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a b s t r a c t

Two gravity cores collected off the modern Huanghe (Yellow River) delta in the southern Bohai Sea

were analyzed for grain size, the total organic carbon (TOC)/total nitrogen (TN) ratio, color diffraction,

magnetic susceptibility, 14C dating and 137Cs and 210Pb isotope contents to clarify changes in the

sedimentary environment during the Holocene. In particular, the effect of natural and artificial river-

course shifts of the Huanghe on the Bohai Sea sediment was investigated. A peat layer, scouring surface

and sharp changes in the grain size, TOC/TN ratio, sediment color (Ln, an) and magnetic susceptibility

were identified and are likely to be due to the early-Holocene sea-level rise resulting in environmental

changes from coastal to shelf environments in the Bohai Sea. After the sea level reached its maximum at

6–7 ka BP, the lateral shifts in the river course of the Huanghe formed 10 superlobes, and superlobe

7 (11–1048 AD) and superlobe 10 (1855–present) of the Huanghe delta affected the core sites. The

northern site of BH-239 has been more affected by the Huanghe since the middle Holocene. Notably, in

the superlobe 10 period, the reshaping of the northern Huanghe delta due to an artificial river-course

shift from northward to eastward in 1976 (e.g., a�10 km shoreline retreat due to coastal erosion) was

recorded in the core sediments, particularly in terms of the TOC/TN ratio, sediment color (Ln and an) and

magnetic susceptibility, owing to the huge sediment supply from coastal erosion of the former river

mouth area.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Sediment transported from rivers to the sea greatly affects the
coastal sedimentary environment, especially in Asia (Hay, 1998).
About 20 billion tons of river-borne sediment reaches the sea
annually worldwide and large rivers in Asia contribute 30–40% of
the world’s sediment flux from the land to the sea (Milliman and
Syvitski, 1992). These huge amounts of sediment transported
from rivers to the sea are mostly confined to coastal and adjacent
seas owing to relatively wide continental shelves, and mega-
deltas on the Asian coasts formed during the middle to late
Holocene after the sea level stabilized, e.g., the Huanghe (Yellow
River) delta (Xue, 1993; Saito et al., 2000), Yangtze River delta
(Hori et al., 2002), Red River (Song Hong) delta (Tanabe et al.,
2006) and Mekong River delta (Ta et al., 2002, 2005).

The Holocene and recent changes of the Huanghe and their
effects on the sedimentary environments of the deltaic coast and
the Bohai Sea, Yellow Sea and East China Sea have interested
ll rights reserved.

1.
many researchers because of the large sediment load and fre-
quent shift of terminal channels (e.g., Ren and Shi, 1986;
Xue, 1993; Martin et al., 1993; Hu et al., 1998; Saito et al.,
2000; Wang et al., 2006, 2007). The Huanghe is the second
greatest river in the world in terms of sediment load and it
transported approximately 1.1�109 t of sediment to the sea
annually during the period 1950–1980 (Milliman and Syvitski,
1992). It is estimated that the Huanghe has contributed about
2300 km3 of sediment to the sea during the last 2300 years
(Milliman et al., 1987). High sediment loads and steep river-
channel gradients in the lower reaches have resulted in frequent
shifts of the Huanghe channel (Saito et al., 2000). As a result, 10
superlobes, which formed the Huanghe delta, have been identi-
fied for the middle to late Holocene along the eastern coast of
China (Xue, 1993) (Fig. 1). Moreover, the terminal channel of the
Huanghe has slightly changed more than 50 times for superlobe
10 alone (1855–present) since the river began flowing into the
Bohai Sea instead of the Yellow Sea (Pang and Si, 1979) (Fig. 2).

Extensive research has been carried out on the sedimentary
environment and evolutional models of the Huanghe delta
(Ye, 1982; Gao et al., 1989; Cheng and Xue., 1991), development
of the Huanghe delta and the controlling factors (Pang and Si, 1979;
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Fig. 1. Locations of the Holocene Huanghe deltas. The Holocene delta was divided into 10 superlobes by Xue and Cheng (1989), Xue (1993) and Saito et al. (2000).
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Zhang, 1984; Xue , 1993; Saito et al., 2000), and modern sedimen-
tary processes off the Huanghe mouth and the effect of human
activity (Wright et al., 1986; Li et al., 1998a, 1998b, 2000; Chu et al.,
2006; Qiao et al., 2010). In the case of superlobe development during
the Holocene, Xue (1993) and Saito et al. (2000) affirmed the
existence of superlobes 1, 6, 7 and 10 and discussed the relationship
between delta evolution and chenier development on the basis of
sedimentary characteristics of the modern Huanghe delta and
borehole samples (Fig. 1). Most of these works have carried out
on-land survey and nearshore surveys of the Huanghe delta. On the
other hand, Liu et al. (2009) discovered Huanghe-related sediment
in a drilling core taken from the Bohai Sea. Liu et al. (2010b)
measured the Holocene change in the effect of the Huanghe on the
Bohai Sea sediment from analyses of magnetic susceptibility and
calcite and muscovite contents and showed the strengthening effect
of the Huanghe after �2.4 cal. kyr BP.

