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ABSTRACT

The Miaodao stratigraphic section (MDS) is located in the Bohai Sea, coastal zone of China, and holds historical infor-
mation about regional climatic features, sea-level changes, and evolution of the East Asian monsoon. By analyzing the ages
of the various sedimentary fascia, combined with proxy paleoclimatic indices [i.e., average grain size (Mz), clay + silt/sand
content (SC/D), grain < 0.63 pm fraction, CIA value, and Si,0/Al,O; and Rb/Sr ratios], we conclude that the aeolian deposit
in the MDS has been directly driven by the East Asian monsoon since the last interglacial period. The grain < 0.63 um frac-
tion of the MDS, as demonstrated by monsoon precipitation indices, indicates multiple rainfall fluctuations in the Bohai Sea
coastal zone since the last interglacial period, marine isotope stage 5e (MIS5e), when the strongest centennial-scale rainfall
occurred. Evidence can be found in the stalagmite record from Shanbao Cave in the Shennongjia nature reserve. The Holocene
Climatic Optimum was a period of persistent monsoon precipitation when the precipitation intensity ranked second only to
MIS5e. These analyses results indicate that the MDS sediment and monsoon precipitation are controlled by the East Asian
monsoon, resulting in sea-level fluctuations.
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1. INTRODUCTION

Several studies have documented changes in the East records from the coastal environment has been insufficient.

Asian Monsoon since the last interglacial period, coincident
with marine isotope stage 5e (MIS5e). These changes have
been documented in terrestrial records such as loess-paleosol
deposits in northern China (Liu 1985; Porter and An 1995;
An 2000), aeolian deposits in north-central China (Li et al.
2000; Du et al. 2011, 2012), lacustrine deposits in northern
and southern China (Shen et al. 2005; Zhong et al. 2010),
and stalagmites in southern and eastern China (Wang et al.
2001; Yuan et al. 2004). However, research conducted on
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This paper presents a record of East Asian Monsoon behav-
ior since approximately 130 ka from the Bohai Sea coastal
zone in eastern China. Most previous studies from the Bohai
Sea coastal zone have concentrated on the last glacial pe-
riod and the Holocene Epoch and lack robust chronological
frameworks. Wang et al. (2007), for example, investigated
magnetic and carbonate loess content in the coastal zone and
found evidence of four previous climate fluctuations in this
area. Li et al. (2008) measured the magnetic susceptibility of
the loess and compared these data with the climate records
from ice cores from Greenland. Xu (2008, 2010) studied
the grain-size characteristics of the loess and inferred that
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six climate fluctuations occurred during the last glacial pe-
riod. This paper presents the Miaodao stratigraphic section
(MDS), which is composed of sediments that accumulated
since approximately 130 ka. The description and interpreta-
tion of this section yields insight into the characteristics and
impact of the East Asian monsoon on the Bohai Sea coastal
zone and provides a foundation for a comprehensive and
overall understanding of the evolution of ancient monsoons
in the eastern monsoon region of China.

2. REGIONAL SETTING

The MDS is located at 37°56°31.9”N, 120°40°35.9”E
at an elevation of 17 m above sea level in the northwest re-
gion of the Miaodao Archipelago in the Bohai Sea (Fig. 1).
At this site, approximately 6.5 m of Quaternary sediments
rest on an unconformity above weathered granitoid crust
(Fig. 2). The average annual temperature in the Miaodao
Archipelago is 11 - 12°C, and the average annual rainfall
is 700 - 800 mm (Shandong Changdao County Compila-
tion Committee 1990). The rainfall increases up to 81% of
the annual precipitation during the summer and autumn sea-
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sons and up to 19% during the winter and spring (Shandong
Changdao County Compilation Committee 1990).

3. METHODS AND MATERIALS
3.1 AMS-“C and OSL Age Test

We obtained 12 sets of age data, including 3 sets of ac-
celerator mass spectrometry radiocarbon dating (AMS-'*C)
data and 9 optically stimulated luminescence (OSL) datasets
from 10 layers in the MDS (Fig. 2). The AMS-“C age de-
termination was completed in the AMS-'C Key Laboratory
of Nuclear Physics and Technology at Beijing University.
The OSL procedure was conducted using the following two
instruments and locations: the Daybreak 2200 OSL reader
in the OSL Laboratory of the Institute of Hydrogeology and
Environmental Geology, Chinese Academy of Geologi-
cal Sciences and the 1100B OSL instrument in the Isotope
and OSL Dating Laboratory of the Department of Earth
Sciences, Sun Yat-sen University (Daybreak Nuclear and
Medical Systems, Inc., USA). The OSL sample tubes were
opened under a subdued red light in the laboratory. The
surface sample at both ends of the tube was scraped away
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Fig. 1. Location of the MDS. (Color online only)

Miaodao Section

0 20 40

Age (ka)

60 80 100 120 140

0

sr: 0.101 cm ka-'

MDS1 sr: 0.10?2 cm ka™!
100+ N\ st: 0174 om ka 130
MDS2 \H sr: 0.121 cm ka“t
200 \H
MDS3 sr: 0.290 cm ka™ .
S : H \. y= 4.238x + 53.538 260 =
2 3001 sr: 0.323 cm ka g r=0.9839 1
5 MDS4 H \ 5
~ ) ~ =~
g sr: 0.453cm ka T_' 550 §,
40 sr: 0.168 cm ka'
MDS5
------ sr: 0.63cm ka'—{ 520

sr:sedimentation rate
—— time scale built by sr
linear regression equation
€ “C age B OSL age H age errors

SN

sr: 0.158 cm ka"\
| sr:0.441 cm ka B

650

LEGEND

Sand

Silty-sandy paleosol
Sandy paleosol

Fig. 2. Sequence and timescale of the MDS since MIS5e.

