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The Ningbo Plain on the East China coast is an important center of Neolithic
culture, and associated settlements were influenced by changing sea levels
and the geomorphological and hydrological environments of the palaeo-
Ningbo Bay, the details of which are still subject to debate. This study is based
on two well-dated sediment cores obtained from the Ningbo Plain, and here
we report analyses of their sedimentology and foraminifera to reveal the
infilling history of the palaeo-Ningbo Bay and its association with Neolithic
occupation. The lithology of the largely muddy sediments and the dominance
of euryhaline and brackish water foraminiferal species are indicative of an
intertidal to a subtidal environment in the palaeo-bay during the early to mid-
Holocene. Abrupt coarsening of sediment grain size and a corresponding
increase in the abundance of foraminiferal species of inner and middle shelf
environments occurred at ca. 8.8 cal. kyr BP and 7.6 cal. kyr BP, reflecting two
major events of strengthened marine transgression that correspond to the
rapid global sea-level rise events of Meltwater pulses (MWPs) 1C and 1D,
respectively. A marked increase in the relative abundance of Ammonia
annectens and Ammonia compressiuscula during ca. 7.5-7.1 cal. kyr BP
further indicates frequent storm surges at that time. Between the two rapid
transgression events, aggradation of tidal flats prevailed after ca. 8.0 cal. kyr
BP, which provided a suitable setting for Neolithic settlements, as indicated by
the recently discovered Jingtoushan site. However, the transgression
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sequence associated with the latter, the MWP-1D event, caused a regional
cultural interruption at ca. 7.6 cal. kyr BP. Infilling and coastal marsh
development in the palaeo-Ningbo Bay occurred progressively after ca. 7.0
cal. kyr BP and are associated with the emergence of the Hemudu culture.
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Highlights

1. The Ningbo Plain was fully inundated to form an
embayment at ca. 9,600 years ago.

2. Two events of accelerated transgression occurred at 8.8
and 7.6 cal. kyr BP.

3. Tidal flats developed at ca. 8.0 cal. kyr BP in response to
stable sea levels.

4. Neolithic settlement on the coastal lowlands is closely
linked to sea level changes.

1 Introduction

Coastal plains are located at the land-sea transition and are
characterized by fragile ecological environments that are highly
sensitive to sea-level change (Benassai et al., 2015; Wang et al.,
2017). Sea-level rise intensifies natural disasters such as seawater
intrusion, coastal flooding, and accelerated erosion, all of which
seriously constrain sustainable development in the coastal plain
(Woodruft et al., 2013; Wang et al., 2017; IPCC, 2019). The
history of Holocene sea-level change and the accompanying
sedimentary evolution has had a remarkable impact on the rise
and fall of Neolithic occupation in coastal zones and has become
an important focus of research (e.g., Zong et al.,, 2007; Innes
etal,, 2009; Wang et al., 2012; Wang et al., 2018; He et al., 2020a).

The Ningbo Plain, on the southeast coast of Hangzhou Bay,
East China, is typical of coastal lowlands that lie downdrift of
major rivers, in this case the Yangtze (Figure 1A). Previous
palaeoenvironmental studies and documented historical records
of extreme events indicate that sea-level rise and associated
saltwater intrusions are significant natural hazards both in the
past and present (Innes et al., 2009; Wang et al., 2018; Tang,
2020). This plain is well known to have been an important center
for Neolithic settlements, and several sites have already been
excavated (Zheng et al,, 2012; Wang et al,, 2018; Tang et al,,
2019; Huang et al., 2020; He et al., 2020a; Huang et al., 2021). A
recently discovered Neolithic site (Jingtoushan; Figure 1B)
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comprising shell mounds buried by ca. 5-11 m of marine
sediments and formed about 8,000 years ago (Sun et al.,, 2021)
is to date the earliest known Neolithic site on the Ningbo Plain.
This important archaeological discovery highlights the need to
reconstruct the associated early to mid-Holocene evolutional
history of the Ningbo Plain in order to reveal factors controlling
the temporal and spatial pattern of its Neolithic occupation.

Previous studies have suggested a stepwise rise in early to
middle Holocene sea levels (Liu et al., 2004; Bird et al., 2007).
Particularly, two events of rapid sea-level rise have been widely
reported: the first was the Meltwater Pulse (MWP) associated
with the outburst of proglacial Lake Agassi-Ojibway at ca. 8.5 cal.
kyr BP, which has been claimed as a global event (Hijma and
Cohen, 2010; Harrison et al., 2019); the second event at ca. 7.6
cal. kyr BP was first reported from the Caribbean coral records
and termed as a catastrophic rise event (CRE-3) by Blanchon
and Shaw (1995). Bird et al. (2010) further suggested that the
relatively stable sea levels during these two events had
precipitated coastal sedentary agriculture such as the rice
cultivation of the Neolithic Kuahugiao Culture in East China.
However, there is still debate about the magnitude and timing of
the two events. Harrison et al. (2019) reviewed all publications
on the late Quaternary events of rapid sea-level rise and
proposed that most previously reported rapid sea-level rises
during the early Holocene are likely to be local events except the
one associated with the MWP induced by the drainage of Lake
Agassiz-Ojibway.

Studies of Holocene relative sea-level changes on the East
China coast are limited, and only a few provide clear evidence of
accelerated Holocene sea-level rise in the early to middle
Holocene. For example, Wang et al. (2012) and Wang et al.
(2013) document a ca. 10 mm/yr rate of increase during 7.4-7.2
cal. kyr BP and ca. 30 mm/yr during 8.5-8.3 cal. kyr BP,
respectively, while Xiong et al. (2020) suggest a rapid rise at
ca. 7.5 cal. kyr BP. In addition, as evidenced by an increase in
saltmarsh herb pollen and salt-tolerant diatoms, the Neolithic
site of Kuahugqiao, on the southwest coast of Hangzhou Bay
(Figure 1A), was inundated by seawater at ca. 7,550 cal. yr BP,
which resulted in the termination of rice cultivation there (Zong
et al, 2007). However, others have argued that it was the

frontiersin.org


https://doi.org/10.3389/fmars.2022.1059746
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Lyu et al.

