 U125 MIS 5.2-3 SU4 MIS 5.5-3 SU4 MIS 3
U6 MIS 5.1 U120 MIS 5.3-5.5
U7 MIS 6 U110 MIS 6 SU5 MIS 6-MIS 5.5 SU5 MIS 4

U90 MIS 7 SU6 MIS 7-6 SU6 MIS 5
U80? SU7
U70 SU8
U60 SU7 MIS 8-7 SU9
U55 MIS 8 SU8 MIS 8 SU10? MIS 6?
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(Figure 2), and global sea level curve (Figure 7) (Chappell et al.,
1996), we recognize almost three cycles of marine transgression
and regression sequences (Cycle 1 to Cycle 3, hereafter) that
comprise continuous deposition without major stratum hiatus
on the outer shelf of ECS since the mid-MIS 5 (Figure 7). These
cycles in sedimentary records can be well compared with eustatic
sea-level highstands at 105‒97, 88‒80, 60, 50‒40 and 30‒28 ka,
apparently matching with the Milancovitch precessional (20 kyr)
cycles (Lobo and Ridente, 2014). A scenario of the late
Quaternary sedimentation on the outer shelf of ECS is clarified
by using the sequence stratigraphy hierarchy from Neal and
Abreu (2009) (Figure 7).

5.1.1 Aggradation- Progradation- Degradation (APD)
Processes of Cycle 1 in MIS 5
This last interglacial periodMIS 5 is regarded as the highstand stage
of a cycle with relatively slight sea level fluctuation (Chappell and
Veeh, 1978; Siddall et al., 2003; Lobo and Ridente, 2014). Both the
seismic reflection interpretation and core SFK-1 records suggest the
neritic deposition in MIS 5c, and the warm water species indicate
warm currents at that time, forming the aggradation of APD
(Wang et al., 1987; Ujiie et al., 2003; Lin and Hsieh, 2007; Neal
and Abreu, 2009; Liu et al., 2011). With the slight fall of seal level
during MIS 5b (Chappell, 2002; Culter et al., 2003), the prodelta
progradation happened without obvious hiatus on the outer shelf.
Correspondingly, the abundance of warm water species reduced
while the euryhaline brackish species increased, which probably
suggest the increasing input of fluvial water or the intrusion of cold
water mass under a favorable summer monsoon climate during the
interglacial period (Cheng et al., 2016; Dai et al., 2021).

After that, the tidal sand ridge began to develop in response to
the strong tidal current system of Pacific with decelerated sea
level rise and coastal accommodation, forming the degradation
of APD (Figure 7) (Liu et al., 2003, Liu et al., 2007a; Neal and
Abreu, 2009). The strong tide current might erode and re-
distribute the former fine prodelta deposits, and gradually
formed coarser sandy sedimentation. An apparent erosional
surface existed between the tidal sand ridge deposition and the
overlying prodelta deposition in the study area. Those buried
sand ridges distributed locally on the mid-outer shelf of ECS.