Sabulous clay
[T sandy toess

Silty paleosol

1 Base rock



East Asian Monsoon Precipitation and Paleoclimate Record 827

for moisture content, radionuclide concentration, and other
proxy measurements. Only the central part of the sediment
was used for OSL dating to avoid any incidental exposure to
light during sampling and transportation. The samples were
treated with 10% HCI and 30% H,O, to remove carbonates
and organics, respectively. Quartz minerals were extracted
using heavy liquid separation with sodium polytungstate
and were subsequently treated with 40% hydrofluoric acid
(HF) for approximately 60 min to etch the grain surfaces
and dissolve any remaining feldspar minerals. The grain-
size fraction of 4 - 11 um was extracted by wet sieving. The
resulting quartz grains were washed with 10% HCI to re-
move fluoride precipitates. Quartz grain purity was checked
using infrared stimulation at 830 nm. Any samples with ob-
vious infrared stimulated luminescence (IRSL) signals were
retreated with H,SiF, to avoid equivalent dose (De) under-
estimation (Lai et al. 2008). The pretreated grains were then
mounted on 0.1-cm-diameter center parts of stainless steel
disks 9.7 mm in diameter using silicone oil. This process
involved preheating the samples to 260°C for 10 s before
measuring the natural and regenerative doses of radiation
and preheating to 220°C for 10 s before measuring each test
dose of radiation. Each grain was optically stimulated for 2
s at 125 °C using a focused green laser beam. At the end of
each measurement cycle the grains were optically stimulat-
ed for 60s using blue light-emitting diodes while being held
at 280°C (Jacobs et al. 2006; Wintle and Murray 2006). Or-
ganic matter was used as the test material for the AMS-'"*C
test, in which the “C age results that were corrected through
the CALIB 5.01 program and the IntCal04 database (Stuiver
et al. 1998) showed a range of O - 21.381 ka with a 138 er-
ror of 20.

3.2 Grain Size

A total of 314 samples of various grain sizes were ob-
tained from the MDS at 2-cm intervals from top to bottom.
The Malvern Mastersizer 2000 M laser grain size analyzer,
with a measuring range of 0.02 - 2000 pum, was used for
the grain size analysis. A chemical pretreatment was care-
fully conducted following the guidelines set by Konert and
Vandenberghe (1997). All grain size data were stored in a
database and the results were calculated using the MatLab
7.0 software. The mean grain size (Mz; @) of the MDS was
calculated based on the formula developed by Folk and
Ward (1957): Mz = (16D + 50® + 84P)/3. The sensitive
components of the MDS were extracted through grain size
using standard deviation and each layer of the SC/D [(clay
+ silt)/sand] value was calculated.

3.3 Chemical Elements

We collected 81 samples at 8-cm intervals to conduct
geochemical analyses using an X-ray fluorescence spec-

trometer (Type 3070; Rigaku International Corp., Tokyo,
Japan) in the Cold and Arid Regions Environment and En-
gineering Research Institute of the Chinese Academy of
Sciences. The samples were initially dried, heated to 80°C
for 24 h, then ground, sieved through a 200-mesh screen
and further ground into small pieces of 30 pm in diameter
for analysis. The national standard sediments, GSD9 and
GSS1, were used as controls for the test results. The relative
deviation and errors were both less than 5%. In this study
we used the Rb/Sr ratio, SiO,/AlL,O; ratio, and chemical in-
dex of alteration (CIA) value [Al,O5/(Al,O; + CaO + Na,O
+ K,0)] x 100 as the proxy paleoclimatic indices to discuss
the climate environment evolution.

3.4 Scanning Electron Microscope

We used a scanning electron microscope (SEM) at the
Sun Yat-sen University test center to test quartz samples
from the MDS. The samples were magnified 20 to 200 times
under the SEM (S-520, Japan). The quartz samples were
cleaned, the organic matter and calcium carbonate were re-
moved and the samples were examined using SEM.

4. DESCRIPTION OF THE MDS SECTION

The Quaternary section consists of 15 units, which are
described below from base to top according to the lithology
and depositional environment:

Unit 1, 16 cm thick, is composed of silty/very fine to
fine sand with clay; mean values are 49.67% sand, 38.09%
silt, and 12.24% clay. The overall Mz is 4.74 @, and the
mean ratio of (silt + clay)/sand is 1.02 (Fig. 3). This unit
is unstratified and fossils are not present. Chemical analy-
ses of the sediments revealed that the mean ratios of SiO,/
AlO; and Rb/St are 8.91 and 0.59, respectively; the CIA is
68.45. This unit rests on an unconformity above weathered
granitoid crust. Its upper contact is a transitional contact im-
mediately below a bed of silty paleosol, which is described
below as Unit 2.