This paper investigates the sedimentary record in the southern
Bohai Sea and discusses the response to Huanghe channel shifts
during the Holocene on millennial and decadal time scales, on the
basis of detailed sediment analysis and dating data obtained for
two cores off the Huanghe delta (Fig. 2).
2. Regional setting

The Bohai Sea is a semi-enclosed interior continental shelf sea
of China, which is connected to the northern Yellow Sea by the
narrow Bohai Strait (Fig. 1). The water depth is less than 30 m
throughout the Bohai Sea, and depths exceeding 60 m can only be
found in the northern part of the Bohai Strait (Qin et al., 1990)
(Fig. 1). In the Bohai Sea, the tidal currents are dominant, although
there are waves and ocean currents (Wei et al., 2004).

Many rivers of remarkably different size, water flow, and
sediment discharge empty about 1.3�109 t of sediment per year
into the Bohai Sea, with sediment discharge from the Huanghe
accounting for about 93% during the late 1950s and early 1960s
(Qin et al., 1990) (Fig. 1). The Huanghe is the most influential
source of sediments for the Bohai Sea, not only at present but also
during the Holocene. The Huanghe sediment discharge is mostly
affected by human activity on millennial to decadal time scales
(Wang et al., 2007). The sediment discharge was low during
2.5–10 kyr BP, while it suddenly increased to �1.0�109 t over
approximately the last 2000 years as a consequence of cultivation
and deforestation on the Loess Plateau (Milliman et al., 1987;
Ren and Zhu, 1994; Saito et al., 2001). However, the sediment
load delivered by the Huanghe to the sea has decreased sharply
since the late 1970s and reached 0.15�109 t during 2000–2005
because of effective soil conservation practices and the operation
of dam reservoirs (Wang et al., 2007).



Table 2
14C ages of mixed benthic foraminifera in cores BH-239 and BH-264.

Sample Depth

(cm)

AMS14C

age

(yr BP)

Delta
13C

Calibrated age (cal. yr BP)

Intercept Range (1s)

BH-239-123 244–246 4640735 �2 5030 4946–5139

BH-264–56 110–112 4650735 �2 5040 4963–5197

BH-264-115 228–230 7430750 �2 8005 7955–8103
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The Bohai Sea was subaerially exposed during the last glacial
maximum, when the sea level was 120–130 m lower than the
present level (Yang and Lin, 1993; Saito, 1998; Hori et al., 2001).
The paleo-shoreline reached the present coastal position at
�8 kyr BP (Zhao et al., 1979) and reached the Holocene
maximum transgression at �6–7 kyr BP in the Bohai Sea area.
After the sea level was highest during the middle Holocene, it
oscillated slightly and then fell to the present level (Zhao et al.,
1979; Xu, 1994). The sedimentary environments since the last
glacial maximum changed from river and lake environments to
tidal flats and estuaries related to early-Holocene transgression,
then to shallow marine or deltaic environments related to further
sea-level rise and stable sea levels (Qin et al., 1990; Xue et al.,
1995). The initiation of the Huanghe delta is not yet clear;
however, the delta can be divided into 10 superlobes since the
middle Holocene. Nine of the 10 superlobes formed on the
western coast of the Bohai Sea and one on the western coast of
the Yellow Sea during the period 1128–1855 (Xue, 1993) (Fig. 1).
The Yangtze River delta has been affected by the Huanghe ever
since its shift to the Yellow Sea (Liu et al., 2010a).