10.3389/fmars.2022.1059746

121°00' E

Yangtze
River mouth

Hangzhou
Bay

Kuahugiao

Burial depth of
Holocene base (m)

121°30'E
Hangzhou
Bay

C

0 10 20 30 40 50
B 121°00' E 121°30'E N
Hangzhou Bay
Jingtoush =
= ingtoushan : z
£ YaO/Iang 4119 Zhenhai 08_
° o
H Riy, Vs =
Caoe T & Nlngbo (\g?‘\\‘e
River 4 (\g‘\\")
DJQ*x _© ~No
<& * XY
N
0 5 10 15 20 QQQ
B <
% Coresin this study
A Neolithic site
® city @ Tidal gauge =z
o
[ I [ [ I I [ I g
0 2 5 10 100 500 1000 (m) N

FIGURE 1

Location of (A) the study area and the Kuahugiao site and (B) the Neolithic Jingtoushan and Hemudu sites and sediment cores. (C) Buried depth
of the Holocene base, which is identified from the stiff mud of palaeosol and river channel gravelly sand formed during the late Pleistocene

(after Xu, 1987; Yan, 1987).

stabilization of relative sea levels after 7.6 cal. kyr BP that was key
to sustained Neolithic occupation on the coast of Hangzhou Bay
(cf. Liu et al., 2018; Liu et al., 2020). Accordingly, additional,
well-dated, multi-proxy sedimentary records are needed to
resolve environmental evolution and associated sea level
changes along the East China coast, along with their
implications for Neolithic cultures.
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In this study, we obtained two sediment cores in the Ningbo
Plain on the southeast coast of Hangzhou Bay, East China
(Figure 1B) and provided AMS '*C ages, lithology, grain size,
and foraminiferal evidence to reveal details of relative sea-level
changes and their impacts on the sedimentary evolution of
palaeo-Ningbo Bay and to investigate the relationship between
Neolithic settlement and environmental changes in the bay.
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2 Environmental setting

The Ningbo Plain (121°21’E-121°51’E, 29°38’N-30°10’N) is
located on the southeast coast of Hangzhou Bay, East China. It is
surrounded by uplands in the east, south, and west and is open
to Hangzhou Bay in the north (Figure 1B). The low-lying plain
has a mean elevation of ca. 2.2 m (Ningbo Water Conservation
Annals Compilation Committee, 2006). The underlying bedrock
is mostly buried 30-60 m deep mainly by Holocene sediments
(Sun, 2013). During the last glacial maximum (LGM), two
palaeo-incised valleys extending southwest-northeast
developed in the eastern and western parts of the plain, while
terraces dominated the central part (Figure 1C; Yan, 1987).

A subtropical monsoon climate prevails in the study area,
with a mean annual average temperature of 16.7°C and a mean
annual precipitation of 1,400-1,500 mm (Ningbo Water
Conservation Annals Compilation Committee, 2006; Huang
et al, 2013). The coastal plain lies in the path of frequent
northwest Pacific tropical cyclones, extreme events associated
with strong winds, heavy rain, and storm surges (Huang et al.,
2013). The uplands surrounding the Ningbo Plain yield a
number of rivers, which converge into the Yongjiang River
that flows northeast, with an annual discharge of 2.86 x 10°
m’ into Hangzhou Bay (Figure 1B; Ningbo Water Conservation
Annals Compilation Committee, 2006). The combination of
river floods and storm surges regularly results in widespread
waterlogging on the plain (Huang et al., 2013). Irregular semi-
diurnal tides occur on the coast with an average tidal range of
1.85 m at the Zhenhai gauge station (Figure 1B; Tang, 2020).

3 Materials and methods

In 2016, we obtained two sediment cores, XY (121°37°06”E,
29°48'15”N; recovery rate 99%) and DJQ (121°26’16”E, 29°
51’197E; recovery rate 95%), with a 9-cm-diameter rotary drill
from the eastern and western parts, i.e., in the palaeo-incised
valleys, of the Ningbo Plain (Figures 1B, C). Ground elevation,
measured by a total station theodolite (GPT-100R, TOPCOM),
was recorded as 1.7 m and 2.4 m (Yellow Sea Datum in 1985) at
sites XY and DJQ, respectively. XY has a total length of 46.8 m,
and DJQ is 41.2 m. After transport to the laboratory, the cores
were split in half, immediately photographed, and described for
lithology, including color, texture, and structure, macrofossils,
and type of contact between lithological units.

In core XY, stiff muds are present between 46.8 and 46.48 m,
overlain by a succession of gravelly sand at 46.48-44.19 m, which
is characterized largely by subangular gravels (maximum size 5
cm x 2 cm x 2 cm). Muddy sediments prevail above 44.19 m.
Gravelly sand occurs at a depth of 37-35.85 m at the base of the
core DJQ. It is overlain by muddy sediments measuring 35.85 m
thick. In this study, we only sampled and analyzed the muddy
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sediments above the gravelly base in both cores. We collected six
samples of plant material (a horizontally lying stem or leaf of an
herbaceous plant without the identification of species) and three
samples of shell fragments from XY and five samples of plant
material, two samples of organic-rich mud, and three samples of
shell fragments from DJQ for AMS e dating (Table 1). We
washed and sieved the plant material and shell fragments
through 250 mesh with distilled water and then dried the
samples at 40°C. We then picked out the dating material
under the microscope before sending it to Beta Analytic (US)
for AMS *C dating. In the Beta Analytic, pretreatment with acid
wash, acid/alkali/acid, and acid etch were performed for organic
sediments, plant material, and shell samples, respectively, and
the 8'"°C values were measured separately in an isotope ratio
mass spectrometer (IRMS) to help identify the taxa of the dating
material. All AMS "*C ages were calibrated using the Calib 8.20
program (Stuiver et al., 2022), and a marine reservoir value of
AR =71 £ 31 (Yoneda et al., 2007) was used only for shell
samples because plant material and organic-rich mud are
considered to be a terrestrial origin. The program “Clam 2.2”
(Blaauw, 2010) was then employed to establish the age-depth
models and obtain the weighted average age of each depth in
two cores.

We further collected 130 samples (each 2 cm thick) from
core XY at intervals of 10-50 cm for grain size and foraminiferal
analyses. Core DJQ was not sampled for these same analyses as it
was considered that these would be duplicates because we
observed consistent sediment sequences between the two
cores. Grain size analysis was performed using an LS13320
laser diffraction particle size analyzer (Beckman Coulter, US;
measurement range 0.039-2000 pm) at the East China Normal
University. Pretreatment included mixing to ensure uniformity
and drying at 40°C. Each sediment sample of ca. 0.2 g was
treated with 10% HCl and 10% H,O, to remove carbonates and
organic matter, respectively. After washing in distilled water and
settling, 5% Calgon was added to ensure full dispersion in the
ultrasonic bath before measurement. The percentages of clay,
silt, and sand components were calculated after measurement.