Unit 2, 90 cm thick, is composed of fine to very fine
sand/silty sand with clay; mean values are 26.63% sand,
55.23% silt,and 18.15% clay. The overall Mz is 5.63 @, and
the mean ratio of (silt + clay)/sand is 2.96 (Figs. 3 and 4).
Sedimentary structures are not apparent and fossils are not
present. Chemical analyses of the sediments revealed that
the mean ratios of SiO,/Al,O; and Rb/Sr are 4.75 and 0.68,
respectively; CIA is 72.47. The upper contact of this unit is
a transitional contact immediately below a bed of aeolian
sand, which is described below as Unit 3.

Unit 3, 40 cm thick, is composed of silty fine sand;
mean values are 71.61% sand, 21.11% silt, and 7.28% clay.
The overall Mz is 3.65 @, and the mean ratio of (silt + clay)/
sand is 0.40 (Fig. 3). Sedimentary structures are slightly ce-
mented and unstratified; many pseudomycelia are present.
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Chemical analyses of the sediments revealed that the mean
ratios of SiO,/Al,O; and Rb/Sr are 8.09 and 0.50, respec-
tively; CIA is 62.27. The upper contact of this unit is a tran-
sitional contact immediately below a bed of sandy paleosol,
which is described below as Unit 4.

Unit 4, 40 cm thick, is composed of silty fine sand with
clay; mean values are 63.39% sand, 28.90% silt, and 7.71%
clay. The overall Mz is 3.88 @, and the mean ratio of (silt
+ clay)/sand is 0.59 (Fig. 3). Sedimentary structures have
slight to medium cementation and are unstratified; many
pseudomycelia are present. Chemical analyses of the sedi-
ments revealed that the mean ratios of SiO,/Al,0O5 and Rb/Sr
are 7.32 and 0.51, respectively; CIA is 64.34. The upper con-
tact of this unit is a transitional contact immediately below a
bed of aeolian sand, which is described below as Unit 5.

Unit 5, 56 cm thick, is composed of silty fine sand;
mean values are 66.66% sand, 27.08% silt, and 6.26% clay.
The overall Mz is 3.68 @, and the mean ratio of (silt + clay)/
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sand is 0.50 (Figs. 3 and 4). Sedimentary structures are
slightly cemented and unstratified; some pseudomycelia are
present. Chemical analyses of the sediments revealed that
the mean ratios of SiO,/Al,O; and Rb/Sr are 7.27 and 0.52,
respectively; CIA is 64.15. The upper contact of this unit is
a transitional contact immediately below a bed of silty to
sandy paleosol, which is described below as Unit 6.

Unit 6, 66 cm thick, is composed of very fine sand/silty
sand with clay and fine sand; mean values are 48.56% sand,
40.78% silt, and 10.66% clay. The overall Mz is 4.57 @,
and the mean ratio of (silt + clay)/sand is 1.10 (Fig. 3). Sedi-
mentary structures have slight to medium cementation and
are unstratified; some pseudomycelia are present. Chemical
analyses of the sediments revealed that the mean ratios of
Si0,/Al,0; and Rb/Sr are 6.25 and 0.47, respectively; CIA
is 58.39. The upper contact of this unit is a transitional con-
tact immediately below a bed of silty paleosol, which is de-
scribed below as Unit 7.
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Fig. 3. Change curves of Mz (®), SC/D, grain < 0.63 pum fraction (%), SiO,/Al,O; ratio, CIA, and Rb/Sr ratio in the MDS.
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Fig. 4. Various sedimentary fascias in the Miaodao section. (a) Unit 2-paleosol face. (b) Unit 2-aeolian sand. (c) Unit 8-loess. (Color online only)
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Unit 7, 34 cm thick, is composed of very fine sand/silty
sand with clay and fine sand; mean values are 42.81% sand,
45.55% silt, and 11.63% clay. The overall Mz is 4.72 @,
and the mean ratio of (silt + clay)/sand is 1.12 (Fig. 3). Sedi-
mentary structures contain some kankar. Chemical analyses
of the sediments revealed that the mean ratios of Si0,/Al,04
and Rb/Sr are 4.91 and 0.45, respectively; CIA is 53.18. The
upper contact of this unit is a transitional contact immedi-
ately below a bed of sand-loess, which is described below
as Unit 8.

Unit 8, 28 cm thick, is composed of very fine sand/
silty sand with clay and fine sand; mean values are 44.98%
sand, 46.67% silt, and 8.35% clay. The overall Mz is
472 ®, and the mean ratio of (silt + clay)/sand is 1.23
(Figs. 3 and 4). Sedimentary structures are unstratified and
include loose holes, kankar and pseudomycelia. Chemical
analyses of the sediments revealed that the mean ratios of
Si0,/Al,0; and Rb/St are 5.15 and 0.45, respectively; CIA
is 54.03. The upper contact of this unit is a transitional con-
tact immediately below a bed of sandy loam, which is de-
scribed below as Unit 9.