The present Huanghe delta formed after an artificial river-
course shift in 1855 from the Yellow Sea to the Bohai Sea, which is
referred to as superlobe 10 (Figs. 1 and 2). Ten river courses have
been discriminated for superlobe 10. Recent river-course shifts
have been from the Shenxiangou course to the Diaokou course in
1964, and from the Diaokou course to the Qingshuigou course in
1976 (Fig. 2). The artificial course change in 1976 from northward
to eastward in particular has resulted in serious coastal erosion in
the northern part of the delta; e.g., a �10 km shoreline retreat
and delta front erosion in the nearshore zone (Wang et al., 2006).
3. Material and methods

Two gravity cores BH-239 and BH-264 were collected in the
southern Bohai Sea around the modern Huanghe delta in August
2007 (Fig. 2 and Table 1) by the R/V Kan407 of the Shanghai
Bureau of the Marine Geology Survey. The cores were first
scanned by an MS2 Magnetic Susceptibility System for suscept-
ibility analysis and then cut lengthwise into two halves at the
laboratory of the First Institute of Oceanography. The sediment
color was recorded using a Minolta CM-2002 spectrophotometer.
Sub-samples at intervals of 2 cm were taken for analyses of gain
size, total organic carbon (TOC) and total nitrogen (TN).

Grain sizes of sediment samples were measured using a
Malvern Mastersizer 2000 instrument after pretreating with 30%
H2O2 and 1 mol/l HCl to decompose the organic matter and
remove carbonates (908 Project Office, 2006). The samples were
analyzed for TOC and TN with a CHN analyzer (Vario EL III) after
they were freeze-dried, pulverized and treated with 1 mol/l HCl to
remove carbonate. The precision is r0.2% as determined by
repeated measurements (908 Project Office, 2006).

Accelerator mass spectrometry (AMS) 14C dating was per-
formed on mixed benthic foraminifers at the Woods Hole Ocea-
nographic Institution, USA. Radiocarbon ages were converted
using Calib v. 6.0.1 to calibrate calendar ages using DR of –
138767 yr (Stuiver and Reimer, 1993; Southon et al., 2002)
Table 1
Locations, water depths and core depths of cores BH-239 and BH-264.

Longitude (1) Latitude (1) Water depth (m) Core depth (cm)

BH-239 118.91026 38.32195 19.3 295

BH-264 119.32265 38.14543 20.1 295
(Table 2). 137Cs and 210Pb were measured employing EG&G Ortec
Gamma Spectrometry at the Institute of Limnology and Geography,
Nanjing, China. The sediment samples were air-dried and pulverized,
and 137Cs and 210Pb concentrations were then determined from
gamma emissions at 662 and 46.5 keV, respectively.
4. Results

4.1. Lithology, grain-size composition, TOC/TN ratio, magnetic

susceptibility, color reflectance Ln and an, and 14C date

Core BH-239: The sediment core has two main units on the
basis of lithology and sediment characteristics. The lower unit
from 277 to 295 cm consists of peat and clayey silt sediments and
correlates with previously reported early-Holocene coastal sedi-
ments (e.g., Saito et al., 2000; Liu et al., 2009). The overlying upper
unit with an erosional surface at 277 cm consists of shallow
marine clayey silt to sandy silt sediments and can be divided into
four parts – 0–55, 55–95, 95–177 and 177–277 cm – on the
basis of sediment characteristics, particularly cyclic changes
(an upward fining succession) in grain size and characteristics
of TOC/TN ratios, magnetic susceptibility, and Ln and an values. 14C
dating of benthic foraminifera from 244 to 246 cm gives a date of
5030 cal. yr BP (Table 2).

Sediment in the upper 55 cm mainly consists of light yellowish
brown and greenish gray silt with sand content less than 1.5%
(Fig. 3). Notably, sediment in the 6–40 cm layer is light yellowish
brown and has the highest TOC/TN ratio and Ln and an values
(Fig. 3). Sediment in the 55–177 cm layer is yellowish brown silt
with low sand content, while sediment in the 55–95 cm layer has
lower TOC/TN ratios and Ln and an values but higher magnetic
susceptibility compared with the 95–177 cm layer. Sand content
in the 95–177 cm layer is a little higher than that in the 55–95 cm
layer. Yellowish brown sandy silt is observed at 177–277 cm with
low TOC/TN ratios, magnetic susceptibility, and Ln and an values. It
is noteworthy that a scouring surface is detected at 277 cm with
sand content greater than 35%, and there is a peat layer from 283
to 292 cm. Accordingly, the minimum magnetic susceptibility,
and Ln and an values are observed in the 277–295 cm layer (Fig. 3).