Deposit samples for foraminiferal analysis were homogenized
and dried at 40°C. Each sample was accurately weighed to 20 g and
wet sieved through a 280-mesh (55 pm) screen based on previous
experience that small foraminiferal tests are common in the muddy
sediments of the study area (Wang et al,, 1988). The microfossils
were identified and counted under a binocular microscope
(magnification x50) following the taxonomic concepts of Wang
et al. (1988). All foraminiferal tests in the 20 g dry samples were
counted as absolute abundance (counts/20 g dry sample). Owing to
the generally low absolute abundance in the study area, those
samples with total counts exceeding 100 were used to calculate
the relative abundance (ie., percentage of the total counts) of each
species (Wang et al., 1988). Those species exceeding 2% in at least
five samples were used in the palaco-environmental analysis.
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TABLE 1 AMS 4C ages and their calibrations for cores XY and DJQ.

Core Depth Dating '4C age 8c
(m) materials (yr BP) (%o)
XY 2.20 Plant 2,110 + 30 -29.8
3.52 Plant 5,290 + 40 -26.6
15.69 Shell 7,600 = 30 -8.8
16.53 Shell 7,510 + 30 -23
19.49 Shell 7,960 + 30 -2.7
38.53 Plant 8,990 + 30 -25.9
39.36 Plant 9,220 + 40 -26.7
41.69 Plant 9,240 + 40 -28.3
42.99 Plant 9,500 + 30 -27.5
DJQ 2.63 Organic-rich mud 4,680 + 30 -26
4.76 Organic-rich mud 5,980 + 30 -25.4
5.56 Plant 6,190 + 30 -29.4
11.45 Shell 7,090 + 30 -4
14.10 Shell 7,260 + 30 -2
16.74 Shell 7,360 + 30 -1.1
19.44 Plant 7,200 = 30 -29.1
27.78 Plant 7,600 + 40 -27.9
34.47 Plant 8,850 + 30 -28.2
35.56 Plant 8,850 + 30 -11
4 Results

4.1 AMS™C dating and age-depth model

411 Core XY

The nine AMS '*C ages in the core XY are in the range of
10,760-2,075 cal. yr BP (median-probability value; Table 1). The
plant samples have 8'’C values ranging from —29.8%o
to —25.9%o, indicating the origin of terrestrial C3 plants (Lamb
et al., 2006). Shell samples have 83C values of —8.8 to —2.3%o,
reflecting brackish water and marine species (McConnaughey
and Gillilin, 2008). The calibrated ages generally increase with
depth except for an age reversal at 15.69 m, which however, has
an overlapped range with the age at 16.53 m (Table 1;
Figure 2A). This reversed age was excluded from the age-
depth modeling by the “Clam” program. Besides, there is a
strong contrast in sedimentation rates between the periods
before and after 6.0 cal. kyr BP, which indicates that
sedimentation at the core site mainly occurred before 6.0 cal.
kyr BP (Figure 2A).

412 Core DJQ

The ten radiocarbon ages span from 9,970 to 5,395 cal. yr BP
(Table 1) and increase with depth. The 8"3C values of most
samples of plant and organic-rich mud range between —29.4%o
and —25.4%o, reflecting the origin of terrestrial C3 plants; there is
one plant sample at 35.56 m having a 8'°C value of —11%s,
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Calibrated age (cal. yr BP) Laboratory
2 sigma Prob. Median number
1,995-2,150 0.969 2,075 Beta515757
5,990-6,190 0.920 6,080 Beta520172
7,655-7,950 1.000 7,805 Beta515755
7,565-7,870 1.000 7715 Beta520168
8,015-8,335 1.000 8,180 Beta520169
10,130-10,235 0.900 10,190 Beta520173
10,250-10,500 1.000 10,380 Beta520170
10,255-10,510 0.985 10,405 Beta520171
10,655-11,070 1.000 10,760 Beta515754
5,320-5,475 1.000 5,395 Beta515753
6,735-6,900 0.992 6,820 Beta520178
6,990-7,165 0.985 7,080 Beta520179
7,175-7,470 1.000 7,330 Beta515752
7,335-7,620 1.000 7,485 Beta520174
7,425-7,710 1.000 7,575 Beta520175
7,940-8,040 0.978 8,000 Beta520176
8,340-8,455 0.982 8,400 Beta515751
9,765-10,155 1.000 9,970 Beta520177
9,765-10,155 1.000 9,970 Beta515750

indicating the origin of a C4 plant (Lamb et al., 2006). The §'"*C
values of shell samples vary from —4%o to —1.1%o, indicating
brackish water and marine species (McConnaughey and Gillilin,
2008). All ages were applied in the calculation of the age-depth
model by “Clam” (Figure 2B). Rapid deposition occurred at the
core site before 7.0 cal. kyr BP. In particular, remarkably high
deposition rates occurred at 8.4-8.0 cal. kyr BP and 7.6-7.5 cal.
kyr BP, reaching 21.3 mm/yr and 28.7 mm/yr, respectively
(Figure 2B). The deposition rate obviously reduced after 7.0
cal. kyr BP and further reduced after ca. 5.4 cal. kyr BP.

4.2 Core lithology

421 CoreXY

Based on lithological observations, including changes in
color, texture, sediment type, and the presence of shell
fragments in the sediment column, the muddy sedimentary
sequence above 44.19 m has been divided into nine units
(units I-IX) from bottom to top (Figure 3).

Unit I (44.19-41.92 m; 11,125-10,525 cal. yr BP) is
composed of yellowish gray and dark gray clayey silt with
some plant fragments (Figure 4A). The upper section has a
high organic matter content. Some leaching structures are
present in the lower section. Unit I exhibits gradual contact
with the overlying unit II.

Unit IT (41.92-36.20 m; 10,525-9,940 cal. yr BP) consists of
gray homogeneous mud with clumps and laminations of silty
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FIGURE 2
Age-depth models of cores XY (A) and DJQ (B). The ages of the marine shell samples were inserted manually, as the Clam software does not
facilitate the inclusion of terrestrial and marine samples in the model. Changes in sedimentation rate (SR) in each core are also indicated.