Unit 9, 10 cm thick, is composed of silty/very fine sand
with clay; mean values are 51.08% sand, 42.40% silt, and
6.52% clay. The overall Mz is 4.47 ®, and the mean ra-
tio of (silt + clay)/sand is 0.96 (Fig. 3). Sedimentary struc-
tures are unstratified and include a large amount of loose
holes. Chemical analyses of the sediments revealed that the
mean ratios of SiO,/Al,O; and Rb/Sr are 5.26 and 0.47, re-
spectively; CIA is 58.19. The upper contact of this unit is a
transitional contact immediately below a bed of sand-loess,
which is described below as Unit 10.

Unit 10, 18 cm thick, is composed of very fine sand/
silty sand with fine sand and clay; mean values are 44.44%
sand, 47.76% silt, and 7.8% clay. The overall Mz is 4.69 @,
and the mean ratio of (silt + clay)/sand is 1.25 (Fig. 3). Sedi-
mentary structures are unstratified and include loose holes.
Chemical analyses of the sediments revealed that the mean
ratios of SiO,/Al,O; and Rb/Sr are 4.80 and 0.60, respec-
tively; CIA is 70.89. The upper contact of this unit is a tran-
sitional contact immediately below a bed of silty paleosol,
which is described below as Unit 11.

Unit 11, 58 cm thick, is composed of very fine sand/
silty sand with clay and fine sand; mean values are 37.97%
sand, 52.14% silt, and 9.89% clay. The overall Mz is 4.97
@, and the mean ratio of (silt + clay)/sand is 1.64 (Fig. 3).
Sedimentary structures are not apparent and fossils are not
present. Chemical analyses of the sediments revealed that
the mean ratios of SiO,/Al,O; and Rb/Sr are 4.47 and 0.62,
respectively; CIA is 73.09. The upper contact of this unit
is a transitional contact immediately below a bed of silty
paleosol, which is described below as Unit 12.

Unit 12, 66 cm thick, is composed of very fine sand/
silty sand with fine sand and clay; mean values are 39.85%
sand, 45.54% silt, and 14.61% clay. The overall Mz is 5.21

@, and the mean ratio of (silt + clay)/sand is 1.52 (Fig. 3).
Sedimentary structures are not apparent and fossils are not
present. Chemical analyses of the sediments revealed that
the mean ratios of SiO,/Al,O; and Rb/Sr are 4.65 and 0.60,
respectively; CIA is 73.01. The upper contact of this unit
is a transitional contact immediately below a bed of sand-
loess, which is described below as Unit 13.

Unit 13, 20 cm thick, is composed of very fine sand/
silty sand with fine sand and clay; mean values are 42.71%
sand, 43.76% silt, and 13.53% clay. The overall Mz is 5.09
@, and the mean ratio of (silt + clay)/sand is 1.34 (Fig. 3).
This unit is unstratified and fossils are not present. Chemi-
cal analyses of the sediments revealed that the mean ratios
of SiO,/Al,0; and Rb/Sr are 4.82 and 0.60, respectively;
CIA is 72.23. The upper contact of this unit is a transitional
contact immediately below a bed of silty paleosol, which is
described below as Unit 14.

Unit 14, 52 cm thick, is composed of very fine sand/
silty sand with clay; mean values are 28.10% sand, 54.72%
silt, and 17.18% clay. The overall Mz is 5.60 @, and the
mean ratio of (silt + clay)/sand is 2.63 (Fig. 3). Sedimen-
tary structures are not apparent and fossils are not present.
Chemical analyses of the sediments revealed that the mean
ratios of SiO,/Al,O; and Rb/Sr are 4.26 and 0.66, respec-
tively; CIA is 73.98. The upper contact of this unit is a tran-
sitional contact immediately below a bed of silty paleosol,
which is described below as Unit 15.

Unit 15, 50 cm thick, is composed of very fine sand/
silty sand with clay and fine sand; mean values are 42.55%
sand, 48.12% silt, and 9.33% clay. The overall Mz is 4.83
@, and the mean ratio of (silt + clay)/sand is 1.36 (Fig. 3).
Sedimentary structures contain many wormholes and root
systems. Chemical analyses of the sediments revealed that
the mean ratios of SiO,/Al,O; and Rb/Sr are 5.01 and 0.55,
respectively; CIA is 67.96.

5. RESULTS
5.1 Chronology

The AMS-*C specific sampling layer, depth, tree-ring
calibration age and relevant parameters of the OSL are list-
ed in Table 1. A linear regression correlation coefficient (r)
of 0.98 demonstrates the relationship between age and depth
in the test results in Table 1, indicating that age varies with
depth. We used the known ages and segmentation sedimen-
tation rates to establish the MDS chronology since MIS5e
(Fig. 2). To compare the climatic changes in the MDS with
the division scheme in the marine cores of the MISS to
MIS1 sections and the MIS5 and MIS3 subsections, we first
divided the MDS into five stratigraphic segments, MDSI,
MDS2,MDS3, MDS4, and MDSS5, based on the determined
ages. The other ages were calculated using regression lines
for the sedimentation rates (Fig. 2). Thereafter, we dated
each segment based on the different sedimentation rates. As
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shown in the results, the time boundary of each section and
subsection in the MDS has a definite time difference from
that of the marine oxygen isotope stages. However, the dat-
ing error in the OSL is between 0.26 and 6.3 ka, which is
comparable to each subsection in the marine isotope stage
framework.