Core BH-264: The sediment core again has two main units on
the basis of lithology and sediment characteristics (Fig. 4). The
lower unit from 215 to 295 cm consists of pale yellowish gray
sandy silt, and silt from 228 to 230 cm has a 14C date of
8005 cal yr BP (Table 2). Some mollusk shell fragments are
observed at 235, 245 and 271–295 cm. There are thick sand-
pipe-type burrows at 264–268 cm. This sediment facies is inter-
preted as coastal and estuarine sediments in the early Holocene
and corresponds to the lower unit of core BH-239. The overlying
upper unit consists of yellowish brown shallow marine clayey silt
to sandy silt sediments and is further divided into three parts –
0–25, 25–115 and 115–215 cm – on the basis of the sediment
characteristics of the TOC/TN ratio, magnetic susceptibility, and
Ln and an values. The 14C date of benthic foraminifera from 110 to
112 cm is 5040 cal yr BP (Table 2).
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Fig. 3. Photograph, lithology, grain size, TOC/TN ratios, color reflectance Ln and an, magnetic susceptibility and activity profiles for 137Cs and 210Pb of gravity core BH-239.
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S. Qiao et al. / Continental Shelf Research 31 (2011) 1336–1342 1339
Sediment in the upper 25 cm is silt with sand content of
�5.3%, and the sand content increases gradually to 7.8% at
115 cm. The TOC/TN ratio, magnetic susceptibility, and Ln and an

values fluctuate significantly in the 0–25 cm layer. In comparison,
the TOC/TN ratio, magnetic susceptibility, and Ln and an values
remain stable at �7.7, �102�10–8 m3/kg, �42 and �2.3,
respectively in the 25–115 cm layer. Sediments at 115–215 and
263–295 cm are slightly coarser sandy silt with the sand content
reaching �17.0%, and silt sediments are dominant at 215–263 cm
with a sand content of �6.9%. The TOC/TN ratio is less than 6 and
the an value and magnetic susceptibility higher than 2 and
80�10–8 m3/kg, respectively, in the 115–215 cm layer. In sharp
contrast, the sediment in the 215–295 cm layer has higher TOC/
TN ratios, with the average ratio being higher than 8.
4.2. 137Cs and 210Pb profiles

The 137Cs isotope began to appear in environmental samples at
measurable levels from about 1955 and was most prevalent in
1963 (e.g., Palinkas and Nittrouer, 2007). Subsurface peaks are not
discernible in profiles of 137Cs in the cores taken off the Huanghe
mouth (Figs. 3 and 4). However, the deepest onset of 137Cs is a
useful time marker for about 1955. Correspondingly, the average
sedimentation rate is 1.63 cm/yr in the upper 85 cm of core
BH-239 and 0.92 cm/yr in the upper 48 cm of core BH-264.

Generally, the 210Pbex activity is used to calculate the sedi-
mentation rate where sediment stably accumulates for appro-
priate periods and 210Pbex profiles show a decline downward with
decay of 210Pb. However, the down core variation of 210Pbex for
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cores BH-239 and BH-264 does not show such clear trend and
210Pbex of the upper parts of the cores is not so large when
compared with the lower background values. Therefore it is hard
to calculate sedimentation rates under the premise that the initial
flux of 210Pb is constant. As the presence of excess 210Pb can be
used to estimate a minimum accumulation rate, the detection of
excess 210Pb employing analytical techniques is limited to
approximately five half-lives (i.e., �100 years) (Crockett et al.,
2008). It is determined that the sediments in the upper 75 cm of
core BH-239 and in the upper 70 cm of core BH-264 were
deposited during the past 100 years.
5. Discussion

5.1. Early-Holocene environmental change

Generally, the Bohai Sea is a subsiding basin where sediment
more than 400 m thick has accumulated since the Quaternary
(Qin et al., 1990). Because the average water depth is only 18 m,
the sedimentary sequences off the Huanghe mouth are mainly
controlled by the sea level near the Bohai Sea and sediment
supply from the Huanghe (Fig. 1).

A peat layer is observed in core BH-239 at 283–292 cm (Fig. 3),
indicating a prevailing fluvial or lacustrine or coastal marsh
sedimentary environment during 8000–10000 yr BP in the Bohai
Sea (Qin et al., 1990; Xue, 1993; Saito et al., 2000). The lower units
of the two cores indicate a coastal estuarine environment, which
correlates to early-Holocene coastal sediments previously
reported (Qin et al., 1990; Xue, 1993; Saito et al., 2000;
Liu et al., 2009, 2010b). The Holocene transgression of the Bohai
Sea began �8500 yr BP (Qin et al., 1990). Related to a rise in the
sea level from �36 to �16 m between �9800 yr BP and
9000 yr BP in the Western Pacific (Liu et al., 2004), the locations
of cores BH-239 and BH-264 (with water depths are 19.3 and
20.1 m, respectively) were submerged via marine inundation and
the sedimentary environment changed from a terrestrial (fluvial
or lacustrine) environment to a coastal marine environment.