Core XY
A Lithology Description of lithology Sediment Md (um)  Particle diameter Interpolated
h QEBP profile composition(%) um age
(cal. yr BP) [ 0 50 100 20 60 100 1 39 6252501000 (cal. yr BP)
0 The present day disturbed soil oceurs above 1.38 m. N 0039 0
2075 - = 1.38-3.78 m, blueish grey and dark grey homogeneous mud with x <« 1290
Fe/Mn oxides present on the top. e
2
3.78-12.12 m, grey homogeneous mud with a few silty clumps
Some shell fragments and plant materials present. Gradual
o contact with the underlying layer. Vi
12.12-14.95 m, blusish grey silt with many mud ciasts. Mud 1o
increases upward and the lithology changes into mud with <7160
abundant silt clumps. Shell fragment is abundant locally. Gradual vit
contact with the underlying layer. . <7515
7006 = 14.95-21.00 m, grey homogeneous mud with silty clumps, some
silt shell and Gradual contact| w
with the underlying layer.
8180 =54 l20
21-25.55 m, grey homogeneous mud with abundant silty clumps <8340
and some silt laminations. Shell fragments are common and A
layers of oyster fragments occur at local. Gradual contact with the R v
underlying layer. <8815
25.55-33.20 m, grey homogeneous mud with some silty clumps h
1 and a few shell fragments. Gradual contact with the underlying "
o I 3 I
30 s — - v 30
- 33.20-36.20 m, bluish grey silt interbedded with mud. Thickness 3
Bl of single layer ranges between 0.2-1.0 cm. Silt bedding reduces L,
upward and clayey silt of massive structure dominates in the = <« 9620
upper section. Shell fragments are common. . m
36.20-41.92 m, grey homogeneous mud with clumps and L « 9940
laminations of silty sand. Laminations decrease upward. Abundan!
plant materials and some shell fragments occur at the bottom. 4
Gradual contact with the underlying layer. 3 " Laom)
[41 92-44.19 m, yellowish grey and dark grey clayey silt with som
plant fragments. High content of organic matter occurs in the « 10,525
upper part. Some leaching structure presents in the lower part. (’ | —_ 11125
Datin o o Volume (%) '
g material - Shell fragments -» Plant fragments < Interpolated age using “Clam' 1
3 Silt =2 Clayey silt =2 Clay =3 Silty clay = Plant fragment 3 Plant stem 0 1 2 3 4 5 6 7

=3 Burrow = Shell fragment  C, clay; T, silt wm Clay s Silt = Sand

FIGURE 3
Sedimentary profile of core XY, including lithology description, calibrated radiocarbon ages, grain size composition, median grain size, and the
distribution of volume frequency of grain size. Interpolated ages by “Clam” at the boundaries of each unit are also indicated on the right side.
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sand (Figure 4B), which decrease upwards. Abundant plant
remains and some shell fragments occur at the base. There is
gradual contact with the overlying unit IIL

Unit III (36.20-33.20 m; 9,940-9,620 cal. yr BP) comprises
blueish-gray silt interbedded with mud, with layers ranging
between 0.2 and 1.0 cm. Silt layers decline upwards, and the
clayey silt of massive structures dominates the upper part
(Figure 4C). Shell fragments are common, and some intact
shells are locally present.

Unit IV (33.20-25.55 m; 9,620-8,815 cal. yr BP) is composed
of gray homogeneous mud with occasional clumps of silt
(Figure 4D) and a few shell fragments. There is gradual
contact with the overlying unit V.

Unit V (25.55-21.00 m; 8,815-8,340 cal. yr BP) is dominated
by gray homogeneous mud with abundant clumps of silt and

(A)44:04-44.19 m

(B) 39.65-39.80 m

(G) 14.75-14.90 m |l (H) 12.43-12.58 m

(N) 28.30-28.45 m

FIGURE 4

(C) 34.35-34.50 m

(1) 11.80-11:95 m

Photographs of typical lithological elements in cores XY (A—K) and DJQ (L-R).

10.3389/fmars.2022.1059746

some silt laminations (Figure 4E). Shell fragments are common,
and locally there are layers dominated by oyster shell fragments.
There is gradual contact with the overlying unit VI.

Unit VI (21.00-14.95 m; 8,340-7,515 cal. yr BP) also consists
of gray homogeneous mud. Clumps of silt largely decrease, and
silty laminations only occasionally occur (Figure 4F). Shell
fragments and bioturbation are observed locally.

Unit VII (14.95-12.12 m; 7,515-7,160 cal. yr BP) is
composed of blueish-gray silt with numerous mud clasts
(Figure 4G). Mud content increases upwards, but there are
abundant silt clumps in the upper part (Figure 4H). Shell
fragments are locally abundant. There is gradual contact with
the overlying unit VIIL

Unit VIII (12.12-3.78 m; 7,160-6,110 cal. yr BP) is
composed of gray, homogeneous mud with a few silty clumps

(D) 29.15-29.30 m [l (E) 23.64:23.79 m |l (F) 19.30-19.45 m

W 274289m WM (K)1.7722.00m (L) 3569-35.84 m

(P)16.27-16.42 m

(Q) 11.35-11.50 m

(R)1252-2.67 m
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(Figure 4I). Some shell fragments and plant materials are
present. There is gradual contact with the overlying unit IX.

Unit IX (3.78-1.38 m; 6,110-1,290 cal. yr BP) comprises
blueish-gray and dark-gray homogeneous mud with abundant
plant fragments and roots (Figures 4], K). Peaty mud occurs
locally, and Fe/Mn oxides are present in the top section. Above
1.38 m lies modern disturbed soil.

422 Core DJQ

The muddy sediments above 35.85 m in core DJQ were
divided into seven units from the base upwards according to
lithological changes (Figure 5) and are described as follows.

Unit T (35.85-33.74 m; 9,975-9,810 cal. yr BP) consists of
grayish-brown and brownish-gray silty mud (Figure 4L) with
locally occurring interbedded silty clay and clayey silt. Plant
fragments are common, and pieces of wood are present at the
top. There is gradual contact with the overlying unit II.

Unit II (33.74-28.70 m; 9,810-8,620 cal. yr BP) consists of
gray, homogeneous mud with a few silt laminations and clumps

10.3389/fmars.2022.1059746

(Figure 4M). Shell fragments are common. There is gradual
contact with the overlying unit III.