5.2 Grain Size

The Mz analysis results in the MDS show that Mz rang-
es from 3.46D to 6.32®, with an average of 4.80P. The con-
tent is mainly sand, which varies from 11.20 - 99.08%, fol-
lowed by silt at 17.96 - 75.66%, and clay at 5.22 - 25.81%.
The average sand, silt and clay contents are 44.71,43.61, and
11.68%, respectively. The SC/D value of the section ranges
from 0.32 - 5.63, with a mean value of 1.51, showing large
fluctuations in the sand content. The SC/D trend is similar to
the Mz trend in the perpendicular direction of the section.

The Mz results reflect the average condition of the sed-
iment grain diameter and indicate the transport intensity. Of
the different sedimentary fascia, paleosol has the finest av-
erage particle size, followed by sand-loess and sandy loam.
Aeolian sand is the coarsest. Although the material sources
in the region during the different periods were nonconform-
ing, the sedimentary fascia formation is reflected by the
sources and related to biochemical weathering, which is
closely linked to climate changes. Thus, the changes in the
sedimentary fascia and Mz represent different climatic en-
vironments. This result corresponds with the Loess Plateau
study results, which show that Mz is a good proxy index for
representing climate change during the East Asian winter
and summer monsoons (An et al. 1991; Ding et al. 1992).
This proxy can also reflect the depositional environment to
some extent. The SC/D trend is similar to the Mz trend in
the perpendicular direction of the section. The changes in
the different sedimentary fascia are the same as those for
the grain size. Paleosol has the highest value, followed by
sand-loess, sandy loam, and aeolian sand. The nature of the
SC/D value increases the proportional relationship among
the grains, > 4.32®/< 4.32d, which illustrates the two dif-
ferent wind directions that alternate and change strengths
in the East Asian monsoon system (Wen et al. 2005). Low
values indicate sand sedimentation under strong winds in a
dry and cold climate, while high values indicate weakened
sand activities in a warm and humid climate as well as en-
hanced soil weathering. Analysis of the standard deviation
for each size fraction indicated two main grain size fractions
in this area, represented by two obvious standard deviation
peaks (Fig. 5a). These peaks correspond to the grain size
fractions that range from 154 um to 178.35 um (component
1) and 50 - 56.368 um (component 2). The former accounts
for 0.09 - 15.5% of the whole rock and the latter can reach
2.5 - 11.5% (Fig. 5b), indicating that the section sediment
sources are non-uniform.

5.3 Chemical Elements

The MDS chemistry was analyzed using the SiO,/AL,O;
ratio, CIA value and Rb/Sr ratio as proxy paleoclimatic in-
dices. The ranges and average of these three indices in the
section are as follows: SiO,/Al,O; ratio, 3.93 to 8.72, 5.34;
CIA value, 51.94 to 75.34, 67.94; and Rb/Sr ratio, 0.42 to
0.81,0.59. The Si0,/Al,0; ratio trend is almost opposite the
CIA value and Rb/Sr ratio trends: When the SiO,/Al,O; ra-
tio curve peaks, the CIA value and Rb/Sr ratio curves reach
their minima and vice versa. However, the CIA value and
Rb/Sr ratio trends are more consistent with the relatively
large amplitude of the CIA change. The change curves of
Mz (@), SC/D, and other indices are presented in Fig. 3.

The Si0,/AlO; ratio reflects the degree of weathering
in the sediments represented by the quartz abundance and
clay-to-feldspar ratio (Potter 1978). Aeolian sand (paleo-
sol) has the highest (lowest) SiO,/Al,O; ratio in different
sedimentary fascia. Generally, when the climate is humid
and hot, the relative Fe and Al enrichment results from SiO,
leaching, thereby reducing the SiO,/Al,O; ratio. Converse-
ly, less SiO, leaching occurs in an arid climate, resulting
in a higher Si0,/Al,O; ratio. The CIA indicates the degree
to which surface rocks undergo chemical weathering. This
index mainly reflects the silicate minerals in which feldspar
is dominant. High CIA values indicate significant chemical
weathering intensity. The Rb/Sr ratio has been positively
correlated with the weathering intensity (Dasch 1969).
Moreover, Chen et al. (1999) adopted the Rb/Sr ratio to in-
dicate climatic variations during the formation periods of
loess and paleosol in the Loess Plateau. This ratio can accu-
rately indicate the intensity of winter and summer monsoons
(Pang et al. 2001). In the MDS, paleosol has the highest CIA
value and Rb/Sr ratio, indicating a formation interval with a
strong degree of chemical weathering. Conversely, the de-
velopment periods of the sandy loam and aeolian sand are
associated with weak chemical weathering in addition to a
lower CIA value and Rb/Sr ratio.