The sediments of the lower part of the upper unit in BH-264
have low TOC/TN ratios ranging from 4 to 6 and relatively coarse
and mollusk-rich sediment with a low accumulation rate of
0.4 mm/yr, which is determined by two AMS 14C ages (5040 cal.
yr BP at 110–112 cm and 8005 cal yr BP at 228–230 cm). As low
TOC/TN ratios indicate a marine origin for organic matter, this is
interpreted as a condensed section in the Bohai Sea during
maximum marine transgression in the middle Holocene. Palyno-
logical analysis shows that the climate became warmer and
wetter after �7600 cal. yr BP (Yi et al., 2003). A previous study
showed that the Holocene transgression reached its maximum
at about 6000 C-14 yr BP (6700 cal. yr BP; Qin et al., 1990).
A scouring surface identified above the peat layer in core
BH-239, overlain by shallow marine sediments, is interpreted as
a ravinement surface, also indicating a rapid sea-level rise after
the depositional of coastal sediments (Fig. 3). It is thus concluded
that the study area had coastal to shelf environments related to a
rise in the sea level during the early to middle Holocene.

5.2. Delta-lobe shifts recorded in cores on a millennial time scale

According to historical remains that bound delta superlobes and
cheniers, nine delta superlobes are discriminated on the deltaic coast
of the western Bohai Sea (Fig. 1). Superlobe 1 (6000–5000 C-14 yr
BP), superlobe 7 (1939–902 yr BP; 11 AD–1048 AD) and superlobe 10
(1855–present) have gradually approached both core sites, which are
located near the present Huanghe delta (superlobe 10; Xue, 1993).
During the period 1128–1855, the Huanghe flowed directly to the
Yellow Sea. Its course then suddenly changed to the Bohai Sea in
1855. This abrupt change was recorded in borehole core H9602 taken
on the delta plain of superlobe 10 (Saito et al., 2000). Deltaic
sediments of superlobe 10 with a thickness of 17.5 m directly overlie
superlobe 7 deltaic sediments with a thickness of 4 m at the H9602
site (Fig. 2).

This abrupt change in the Huanghe course is also recorded in
cores BH-239 and BH-264. On the basis of 137Cs and 210Pb chronol-
ogy, an abrupt change at 95 cm in core BH-239 corresponds to the
abrupt change in 1855. When the Huanghe began emptying into the
Bohai Sea in 1855, the terminal channel was mainly in the center of
the modern Huanghe delta lobe (Pang and Si, 1979) (Figs. 1 and 2).
In core BH-264, this change is not clearly indicated by sediment
facies; the change would correspond to a depth of 115–25 cm.

For the superlobe 1 period (6000–5000 C-14 yr BP), sediment
facies show shelf mud in cores BH-239 (177–277 cm) and BH-264
(115–215 cm). The BH-239 site is more affected by the Huanghe
in that it has higher TOC/TN ratios. Superlobe 7 corresponds to the
interval 95–177 cm in core BH-239 and perhaps the interval
25–115 cm in core BH-264. The sediment thickness also shows
that the BH-239 site was more affected by the Huanghe in this
superlobe period. TOC/TN ratios in both cores increase as the
depth decreases, indicating an increase in terrigenous (Huanghe)
effects resulting from delta progradation. If we compare TOC/TN
ratios for the same superlobe periods of both cores, core BH-239
has higher values than BH-264, indicating that BH-239 has been
more affected by the Huanghe in the last 6000 years.

5.3. Effects of coastal erosion on the Huanghe delta

During the superlobe 10 period that commenced in 1855, the
Huanghe changed its course within the superlobe. Particularly in
1976, the river course changed from northward (Diaokou course)
to eastward (Qingshuigou course) (Fig. 2). After this course shift,
there was serious coastal erosion in the former river mouth area
of the Diaokou course. The shoreline retreated by approximately
10 km and the former delta front was eroded to a water depth of
�11–14 m in the nearshore zone (Wang et al., 2006; Chu et al.,
2006). A huge amount of sediment was redistributed in this area
and transported offshore.