Unit IIT (28.70-19.80 m; 8,620-8,025 cal. yr BP) consists of
gray mud with silty clumps and laminations with a thickness of
1-3 mm, which are more obvious upwards (Figure 4N).
Bioturbation is evident. There are several shell fragments in
the top section. Gradual contact occurs with the overlying
unit IV.

In Unit IV (19.80-17.00 m; 8,025-7,615 cal. yr BP), gray
homogeneous mud prevails with some silt, mollusk shell
fragments, and gastropod shells (Figure 40). There is gradual
contact with the overlying unit V.

Unit V (17.00-13.88 m; 7,615-7,465 cal. yr BP) is composed
of a mixture of gray silt and mud (Figure 4P). The mud content
increases upwards, and interbedded silt and mud occur locally.
Shell fragments are common. Burrows are present in the upper
part, which has gradual contact with the overlying unit VL

Unit VI (13.88-6.45 m; 7,465-7,120 cal. yr BP) is composed
of massive silty mud with some silty clumps (Figure 4Q).

Core DJQ
Lithology
Age profile Description of lithology Unit lnter:;;ated
(cal. yr BP), cT _ _ (cal. yr BP)
— 0-1m, present-day disturbed soil. <2025
5395 — - 1-6.45 m, grey and blueish grey homogeneous mud with abundant i
- plant fragments. Peaty mud and peat occur locally. There are VIl
6820 1z 2 abundant Fe/Mn oxides in the top section. r
7080 - i i
& <7120
] 6.45-13.88 m, massive silty mud with some silty clumps. Shell L
fragments are common. Gastropod and burrows present at local.
104 Gradual contact with the underlying layer. v F10
7330 6 i
13.88-17 m, a mixture of grey silt and mud. The mud content < 7465
7485 increases upward and interbedded silt and mud occur at local. Shell i
fragments are common. Burrows present in the upper section. Vi
7575 Gradual contact with the underlying layer. i
<« 7615
. 17-19.80 m, grey homogeneous mud prevails with some silt, shell v
b - fragments and gastropod. Gradual contact with the underlying layer.
8000 hd
20— - < 8025
19.80-28.70 m, grey mud with silty clumps and laminations which
1 increase upward with a thickness of 1-3 mm. Bioturbation is i
S common. There are some shell fragments in the top section.
1 Gradual contact with the underlying layer. mr
8400 - L
<« 8620
304 28.70-33.74 m, grey homogeneous mud with a few silt laminations 30
(m) and clumps. Shell fragments are common. Gradual contact with the (m)
| underlying layer. I i
33.74-35.85 m, greyish brown and brownish grey silty mud. 1 <9810
9970 Interbedded silty clay and clayey silt occur at local. Plant fragments |
9970 are common and pieces of wood present in the top section. <9975

Dating material

- Shell fragments —» Plant fragments

~ Organic-rich mud  C, clay; T, silt.

=3 Silt =3 Clayey silt == Clay =3 Silty clay =1 Plant fragment =3 Plant stem
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FIGURE 5

71 Gastropod
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Sedimentary profile of core XY, including lithology description and calibrated radiocarbon ages. Interpolated median ages by “Clam” at the

boundaries of each unit are indicated on the right.
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Mollusk shell fragments are common, and gastropod shells and
burrows are locally present. There is gradual contact with
overlying unit VIIL.

Unit VII (6.45-1.00 m; 7,120-2,025 cal. yr BP) consists of
gray and blueish-gray homogeneous mud with abundant plant
fragments (Figure 4R). Peaty mud and peat are evident locally.
There are abundant Fe/Mn oxides in the top section. Modern
disturbed soil occurs above 1.00 m.

4.3 Grain size variations in core XY

The grain size in XY varies consistently with lithological
units (Figure 3) and is described as follows.

Sediments of unit I (11,125-10,525 cal. yr BP) are mainly
composed of silt and clay, which account for 67.6% and 28.2%,
respectively. The median grain size (Md) varies from 5.6 to 23.2
pwm with a mean value of 12.1 um. The peak grain size frequency
(i.e., the brightest band in Figure 3) in this unit is 32-40 um.

In unit II (10,525-9,940 cal. yr BP), clay content increases
slightly to 29.7%, while silt content decreases to 66.0%.
Accordingly, Md decreases to 4.2-36.5 um, with a mean value
of 10.5 um and the most frequent grain size decreases to 5-10 pm.

Clay content declines markedly to 16.2% in unit III (9,940
9,620 cal. yr BP) and silt remains the dominant fraction (69.6%),
while sand content increases to 14.2%. Md rises to 23.3-39.1 um
with a mean value of 28.7 um. The most frequent grain size lies
between 32 um and 63 pm.

In unit IV (9,620-8,815 cal. yr BP), clay increases
substantially to 31.4%, while silt decreases to 65.0%. Md is
lower (6.5-28.1 um), with a mean value of 8.6 um. The most
frequent grain size is much reduced (8-16 um).

Sediments in unit V (8,815-8,340 cal. yr BP) consists mainly
of silt and clay, which account for 67.8% and 20.3%, respectively.
Md ranges from 11.3 um to 32.5 um with a mean value of 18.2
pum. The peak grain size frequency is 32-63 pm.

In unit VI (8,340-7,515 cal. yr BP), clay content slightly
increases to 25.3%, while silt content decreases to 62.7%. Md
decreases to 8.3-28.8 um with a mean value of 12.8 um. The
frequency peak of grain size shifts from 28-40 um to 8-10 um
from the bottom upwards.

Both clay (18.8%) and silt (47.4%) contents are markedly
lower, while sand reaches its highest levels in the core (33.8%) in
unit VII (7,515-7,160 cal. yr BP). The median grain size
increases to 13.2-61.8 um with a mean value of 30.0 um. The
most frequent grain size shifts to 74-125 um and presents
consistently as the brightest band of the core (Figure 3).

In unit VIII (7,160-6,110 cal. yr BP), clay content increases
again to 32.0% and silt content is 65.0%. Md decreases to 5.9-
10.0 um with a mean value of 7.4 pm. The most frequent grain
size is substantially reduced to 8-16 pum.