In theory, the Maximum Flooding Surface (MFS) will form
with the depositional environment changing from retrogradation
to progradation. The MFS deposits appeared in the MIS 5a on
ECS shelf, evidenced by high contents of silt and clay (>55%) and
maximum foraminifera abundance with rhythmic bedding and
upward-fining trend. The typical warm species of planktonic
foraminifera accustomed to live at the water depth of 50‒100 m,
Pulleniatina obliquiloculata (Parker & Jones) suddenly abounded
in MIS 5a (Wang et al., 1987; Liu et al., 2011). Meanwhile, a
number of heavily-worn cold water species, which might come
from the former sediments of MIS 5c-MIS 5b by erosion and re-
accumulation process in regression. With the increasing
influence of tidal current in quick regression of late MIS 5a,
the wide nearshore tidal flats deposited on the mid-outer shelf,
and formed one part of APD (Figure 7). Correspondingly, the
dominant foraminifera switched from deep water species of mid-
outer shelf to nearshore shallow water species.
Frontiers in Marine Science | www.frontiersin.org 12
5.1.2 Progradation- Aggradation (PA) Processes of
Cycle 1 in MIS 4
Estuarine tidal flats developed in early MIS 4 following the
continuous sea level fall. More bioturbation and occasional
yellow-brown mud gravel characterized the estuarine tidal flat
deposition under much shallower seawater based on the global
sea level record (Figure 7, Chappell, 2002). In later MIS 4, the
sea level fluctuated significantly in response to the glacier
change, rising from 90 m below present one to 70 m within a
short period (Martinson et al., 1987). The frequent sea level
changes might rework the former deposits and resulted in the
deposition of nearshore tidal flat and black shell sands in
response to quick transgression, forming several PA
successions as observed in SFK-1 (Figure 7). In that period,
cold species foraminifera Protelphidium tuberculatum widely
occupied the outer shelf of ECS. It is noteworthy that the
deposits were previously identified as the MIS 6 strata with
the evidences from seismic stratigraphy (Liu et al., 2000; Berné
et al., 2002; Wu et al., 2010; Xu et al., 2020) (Table 3). Although
the MIS 4 and MIS 6 periods might share similar sea levels and
climate regimes, our combined data from seismic profiling
observations and high-resolution core records with robust
chronostratigraphic constraints, suggest it could be regarded
as the MIS 4 strata. Additionally, the frequent sea level
fluctuation with relatively small amplitudes caused no
transgression deposits in the successions.
5.1.3 Aggradation- Progradation- Degradation (APD)
Processes of Cycle 2 in MIS 3
Relatively weak variability in sea level happened during MIS 3
(25‒60 ka), fluctuating from 90 m to 60 m below present one
(Chappell et al., 1996; Chappell, 2002; Waelbroeck et al., 2002;
Siddall et al., 2008). On the ECS shelf, a wide neritic deposition
of aggradation and progradation happened with the slow
decline of sea level, displaying the strong, continuous and
lateral progradational configuration on the seismic profile.
The relatively warmer climate in early MIS3 (Zhen et al.,
2008) led to more warm species inhabiting in water of 50 m
deep. The sediment accumulation rate was low due to the far
distance to the continent with relatively high sea-level. At ca. 40
ka in middle MIS 3, a glaciation was caused by the low solar
radiation of low and middle latitude in summer due to the effect
of precession, which led to a quick sea level fall and most of
shelf exposed in a short time (Cheng et al., 2016). Therefore, a
sedimentation hiatus formed between the progradation and
degradation (Figure 7) (Marsset et al., 1996; Liu et al., 1999; Liu
et al., 2000; Li et al., 2002a; Neal and Abreu, 2009; Xu et al.,
2018), which were also observed on the shelves of Yellow Sea
and Bohai Sea (Yang et al., 1996; Marsset et al., 1996). The
marine-continental transitional facies of sand and mud
interstratifications developed under the sea level fluctuation
caused by multiple Heinrich and Dansgaasid-Oeschger
incidents of millennial scales in late MIS 3. In addition, the
costal line continuously retreated seaward on the whole in
response to the drop of sea level (Jouzel et al., 1987; Dansgaard
et al., 1993; Grootes et al., 1993; Zhao et al., 2008).
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5.1.4 Progradation- Aggradation (PA) and
Retrogradation (R) Processes of Cycle 2 in MIS 2
During the LGM (18‒22 ka), the fluvial, nearshore estuary and
costal deposition formed due to the gentle topography of the ECS
shelf, with drastic fluvial incision and sea level drop, which
corresponds to the PA deposit (Figure 7).

As introduced above, whether the deposits such as MIS 2 and 4
can be preserved and recognized on the dynamic shelf
environment is still controversial. During the glacial periods
with extremely low sea level, the rivers mostly bypassed the
exposed continental shelf, without accumulating thick sediments
because of limited accommodation space (Figure 7) (Liu et al.,
1999; Liu et al., 2000; Liu et al., 2003; Wu et al., 2010; Xu et al.,
2018). While the others suggest that the deposition could be still
well preserved and recognized on the open shelf during sea level
lowstands (Berné et al., 2002; Li et al., 2002a; Yu et al., 2006; Wang
et al., 2013; Wang et al., 2014). Our observations clearly indicate
the occurrence of deposition during the last glacial period on the
ECS outer shelf (Figure 7), based on the high-resolution seismic
profiles and core records, as well as robust chronostratigraphic
constraints of OSL and AMS 14C dates (Figure 6).

The sedimentary characters and microfossil assemblages
suggest that the fluvial sediments on the outer ECS shelf were
strongly influenced by the tide-wave system from the west Pacific
in the estuary and lower reaches (Liu et al., 2007a). Because the
costal lines migrated towards the outer shelf close to the Okinawa
Trough, plenty of very small and heavily broken or reworked
planktonic larvae fossils accumulated in the tide-influenced area
and tidal estuary (Wang et al., 1985; Liu et al., 2003; Liu et al.,
2007a; Zhao et al., 2008; Wang et al., 2013). With the
paleoclimate becoming colder in MIS 2, less terrigenous
material was transported into the sea by rivers, and meanwhile,
the depositional environment witnessed a remarkable change
from fluvial to tidal dominance (Winkler and Wang, 1993;
Wellner and Bartek, 2003; Liu et al., 2007a; Wang et al., 2013;
Wang et al., 2014). Though multiple cycles of estuary and fluvial
deposition can be identified on some seismic profiles (for
example, Figure 2, SU3-1~SU3-3) (Yang, 1989; Saito et al.,
1998b; Chen et al., 2000; Liu et al., 2000; Berné et al., 2002; Li
et al., 2002a; Wellner and Bartek, 2003; Wang et al., 2013), these
fluvial and estuarine deposits are generally very thin and were
poorly preserved on the mid-outer shelf, and thus are hardly
recognized on seismic profiles (Saito et al., 1998b; Liu et al., 2000;
Zhao et al., 2008; Xu et al., 2018; Xu et al., 2020).