These drastic changes are recorded in both cores, particularly
in core BH-239. Sediment in the upper 55 cm, especially at
6–40 cm in core BH-239, is characterized by high clay content,
high TOC/TN ratios, and high Ln and an values (Fig. 3). These values
are the highest for the core. In particular, the TOC/TN ratio is
greater than 16, indicating a terrigenous origin, and high an value
corresponding to a more reddish color indicates the possibility of
a greater inclusion of soil. According to 137Cs chronology, the
abrupt change at 55 cm in core BH-239 corresponds to the 1976
river-course shift. Huge amounts of tidal marsh and soil on land
have been eroded and transported directly offshore.

Water-depth changes in the nearshore zone of the Huanghe
delta including the core sites were reported by Wang et al. (2006)
(Fig. 5). The water depth at the location of core BH-239 was about
19.0, 19.2, 18.3 and 18.7 m in 1976, 1986, 1996 and 2004,
respectively. This shows that the northern Huanghe delta eroded
significantly during 1976–1986 because of the shortage of sedi-
ment supply due to the river-course shift in 1976. The nearshore
area of the delta was continuously eroded; however, the offshore
area including the location of core BH-239 has received much
fine-grain sediment supplied by coastal erosion in the coastal to
nearshore zone during 1986–2004 (Figs. 3 and 5). Fig. 5 shows a
similar phenomenon at the location of core BH-264. Core BH-264
is far from, yet was affected by, the present and former river
mouths of the Huanghe; therefore, sediment characteristics
recorded in core BH-264 have different patterns and are less
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obvious compared with those recorded in core BH-239 (Figs. 3
and 4).
6. Conclusion

Two gravity sediment cores taken around the Huanghe delta in
the Bohai Sea have recorded well the environmental changes due
to Holocene sea-level changes, natural river-course shifts of the
Huanghe on a millennial time scale, and artificial river-course
shifts on centennial to decadal time scales. The main results of
analyses for sediment facies, grain size, TOC/ TN ratio, color
diffraction (Ln and an) and magnetic susceptibility, in conjunction
with radioisotope chorolonogy by 14C, 137Cs and 210Pb, are
summarized as follows:
(1)
 A peat layer, mollusk shell fragments, thick sand-pipe-type
burrows and low values of magnetic susceptibility and color
indicators of Ln and an characterize the lowermost part of the
core, which is interpreted as coastal estuarine environment in
response to early-Holocene transgression.
(2)
 A sharp bounding surface between coastal estuarine sediments
and overlying shelfal sediments together with sharp changes in
grain size, TOC/TN ratio, Ln and an values and magnetic
susceptibility was identified at 7–8 cal. kyr BP, illustrating a
rapid deepening related to early-Holocene sea-level rise.
(3)
 Lateral shifts of the river course of the Huanghe and delta
progradation since the middle Holocene have affected sedi-
ment characteristics of the Bohai Sea, which have been
recorded in the sediment cores. Particularly the shifts related
to superlobe 7 (11–1048 AD) and superlobe 10 (1855–
present) of the Huanghe delta were recognized in the cores,
which were identified in terms of changes of grain size, color
(Ln, an), TOC/TN ratio, accumulation rate and magnetic
susceptibility.
(4)
 The artificial river-course shift from the Diaokou course to the
Qingshuigou course in 1976 during the superlobe 10 period
was well preserved in the cores. Particularly sediment supply
from the former river mouth area (Diaokou mouth) to
offshore by severe coastal erosion after the course shift has
impacted sediment facies of the BH-239 core, which are
characterized by high clay content, high TOC/TN ratios, high
Ln and an values.
Acknowledgments

We thank the crew of the R/V Kan 407 for their assistance with
sample collection. Thanks are also given to Prof. Zuosheng Yang
and Dr. Naishuang Bi of the Ocean University of China for their
help in analyzing the water-depth data recorded off the Huanghe
mouth, and also to Dr. Xuchen Wang of the Woods Hole Oceano-
graphic Institution, USA, in AMS 14C dating. This work was jointly
supported by the National Nature Science Foundation of China
(Grant no.40806026), Marine Public Welfare Research Project
(Grant no. 200805063), Project of State Oceanic Administration,
China (Grant nos. 908-02-02–05, 908-02-01–04, GY02-2008T28,
GY02-2009G22), JSPS Asia-Africa Science Platform Project, and
the Ministry of Environment of Japan.
References

Cheng, G.D., Xue, X.T., 1991. Sedimentary Geology of the Yellow River Delta.
Geological Publishing House, Beijing (in Chinese).