Sediments of unit IX (6,110-1,290 cal. yr BP) are composed
mainly of silt and clay, which account for 68.9% and 28.5%,
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respectively. Md is low (7.0-11.8 um) with a mean value of 8.5
pm. The peak grain size frequency (8-16 um) is consistent with
the underlying unit VIIL

4.4 Foraminiferal distribution in core XY

Among the 130 samples in core XY, 13,968 counts of
foraminiferal tests representing 15 genera and 28 species
(including the undetermined species) were identified from 103
samples. Based on the previous investigation of alive foraminifera
in the surficial sediments of the East China Sea (Wang et al., 1988),
all identified species are divided into three groups, including the
euryhaline and brackish water taxa (salinity <25%o) which live in
the tidal flats, the coastal water taxa (salinity 10-30%o) which live in
the inner shelf (water depth <50 m), and the offshore water taxa
(salinity >31%o) which occupy the middle shelf (water depth 50-
100 m; Figure 6). In total, 64 samples contain absolute foraminiferal
abundances exceeding 100 counts/20 g dry sample and were used to
calculate percentages (i.e., relative abundance). The most abundant
species is euryhaline Ammonia beccarii vars. with a mean relative
abundance of 62%, followed by the brackish water species
Cribronionion porisuturalis with a mean relative abundance of
10%. Other common taxa (ie., relative abundance >2%) include
the euryhaline and brackish water species Elphidiella kiangsuensis,
Elphidium magellanicum, Cribronionion subinsertum, coastal water
species Protelphidium tuberculatum, Elphidiella hispidulum,
Quinqueloculina akneriana rotunda, Ammonia annectens,
Elphidium advenum, Florilus decorus, Elphidium asiaticum, and
offshore water species Ammonia compressiuscula.

The absolute abundances of foraminifera in lithological units
I-1II and IX are mostly lower than 100 counts/20 g and they are
therefore not described individually. The main species across
these units is A. beccarii vars. (Figure 6). Units IV-VIII exhibit
higher foraminiferal abundances and the variations in the
assemblage are basically consistent with the lithological units.
Vertical foraminiferal distributions are therefore described
according to lithological units as follows (Figure 6).

Unit IV (33.20-25.55 m; 9,620-8,815 cal. yr BP). Absolute
abundance of individuals here is 220 counts/20 g and simple
diversity (number of species) is 12. A. beccarii vars. has the
highest relative abundance (67%), followed by C. porisuturalis
(22%). Other common species include the brackish water E.
kiangsuensis (5%) and coastal water E. hispidulum (3%) and P.
tuberculatum (2%). Euryhaline and brackish water taxa account
for the vast majority (95%), while coastal water taxa only
account for 5%.

Unit V (25.55-21.00 m; 8,815-8,340 cal. yr BP). Absolute
abundance decreases to 180 counts/20 g and simple diversity
increases to 16. The relative abundance of A. beccarii vars.
decreases sharply to 38%, while the coastal water species
P. tuberculatum increases to 30%. Other common species are
C. porisuturalis (10%), E. kiangsuensis (14%), and E. hispidulum
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Vertical distribution of absolute abundance, simple diversity, and relative abundances of major foraminiferal species in core XY. The ratios of
euryhaline and brackish water species, coastal water species, and offshore water species are also indicated.

(6%). Euryhaline and brackish water taxa decrease to 62%, while
coastal water taxa markedly increase to 37%.

Unit VI (21.00-14.95 m; 8,340-7,515 cal. yr BP). Absolute
abundance increases again to 220 counts/20 g and simple
diversity rises to 18. A. beccarii vars. returns to being the most
abundant taxa (65%), while P. tuberculatum decreases to 16%.
Other common species are C. porisuturalis (5%), E. kiangsuensis
(4%), E. hispidulum (3%), and A. annectens (2%). Euryhaline
and brackish water taxa account for the substantial majority
(76%), while coastal water taxa decrease to 23%.

Unit VII (14.95-12.12 m; 7,515-7,160 cal. yr BP). Absolute
abundance decreases slightly to 200 counts/20 g and simple
diversity increases further to 24. This unit remains dominated by
A. beccarii vars. (63%), although there are clear increases in the
abundance of coastal and offshore water species including
A. annectens (8%), F. decorus (4%), and A. compressiuscula
(1%) which occupy the inner and middle shelf regions of the
East China Sea (Wang et al., 1988). Other common species
include C. porisuturalis (6%), C. subinsertum (3%),
E. kiangsuensis (2%), E. hispidulum (7%), P. tuberculatum
(2%), and Q. akneriana rotunda (1%). Euryhaline and
brackish water taxa account for 74%, while coastal water taxa
account for 24%.

Unit VIII (12.12-3.78 m; 7,160-6,110 cal. yr BP). Three sub-
units can be identified according to variations in foraminiferal
assemblages. In subunit VIII-1 (12.12-9.55 m; 7,160-6,835 cal.
yr BP), absolute abundance decreases markedly to 140 counts/20
g, and simple diversity is 15. Coastal water species Q. akneriana
rotunda are especially common (36%), while the relative
abundance of A. beccarii vars. decreases sharply to 38%. Other
common species include A. annectens (9%), P. tuberculatum
(3%), E. kiangsuensis (3%), C. porisuturalis (3%), E. advenum
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(3%), E. hispidulum (1%), and A. compressiuscula (1%).
Euryhaline and brackish water taxa decrease significantly to
45%, while coastal water taxa increase to 52%, and the remainder
(just 3% of them) are offshore water taxa.

Absolute abundance increases to 200 counts/20 g and simple
diversity is 12 in subunit VIII-2 (9.55-7.85 m; 6,835-6,620 cal. yr
BP). A. beccarii vars. becomes dominant (70%) again, followed by
14% of E. hispidulum. Other common species include
C. porisuturalis (6%), E. kiangsuensis (6%), P. tuberculatum (1%),
Q. akneriana rotunda (1%), and E. asiaticum (1%). Euryhaline and
brackish water taxa increase markedly to 81%, while coastal water
taxa decrease to 17%. In subunit VIII-3 (7.85-3.78 m; 6,620-6,110
cal. yr BP), absolute abundance is 220 counts/20 g and simple
diversity is 17. Dominant species are euryhaline and brackish water
taxa, of which A. beccarii vars. accounts for 68%, E. kiangsuensis
11%, C. porisuturalis 7%, and E. magellanicum 3%. Coastal water
species are down to only 9%, including E. hispidulum (3%),
E. advenum (2%), P. tuberculatum (1%), and E. asiaticum (1%).