6. DISCUSSION
6.1 Sediment Source of the MDS

The standard MDS deviation was analyzed with two
sensitive components found. To clarify the MDS sediment
source, Fig. 5c shows grain-size cumulative probability
curves drawn for each section from MDS1 to MDSS5. These
curves are multistage, including three-component tractions,
saltation, and suspension, and they illustrate the diversity of
the sediment sources in the sections. The suspended com-
ponent is composed of a clay fraction > 10.5® (< 0.63 pm)
and a silt group > 4P, in which the clay fraction content
is relatively stable and ranges from 0.54 - 3.63% with an
average content of 1.55%. We then attempted to identify
the clay fraction source with grain size < 0.63 pm in the
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MDS. Shepard et al. (1961) pointed out that the significant
difference between aeolian sand and beach sand is the clay
content. The movements of waves maintain the depositional
interface perturbation and the clay in a suspended state with-
out leaving deposits on the beach, although wind can trans-
port these fine-grained materials. Therefore, we speculate
that this suspended component (grain size < 0.63 um) was
transported from the Asian inland deserts by high-altitude
westerly winds, with the MDS as the dust precipitation en-
vironment (Sun et al. 2002, 2004). Given that the thin-grain
component shear-rate threshold value is less than that of the
general atmospheric circulation, the particles can flow into
the atmosphere for long periods of time and become dis-
persed to form atmospheric dust, and they eventually pre-

cipitate or get deposited (Ashley 1978). The grain size is
consistent with the slow radial variation shown as smaller
grain size from the deserts of China and the Loess Plateau
in the North Pacific (Rea 1994).

The amount of fine-grain component such as dust,
which becomes sedimentary only by wet deposition, and
modern meteorological observation at the MDS indicate that
81% of the local rainfall occurs during the summer mon-
soon (Shandong Changdao County Compilation Committee
1990). Therefore, we assume the < 0.63 um grain size frac-
tion to represent the monsoon precipitation index. Silt (>
4®) is one of the main sources of material in the MDS. Its
relatively larger proportion ranges from 22.8 - 42%, includ-
ing the grain-size sensitive component 2 shown in Fig. 5b.

Table 1. The relevant parameters of AMS-'“C and OSL. (a) AMS-'"“C ages of some horizons in the Miaodao section and their
calibrated results. (b) OSL ages of some horizons in the Miaodao section and their analytical data.

(@)
Horizon and lab record number Depth (m) Ages of AMS-“C (ka BP) Calibrated ages (Cal ka BP)
Unit 15-GZ4217 0.25 2.210+0.30 2.237 +0.88
Unit 15-GZ4218 0.50 4.305 +0.30 4.862 +0.30
Unit 14-GZ4220 0.90 8.065 +0.50 8.947 +0.18
(b)
Horizon and lab record  Depth U Th K Total dose Annual dose Water content OSL
number (m) 10% (10 (%) [E.D (Gy)] (m Gy) (%) (ka)
Unit 12-SYO01 1.50 1.8 104 1.75 71.05+1.26 3.66 +0.3 3.46 1941 +0.26
Unit 11-10G520 2.06 143 8.67 1.61 81.20 +£0.94 3.10 3.69 262 +0.6
Unit 10-SY 02 248 1.7 11.1 1.73 139.75 £2.61 3.64+03 431 38.39+0.57
Unit 8-SY 03 3.02 14 9.1 1.78 187.69 +3.37 336+0.3 4.51 55.84 +1.02
Unit 6-10G521 3.60 1.20 7.00 1.85 246.86 +3.48 3.01 7.58 82.1+3.5
Unit 3-10G522 5.34 1.02 6.86 1.94 337.69 +4.89 3.03 6.73 1114+£50
Unit 2-SY 04 5.40 1.5 10.6 1.96 40439 +7.13 35103 11.20 115.18 £2.43
Unit 2-SY 05 6.30 1.3 79 1.29 309.52 +5.01 24002 11.67 129.05 +2.61
Unit 1-10G523 6.44 1.96 8.06 1.57 411.08 £9.49 3.02 11.37 136.1 £6.3
(a) (b) (©)
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Fig. 5. The grain size characteristics of the MDS. (a) Curve of the size fraction standard deviation. (b) Grain-size sensitive component. (c) The grain-
size probability accumulative curves in different subsections. (Color online only)
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The grain-size sensitive component 1, also shown in Fig. 5b
(1.32® to 4®d), is the other main source for this material.
The content changes in the two grain-size sensitive compo-
nents are complementary to each other. In different deposi-
tional phases, these material sources have larger differences
that are closely related to sea-level change.

The Bohai Sea has undergone continual sea-level fluc-
tuations since MIS5e (Liu et al. 1987; Fig. 6) leading to dif-
ferences in the material sources at relatively high and low
sea levels. During high sea levels, the main MDS material
sources may have been aeolian dune sand that was captured
by the Bohai Sea, sand from the North Yellow Sea coast
and silt from the Yellow River estuary (Cao et al. 1993).
During low sea-level periods, seafloor sediment desertifica-
tion of the contracted Bohai Sea provided the main source
material (Zhao 1991). All of these events occurred during
a strong winter monsoon when the suspended silt and sand
grains were transported hundreds of meters in the lower
troposphere. The sands, with varying levels of coarseness,
were transported mainly by saltation and a large amount of
accumulated sediment in the downwind area of the source
region formed loess. Regardless of whether sea levels were
low or high, the MDS sediments were all subject to fluvial
transport at first, with subsequent wind transport. Evidence
of these transport patterns can be seen in SEM images of
the grain surface features (Fig. 7). The quartz in the MDS

Unit 15
V-shaped pit (A),small pockmark (B)
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Unit 6, good sphericity quartz grain
V-shaped pit (A), plate-mark (B),
Si0, siliceous coating (C)
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has significant sphericity and occurs mostly as sub-round
to round grains (Powers 1953). Several classical fluviation
features can also be observed, such as V-shaped pits and
conchoidal fractures. However, the grain edges are frayed
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Fig. 6. Sea-level fluctuations in the Bohai Sea since MIS5e.
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Fig. 7. The scanning electron microscope (SEM) surface textural features of the MDS.
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and round, and the fluviation features are overlain with
aeolian textural features, including plate marks, meander
ridges, trittkarren and SiO, siliceous coating. The traction
component is mostly under 1%. This part of the sediment
source may be local bedrock weathering material.