Chu, Z.X., Sun, X.G., Zhai, S.K., Xu, K.H., 2006. Changing pattern of accretion/erosion
of the modern Yellow River (Huanghe) subaerial delta, China: based on remote
sensing images. Marine Geology 227, 13–30.

Crockett, J.S., Nittrouer, C.A., Ogston, A.S., Naar, D.F., Donahue, B.T., 2008.
Morphology and filling of incised submarine valleys on the continental shelf
near the mouth of the Fly River, Gulf of Papua. Journal of Geophysical Research
113, F01S12.

Gao, S.M., Li, Y.F., An, F.T., Wang, Y.M., Yan, F.H., 1989. The Generating and the
Sedimentary Environment of Yellow River Delta. Science Press, Beijing
(in Chinese).

Hay, W.W., 1998. Detrital sediment fluxes from continents to oceans. Chemical
Geology 145, 287–323.

Hori, K., Saito, Y., Zhao, Q., Cheng, X., Wang, P., Sato, Y., Li, C., 2001. Sedimentary
facies of the tide-dominated paleo-Changjiang (Yangtze) estuary during the
last transgression. Marine Geology 177, 331–351.



S. Qiao et al. / Continental Shelf Research 31 (2011) 1336–13421342
Hori, K., Saito, Y., Zhao, Q., Wang, P., 2002. Architecture and evolution of the tide-
dominated Changjiang (Yangtze) River delta, China. Sedimentary Geology 146,
249–264.

Hu, D., Saito, Y., Kempe, S., 1998. Sediment and nutrient transport to the coastal
zone. In: Galloway, James N., Melillo, Jerry M. (Eds.), Asian Change in the
Context of Global Climate Change: Impact of Natural and Anthropogenic
Changes in Asia on Global Biogeochemical Cycles, IGBP Book Series 3.
Cambridge University Press, pp. 245–270.

Li, G.X., Wei, H.L., Han, Y.S., Chen, Y.J., 1998a. Sedimentation in the Yellow River
delta, part I: Flow and suspended sediment structure in the upper distributary
and the estuary. Marine Geology 149, 93–111.

Li, G.X., Wei, H.L., Yue, S.H., Cheng, Y.J., Han, Y.S., 1998b. Sedimentation in the
Yellow River delta, part II: Suspended sediment dispersal and deposition on
the subaqueous delta. Marine Geology 149, 113–131.

Li, G.X., Zhuang, K.L., Wei, H.L., 2000. Sedimentation in the Yellow River delta. Part
III. Seabed erosion and diapirism in the abandoned subaqueous delta lobe.
Marine Geology 168, 129–144.

Liu, J., Saito, Y., Wang, H., Zhou, L.Y., Yang, Z.G., 2009. Stratigraphic development
during the Late Pleistocene and Holocene offshore of the Yellow River delta,
Bohai Sea. Journal of Asian Earth Sciences 36, 318–331.

Liu, J., Saito, Y., Kong, X.H., Wang, H., Xiang, L.H., Wen, C., Nakashima, R., 2010a.
Sedimentary record of environmental evolution off the Yangtze River estuary,
East China Sea, during the last 13,000 years, with special reference to the
influence of the Yellow River on the Yangtze River delta during the last 600
years. Quaternary Science Reviews 29, 2424–2438.

Liu, J.G., Li, A.C., Chen, M.H., 2010b. Environmental evolution and impact of the
Yellow River sediments on deposition in the Bohai Sea during the last
deglaciation. Journal of Asian Earth Sciences 38, 26–33.

Liu, J.P., Milliman, J.D., Gao, S., Cheng, P., 2004. Holocene development of the Yellow
River’s subaqueous delta, North Yellow Sea. Marine Geology 209, 45–67.

Martin, J.M., Zhang, J., Shi, M.C., Zhou, Q., 1993. Actual flux of the Huanghe (Yellow
River) sediment to the western Pacific Ocean. Netherlands Journal of Sea
Research 31, 243–254.

Milliman, J.D., Qin, Y.S., Ren, M.E., Saito, Y., 1987. Man’s influence on the erosion
and transport of sediment by Asian rivers: the Yellow River (Huanghe)
example. Journal of Geology 95, 751–762.

Milliman, J.D., Syvitski, J.P.M., 1992. Geomorphic/tectonic control of sediment
discharge to the ocean: the importance of small mountainous rivers. The
Journal of Geology 100, 525–544.

Palinkas, C.M., Nittrouer, C.A., 2007. Modern sediment accumulation on the Po
shelf, Adriatic Sea. Continental Shelf Research 27, 489–505.