5 Discussion

5.1 Evolution of sedimentary
environments in the palaeo-
Ningbo Bay

Consistent sediment sequences over the past 10,000 years are
observed in the two cores, although the timings of sedimentary
facies evolution do not always coincide (Figure 7), possibly
induced by the different locations of the two cores (Figures 1B,
C). According to the lithology, grain size, and foraminiferal
characteristics in core XY, together with the lithology in core
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DJQ, five phases (A-E) of sedimentary evolution in the palaeo-
Ningbo Bay can be inferred as follows (Figures 7, 8).

Phase A (units I-III, 11,125-9,620 cal. yr BP in core XY and
unit I, 9,975-9,810 cal. yr BP in core DJQ). The low abundance
of foraminifera and the dominance of A. beccarii vars. (Figure 6)
in units I-IIT in XY reflect a weak marine influence. Together
with the lithological and sedimentological characteristics in both
cores, including coarse grain size and the occurrence of
abundant plant fragments, we interpret that these units have
been formed in a supratidal flat and/or coastal marsh
environment (Figures 3, 5, 7). Therefore, we suggest that this
phase represents the initial stage of seawater influence through
the palaeo-incised valley (Figure 8A).

Phase B (units IV-V, 9,620-8,340 cal. yr BP in core XY, and
units II-III, 9,810-8,025 cal. yr BP in core DJQ). The fine
sediments in units IV of XY (9,620-8,815 cal. yr BP) and II of
DJQ (9,810-8,610 cal. yr BP) and the prevalence of euryhaline
and brackish water foraminiferal species (Figure 7) reflect a
muddy intertidal environment with low salinity and weak

10.3389/fmars.2022.1059746

hydrodynamic forces in the palaeco-Ningbo Bay as seawater
was confined within the palaeco-incised valleys at that time
(Figure 8B). The abrupt coarsening of grain size at 8,815 cal.
yr BP in XY and at 8,610 cal. yr BP in DJQ, together with the
significant increase in the coastal water species P. tuberculatum
indicative of the inner shelf (Wang et al., 1988) after 8,815 cal. yr
BP in XY reflects a strengthening of hydrodynamic forces
accompanying the intrusion of seawater into the bay. We thus
suggest an increase in water depth in the palaeo-bay around 8.8-
8.6 cal. kyr BP and a retrogradation sequence from intertidal to
subtidal deposits at the sites of both cores (Figure 7). Moreover,
it is very likely that the previously subaerially exposed terrace
between the two palaeo-incised valleys was drowned by sea
water owing to the increase in water depth and tidal energy that
eventuated a wider palaco-Ningbo Bay after 8.6 cal. kyr
BP (Figure 8C).

Phase C (unit VI, 8,340-7,515 cal. yr BP in XY, and unit IV,
8,025-7,615 cal. yr BP in DJQ). The observation of sediment
fining upwards after ca. 8.3-8.0 cal. kyr BP in the two cores
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Comparison of temporal changes in lithology, grain size, foraminifera, and sedimentary facies, and interpretation of sequences between cores
XY (A) and DJQ (B). Also indicated are two major periods of strengthened transgression induced by the MWP-1C and MWP-1D events. Impact of
MWP-1C commenced later at core site DJQ because of its more inland and sheltered location (Figures 1B, C). The Neolithic Kuahugiao and
Hemudu cultures developed during the periods of relative stable sea levels and the Neolithic Jingtoushan site of shell middens emerged at ca. 8

cal. kyr BP when aggradation of tidal flat dominated in both cores.
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FIGURE 8
Holocene environmental evolution in the Yaojiang Valley and Ningbo Plain (A—F) (after Xu, 1987; Yan, 1987; Lyu et al., 2021).

(Figure 7), together with the relatively increasing percentages
of euryhaline and brackish water foraminiferal species such as
A. beccarii vars. in unit VI of XY (8,340-7,515 cal. yr BP;
Figure 6), are consistent with aggradation of tidal flat at the
core sites. We, therefore, propose that an intertidal flat
environment widely developed in the palaeo-bay at ca. 8.0
cal. kyr BP (Figure 8D).

Phase D (unit VII and subunit VIII-1, 7,515-6,835 cal. yr BP
in XY, and units V-VI, 7,615-7,120 cal. yr BP in DJQ). Rapid
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coarsening of grain size is evident at ca. 7.6 cal. kyr BP in both
cores, followed by a fining upward succession in core XY during
7.5-6.8 cal. kyr BP (Figures 3, 5). Together with the marked
increase in foraminiferal species indicative of the inner and
middle shelves (Figure 6), a retrogradation sequence from
intertidal flat to subtidal flat can be inferred from unit VII to
subunit VIII-1 in XY and in units V and VI in DJQ (Figure 7).
The palaco-Ningbo Bay was therefore possibly fully inundated
by seawater at that time (Figure 8E). Previous studies reported
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that the palaeo-Yaojiang embayment, located west of the palaeo-
Ningbo Bay opened to Hangzhou Bay at ca. 7.6 cal. kyr BP (Lyu
et al., 2021), which should also have contributed to the increased
tidal energy and strengthened transgression in the palaeo-bay.
Moreover, we suggest that this transgression was accompanied
by frequent storm events because there is a clear increase in the
relative abundance of A. anmnectens and A. compressiuscula
(Figure 6). High percentages of these two species are often
used to identify storm deposits on the coast of Hangzhou Bay
because the large, robust, and thick tests of these two species only
enrich in the sandy deposits and are indicative of the high energy
of storm waves, similar to the coarse-grained sediments (Yan
et al., 1989; Xu, 1997; Wang et al., 2018; Wu et al., 2022).

Phase E (subunit VIII-2 to unit IX, 6,835-1,290 cal. yr BP in
XY, and unit VII, 7,120-2,025 cal. yr BP in DJQ). The
proportion of coastal water foraminiferal species decreases
significantly in subunits VIII-2 and VIII-3 of XY, while
brackish water species E. kiangsuensis, E. magellanicum, and
C. porisuturalis increase in abundance (Figure 6). Taken
together, this evidence reflects that the core location again
emerged as tidal mudflats as aggradation continued
(Figure 7A). After 6,110 cal. yr BP, the organic-rich nature of
the mud, and the scarcity of foraminifera tests are consistent
with the occurrence of coastal salt marsh or freshwater marsh at
the core location of XY (Figures 3, 6). At the more inland site of
core DJQ, the aggradational sequence from tidal flat to coastal
marsh possibly started at an earlier stage of ca. 7,120 cal. yr BP
(Figures 7B, 8F).