6.2 East Asian Monsoon Evolution Progress in the
Bohai Sea Coastal Zone

6.2.1 Last Interglacial Period

From the bottom to top the five layers in the MDS5
segment (129.1 to 71.2 ka) are Units 2, 3,4, 5, and 6, which
correspond to MDS5e, MDS5d, MDS5c, MDS5b, and
MDS5a, respectively. Every paleoclimatic index shows that
the climate in the MDS5e segment (113.9 to 129.1 ka) is
warm and wet, as shown in Fig. 3. All of the indices appear
with their peaks regardless of Mz, SC/D value, < 0.63 um
grain size fraction, CIA value, Rb/Sr ratio, or SiO,/Al,O4
ratio. High Mz and SC/D values indicate that the material
in the MDS5e subsection was composed primarily of fine
silt, indicating that this layer was deposited during a period
of prevailing summer monsoon. High < 0.63 pum grain size
fraction, CIA value and Rb/Sr ratio suggest that the climate
conditions at that time were very warm and humid. More-
over, an intense level of chemical weathering occurred, re-
sulting in lower Si0,/Al,0O; ratios. A study of this period
by Du et al. (2014) found that 5.5 comparable oscillation
millennial-scale cold events occurred during the MDS5e
deposition. In addition, Fig. 3 shows the monsoon precipita-
tion change curve (< 0.63 pum grain size fraction) indicating
possible rainfall fluctuation occurrences, with precipitation
peaks in the summer monsoon prevalence period. During
these times, the strongest rainfall occurred at approximately
126.21 ka, with a < 0.63 um grain size fraction peak average
of 3.62%. This rate is 2.07% more than the MDS average of
1.55%, of which the approximately 60 a time duration re-
flects the strongest centennial-scale monsoon precipitation
event. This event also recorded the oxygen isotope results
from YX21 stalagmites in Shanbao Cave, with an average
0'80%o of -10.8%o. This value is approximately 1.2%o lower
than the overall 8'30%o average of -9.6%o during MIS5e (Ji-
ang et al. 2008). Stalagmite 8'30%o results in Qixing Cave in
Guizhou show the lowest 8'*0 value in MIS5e, with an av-
erage of -8.67%o. This value is approximately 2.95%o lower
than the 0'80 average of the other stalagmites in this cave.
These results show the warmest, most humid and strongest
summer monsoon phase in the last glacial-interglacial cycle
(Qin et al. 2004). The MDS5d and MDS5b layers, which are
composed of aeolian sand accumulation, indicate deposition
in a relatively cold and dry climate. The average values for
Mz, SC/D, < 0.63 pum grain size fraction, CIA value and Rb/
Sr ratio are lower than those for MDS5 and the MDS. The
grain size is relatively coarse and the composition is mainly
very fine sand. The SiO,/Al,O; ratio curve shows obvious

peaks. The main aeolian sand composition in these layers
is quartz. Mineral analysis results indicate a quartz content
of more than 40%, which is significantly higher than the
30% found for the MDS5e layer. The climate was warmer
and wetter for MDS5a and MDS5c¢ layer development than
that for MDS5b and MDS5d layer development in sandy
paleosol, although it differed significantly from that for the
MDS5e layer. In particular, the sand content was greater
and the chemical weathering was less intense, as reflected
in the proxy paleoclimatic indices.