During the early deglacial transgression (late MIS 2) with the
global climate warming and ice sheet melting (Figure 7), the
paleo-river mouth and coastal line retreated landward in
response to sea level rise (Saito, 1998a; Liu et al., 2000; Wellner
and Bartek, 2003; Li et al., 2005b; Xu et al., 2018; Xu et al., 2019).
Correspondingly, the incised valleys were first filled and the
estuarine and tidal-flat facies formed, as reported in previous
studies (Allen, 1991; Woodroffe et al., 1993; Dalrymple and
Zaitlin, 1994). The tidal current became stronger following the
rapid sea level rise, which resulted in the wide tidal flats
developing on the gentle shelf of ECS. The nearshore
sediments accumulated at the LGM were eroded, transported
and re-distributed, and finally formed the tidal deposition
Frontiers in Marine Science | www.frontiersin.org 13
(Dalrymple et al., 1992; Berné et al., 2002; Yang, 2002; Wang
et al., 2014). Melt-water Pulses 1A and 1B (Fairbanks, 1989; Bard
et al., 1990) during this period probably resulted in two hiatuses
with the rapid rise of sea level (Liu et al., 2004b; Li et al., 2014a),
changed sedimentary environment and caused shelf erosion.
However, the tidal deposits corresponding to the early TST
could develop retrogradation during the period of slow sea
level rise (Figure 7) (Uehara et al., 2002; Uehara and Saito, 2003).

5.1.5 Aggradation of APD Process of Cycle 3
in Holocene
At the beginning of the Holocene, the sea level was at about 50 m
below present one, and then reached the highest at 7 ka (Zhu et al.,
1979; Chen et al., 1985; Saito, 1998a). The whole outer shelf of ECS
was affected by the strong tidal current, and correspondingly, the
transgressional tidal sand ridges that consist of well sorted black
gray medium sands formed. Whereas, the tidal current and ocean
current might be still powerful after sea level rising to the highest,
which was verified by the measured value of Acoustic Doppler
Current Profiling (ADCP) during borehole SFK-1 drilling. The
flow velocity of sea bottom current can reach 0.13 cm/s in a tide
cycle under the good sea condition (Su et al., 2008). A current
velocity of 0.55 cm/s was once reported in previous study (Berné
et al., 2002), and the velocity of 60‒70 cm/s was calculated and
inferred to be reasonable under the spring tide and stormy
conditions (Liu and Milliman, 2004a; Liu et al., 2010).
Therefore, the former sediments deposited during the last
transgression could be eroded and redistributed, forming an
obvious erosional surface, while simultaneously few modern
suspended load carried by sea current might accumulate and
mix with the eroded shelf sediments, forming the quasi-active
sand ridge (Figure 7). This has been recognized as one striking
feature of aggradation deposition of APD process in the ECS (Liu
et al., 2007a; Xu et al., 2018).
6 CONCLUSIONS

In combination with the high-resolution seismic interpretation, the
integrated study of chronostratigraphy, biostratigraphy and
sedimentary facies of borehole SFK-1 reveals almost three cycles
of relatively continuous transgression- regression sequences
developed on the outer shelf of ECS since MIS 5. The
stratigraphic boundaries between MIS 2 and MIS 3, and between
MIS 4 andMIS 5, are identified to be the erosional surfaces between
fluvial and marine transgressive deposits, and between estuarine
tidal flat and nearshore tidal flat deposits, respectively. These
hiatuses can easily be recognized in the sediment facies, however
cannot be identified in seismic profile interpretation mainly because
of the relatively continuous reflection. The two staircases of
lowstand of sea level during the last glaciation, i.e. early glacial
staircase in MIS 4 and late one during the LGMwere well preserved
on the shelf strata, which can be treated as two marker layers for
correlation of late Quaternary strata on the outer shelf of the ECS.
Late Quaternary marine transgression generally resulted in the
formation of tidal deposition on the ECS shelf, which is
characterized by distinct reverse graded bedding. This observation
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is different from the general understanding that marine
transgression tends to form the normal graded bedding. The
major reason for the different observations probably lies in the
widespread and strong tidal influence on the ECS shelf in response
to rapid sea level rise.

Due to the gentle topography of the open shelf, the sediment
transportation patterns switched from seaward to landward
during marine transgression, and thus the previously deposited
sediments were eroded, redistributed and transported landward
by tidal current, forming the coarsening deposits upward. In
comparison, the delta and/or tidal flat facies developed in
different stages of marine regression. In brief, tidal deposition
is the most striking feature on the late Quaternary stratigraphy of
the open ECS shelf. Our study also revealed that the outer shelf of
ECS was not completely exposed to be land during the low sea
level stages of MIS 4 and MIS 2, but subjected to strong tidal
influence, which consequently preserved the tide-influenced
fluvial, estuarine and tidal flat deposition on the open shelf.
The sedimentary stratigraphic evolution together with the shifts
of major depocenters on the ECS shelf during the late
Quaternary suggest the complex river-sea interaction and the
first-order control of sea level changes on the siliciclastic
shelf deposition.
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