5.2 Implications for sea-level change and
Neolithic settlement

The sedimentary history of the palaeo-Ningbo Bay outlined
above reflects early to mid-Holocene relative sea-level change.
Stratigraphic records of both cores indicate strengthened
transgression at ca. 8.8-8.6 cal. kyr BP (Figure 7),
corresponding to the MWP event, which denotes the
accelerated sea-level rise that occurred globally ahead of the
marked cooling at 8.2 ka (Barber et al., 1999; Bird et al., 2007;
Hijma and Cohen, 2010; Li et al, 2012; Wang et al.,, 2012;
Tjallingii et al., 2014). Previous studies have suggested that this
phase of accelerated sea-level rise was associated with the
discharge of meltwater and subsequent drainage of the
Laurentide proglacial Lakes Agassiz and Ojibway, which
occurred at about 8.5-8.3 cal. kyr BP (Hijma and Cohen,
2010; Walker et al.,, 2012; Harrison et al., 2019). The
stratigraphic records in this study reveal that the acceleration
of sea-level rise commenced by ca. 8.8 cal. kyr BP, suggesting
that a period of climate warming may have prompted the
accumulation of meltwater that preceded discharge from the
ice-dammed lakes. We suggest that this event can be termed
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MWP-1C (Figure 7) in the sequence of postglacial MWPs since
this event has been claimed to have occurred globally (Harrison
et al., 2019).

The tidal flats’ aggradational sequence at ca. 8.3 cal. kyr BP
in core XY and ca. 8.0 cal. kyr BP in core DJQ most likely
occurred in response to the deceleration of sea-level rise at that
time (Wang et al., 2013). A retrogradation sequence, resuming at
ca. 7.6 cal. kyr BP, is evident in both cores (Figure 7) and reflects
renewed marine incursion induced by an event of accelerated
sea-level rise at that time, which has been widely described
(Blanchon et al., 2002; Bratton et al., 2003; Liu et al., 2004; Behre,
2007; Bird et al.,, 2007; Yu et al., 2007). Previous studies have
reported that sea level records in far-field locations such as the
East China coast may reflect eustatic sea-level changes (Clark
and Lingle, 1977), and we, therefore, propose that the phase of
rapid sea-level rise commencing at ca. 7.6 cal. kyr BP in this
study is related to MWP-1D (Figure 7). Meanwhile,
progradation from tidal flats to a coastal plain after ca. 7.0 cal.
kyr BP developed (Figure 8F) in response to the stabilization of
global sea levels at that time (Bard et al., 1996; Lambeck et al.,
2014), which halted the creation of new accommodation space in
the palaeo-Ningbo Bay.

Moreover, these substantial fundamental early to middle
Holocene environmental changes in the palaeo-Ningbo Bay have
important implications for ancient human societies along the
East China coast (He et al., 2020a; He et al., 2020b; Long, 2022).
For example, the settlement at the Neolithic Jingtoushan site at
ca. 8.0 cal. kyr BP (Sun et al, 2021) is clearly related to the
deceleration of sea-level rise (Wang et al., 2013) and the
associated aggradation of tidal mudflats in the bay at that time
(Figures 7, 8D). Against this background, the stable shoreline
and muddy tidal flats were well suited to the exploitation of
reliable marine resources, including shellfish, and facilitated the
settlement of Neolithic people, whose activities led to the
accumulation of huge shell middens at the Jingtoushan site
(Sun et al., 2021). The Kuahugiao Culture also emerged at ca.
8.0 cal. kyr BP, and rice cultivation even developed in the coastal
plain at the head of Hangzhou Bay (ZPICRA (Zhejiang Institute
of Cultural Relics and Archaeology) and Xiaoshan Museum,
2004; Zong et al., 2007). However, this study, as evidenced by the
foraminiferal assemblage in core XY (Figure 6), reveals that a
rapid sea-level rise, contemporaneous with the MWP-1D event
at ca. 7.6 cal. kyr BP, provoked marine incursion into the palaeo-
bay during ca. 7.5-7.1 cal. kyr BP (Figure 8E). The observation
that this rapid transgression was also accompanied by an
increased frequency of storm events counters the suggestion
by Liu et al. (2018) of weakened marine influence after 7.6 cal.
kyr BP. Rather, the flooded bay pounded by extreme storms
proved unfavorable to Neolithic settlement and actually
precipitated the termination of the Kuahugiao Culture at ca.
7.6 cal. kyr BP (Zong et al., 2007). This also explains the absence
of Neolithic sites in the palaeo-Ningbo Bay during the centuries
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after the termination of the Kuahugqiao Culture (ZPICRA, 2019);
in contrast, the progradation after ca. 7.0 cal. kyr BP explains the
reoccupation by people of the Hemudu Culture at that time
(Figures 7, 8F). Therefore, the Neolithic settlement on the coast
of Hangzhou Bay was closely linked to phases of stable sea level
and the associated aggradation or progradation of the palaeo-
bay coastline.

6 Conclusion

This study presents multi-proxy evidence from two early to
middle Holocene sediment sequences obtained from the eastern
and western sides of the Ningbo Plain, East China coast.
Supported by robust age models based on AMS '*C dating, we
outline evidence of lithology, grain size, and foraminifera with
the aim of reconstructing the Holocene sedimentary history of
palaeo-bay as controlled by sea-level change and exploring its
relationship to temporal patterns of Neolithic occupation. The
following main conclusions are obtained.

1. The Ningbo Plain was inundated by seawater after ca.
9.8 cal. kyr BP, contemporaneously with recorded global
sea-level rise. A muddy intertidal to subtidal
environment prevailed in the palaco-bay during the
early to mid-Holocene, following which the coastal
plain formed after ca. 7 cal. kyr BP as global sea levels
stabilized.

2. Evidence of markedly coarse sediments and an increase
in the foraminiferal species of coastal waters indicates
two periods of submergence of the tidal flats in response
to accelerated sea-level rise at ca. 8.8 and 7.6 cal. kyr BP,
which likely corresponds to the MWP-1C and MWP-
1D events, respectively.

3. Neolithic settlement in the palaeo-Ningbo Bay at ca.
8,000 years ago was facilitated by the aggradation of
tidal flats in the palaeo-bay against the background of
decelerated or stabilized sea levels at that time. The
marine incursion and associated frequent storm events
linked to the rapid sea-level rise event of MWP-1D
explain the absence of Neolithic occupation in the
palaeo-bay after 7.6 cal. kyr BP. The Neolithic
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