6.2.2 Last Glacial Period

The last glacial period in the MDS (71.2 to 11.0 ka) is
represented in three segments, MDS4, MDS3, and MDS2,
and seven layers. From bottom to top these layers include
MDS4 to Unit 7, MDS3c to Unit 8, MDS3b to Units 9 and
10, MDS3a to Unit 11, and MDS2 to Units 12 and 13, which
correspond respectively to MIS4, MIS3c, MIS3b, MIS3a,
and MIS2 in the time frame. Every MDS climatic index
during the last glacial period shows that the sedimentary
particles are relatively fine and composed mainly of coarse
silt, corresponding to the decline in sea level fluctuation.
The exposed bottom sediments are the sources of the MDS.
The global climate became cold and dry and the sea level
fluctuated many times during the last glacial period. The
BQ1 drill core (38°39.883’N, 117°33.808’E), obtained
from the Bohai Sea bay on the western shore located in the
northwest MDS region, shows that the sea level dropped
to -80 m during the MDS4 period (Yan et al. 2006). The
monsoon precipitation (< 0.63 um grain size fraction) was
on a declining curve with an average of 1.41%, which is less
than the MDS average of 1.55%. The decrease in monsoon
precipitation and the cold climate weakened the chemical
weathering intensity. The CIA value and Rb/Sr ratio show
the lowest peaks, indicating colder conditions than those of
the MDS2. These results are similar to the 8'®*0%o values of
the stalagmites in Qixing Cave (Qin et al. 2004). A sharp
decrease in temperature was observed during the last gla-
cial period peak in the late Pleistocene period, resulting in
a large volume of accumulated water in glaciers and a sud-
den decrease in sea level. The global glaciers reached their
maximum sizes approximately 18000 years ago, at which
time sea level dropped more than -130 m, thereby expos-
ing the Bohai shelves and the Yellow Seas and most of the
East Sea shelf. The development of glaciers in the North-
ern Hemisphere during the pleniglacial period indicates
that the winter monsoon strengthened and the air flow was
colder and drier. During this time storm, activities were the
most important external agent acting upon the continental
shelf. Exposure to these storm activities led to continental
shelf desertification and accumulation of loess in the desert
downwind. The MDS2 layer has higher Mz and CIA values,
and the Rb/Sr ratio also peaked in the layer because of the
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continental shelf desertification in the Bohai Sea during this
period. The sediment from the MDS3a layer was deposited
on the MDS2 layer through winter monsoon activity, al-
though the proxy paleoclimatic indices show a considerable
influence from the MDS3a layer. Although the strength of
the winter monsoon activity was most powerful during this
period, a certain amount of summer monsoon activity was
still observed. Because the < 0.63 wm grain size fraction
indicates a certain degree of monsoon precipitation, Sun et
al. (1996) examined the Loess Plateau summer monsoon
climate pattern and noted that the summer monsoon reached
the Chunhua- Yuexian-Lantian areas in China during the last
pleniglacial period, leading to an increase in precipitation,
weathering and pedogenesis.

6.2.3 Holocene Epoch

The post-glacial period in the Holocene period (11.0 to
0 ka) deposited two layers of MDS, Units 14 and 15, both
of which are silty paleosol. However, these layers differ in
paleosol development degree and proxy paleoclimatic in-
dices. Unit 14 was deposited during the Holocene Climatic
Optimum. The average Mz, SC/D values, < 0.63 um grain
size fraction, CIA and Rb/Sr ratio in this unit were signifi-
cantly higher than those for Unit 15, which indicates sum-
mer monsoon enhancement. During this period, the argillic
soil alteration increased and strong chemical weathering
occurred. The < 0.63 pum grain size fraction reflects long-
term monsoon precipitation that formed from 11.2 to 7.9 ka
and subsequent considerable precipitation intensity with an
average of 2.38%, which corresponds to another monsoon
period with abundant precipitation after MIS5e. The SB10
0'80%o results from the Shanbao Cave stalagmites also indi-
cate that 11.5 to 9.3 ka was a period of heightened monsoon
precipitation and that 9.3 to 4.4 ka was a humid period with
increased rainfall (Shao et al. 2006). Unit 14 corresponds to
an inundation phase in the Holocene with the sea level reach-
ing its maximum 6000 years ago (Zhuang et al. 1991). This
maximum sea level was higher than the modern sea level by
approximately 3 m. Thereafter, the fluctuations in sea level
decreased, although the exposed shelf sediment was con-
tinually transported to land by wind erosion to form aeolian
dunes or sand layers (Zhang and Yang 1992). When Unit
15 was deposited, the winter monsoon forces were stronger
and the summer monsoon forces were weaker, leading to
coarse-grained silty paleosol deposition. Thus, the stalag-
mite §,;0%o results are obviously biased (Shao et al. 2006).

7. CONCLUSIONS

The results from this study are summarized in the fol-
lowing:

(1) Aeolian sediment deposition since MIS5e on the MDS

was driven directly by the East Asian monsoon and

source materials caused by sea-level fluctuation. During
the high sea-level period (MDS5 and MDS1), paleosols
developed as a result of the summer monsoon and in-
dicates a relatively warm and humid climate. The loess
and aeolian sand represent the sand production strength
during the winter monsoon, indicating a relatively cold
and dry climate. During the low sea-level period (MDS4,
MDS3, and MDS2), the sediment deposition was influ-
enced mainly by source materials.

(2) The MDS has undergone multiple short-scale, cold-dry
and warm-humid climatic fluctuations since MISS5e.
During the high sea-level period evidence of abundant
rainfall and enhanced chemical weathering were ob-
served in the MDS5e, MDS5¢, MDS5a subsections, and
MDST1 section, revealing the East Asian summer mon-
soon strength. During the last glacial period (MDS4 to
MDS2), the proxy paleoclimatic indices results indicate
influence mainly by source materials, less monsoon
precipitation occurred, indicating a weakened summer
monsoon.

(3) The < 0.63 um grain size fraction, used as a monsoon
precipitation index, demonstrated the occurrence of
multiple rainfall fluctuations in the Bohai Sea coastal
zone since MIS5e. Strengthened monsoon precipita-
tion occurred at MDS5e and Unit 14, and the strongest
centennial-scale monsoon precipitation event occurred
within the MDS5e subsection. Evidence of this latter
event can been found in the stalagmite record of the
Shanbao Cave. The early Holocene to middle Holocene
periods were monsoon periods with persistent precipita-
tion. The rainfall strength was less than that indicated by
the MDS5e layer.
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