Pang, J.Z., Si, S.H., 1979. The estuary changes of Huanghe River I. Changes in
modern time. Oceanologia et Lomnologia Sinica 10, 136–141 (in Chinese with
English abstract).

Qiao, S.Q., Shi, X.F., Zhu, A.M., Liu, Y.G., Bi, N.S., Fang, X.S., Yang, G., 2010.
Distribution and transport of suspended sediments off the Yellow River
(Huanghe) mouth and the nearby Bohai Sea. Estuarine, Coastal and Shelf
Science 86, 337–344.

Qin, Y.S., Zhao, Y.Y., Chen, L.R., Zhao, S.L., 1990. Geology of Bohai Sea. China Ocean
Press, Beijing.

Ren, M.E., Shi, Y.L., 1986. Sediment discharge of the Yellow River (China) and its
effect on the sedimentation of the Bohai and the Yellow Sea. Continental Shelf
Research 6, 785–810.

Ren, M.E., Zhu, X.M., 1994. Anthropogenic influences on changes in sediment load
of the Yellow River, China, during the Holocene. The Holocene 4, 314–320.

Saito, Y., 1998. Sea levels of the last glacial in the East China Sea continental shelf.
Quaternary Research (Jpn) (Daiyonki-Kenkyu) 37, 237–242 (in Japanese with
English abstract).

Saito, Y., Wei, H.L., Zhou, Y.Q., Nishimura, A., Sato, Y., Yokota, S., 2000. Delta
progradation and chenier formation in the Huanghe (Yellow River) delta.
China. Journal of Asian Earth Sciences 18, 489–497.
Saito, Y., Yang, Z.S., Hori, K., 2001. The Huanghe (Yellow River) and Changjiang
(Yangtze River) deltas: a review on their characteristics, evolution and
sediment discharge during the Holocene. Geomorphology 41, 219–231.

Southon, J., Kashgarian, M., Fontugne, M., Metivier, B., Yim, W.W.S., 2002. Marine
reservoir corrections for the Indian Ocean and Southeast Asia. Radiocarbon 44,
167–180.

Stuiver, M., Reimer, P.J., 1993. Extended 14C database and revised CALIB 3.0 14C
age radiocarbon calibration program. Radiocarbon 35, 215–230.

Ta, T.K.O., Nguyen, V.L., Tateishi, M., Kobayashi, I., Tanabe, S., Saito, Y., 2002.
Holocene delta evolution and sediment discharge of the Mekong River,
southern Vietnam. Quaternary Science Reviews 21, 1807–1819.

Ta, T.K.O., Nguyen, V.L., Tateishi, M., Konayashi, I., Saito, Y., 2005. Holocene delta
evolution and depositional models of the Mekong River Delta, southern
Vietnam. In: Giosan, L., Bhattacharya, J.P. (Eds.), River Deltas – Concepts,
Models and Examples, SEPM Special Publication No. 83, pp. 453–466.

Tanabe, S., Saito, Y., Vu, Q.L., Hanebuth, T.J.J., Ngo, Q.L., 2006. Holocene evolution of
the Song Hong (Red River) delta system, Northern Vietnam. Sedimentary
Geology 187, 26–61.

Wang, H.J., Yang, Z.S., Li, G.X., Jiang, W.S., 2006. Wave climate modeling on the
abandoned Huanghe (Yellow River) Delta lobe and related deltaic erosion.
Journal of Coastal Research 22, 906–918.

Wang, H.J., Yang, Z.S., Saito, Y., Liu, J.P., Sun, X.X., Wang, Y., 2007. Stepwise
decreases of the Huanghe (Yellow River) sediment load (1950–2005): impacts
of climate change and human activities. Global and Planetary Change 57,
331–354.

Wei, H., Hainbucher, D., Pohlmann, T., Feng, S.Z., Suendermann, J., 2004. Tidal-
induced Lagrangian and Eulerian mean circulation in the Bohai Sea. Journal of
Marine Systems 44, 141–151.

Wright, L.D., Yang, Z.S., Rornhold, B.D., Keller, G.H., Prior, D.B., Wiseman Jr., W.J.,
Fan, Y.B., Su, Z., 1986. Short period internal waves over the Huanghe (Yellow
River) delta front. Geo-Marine Letters 6, 115–120.

Xu, J.S., 1994. Changes of sea level and chenier along Huanghua beach of the Bohai
Bay. Acta Oceanologica Sinica 16, 68–77 (in Chinese with English abstract).

Xue, C.T., 1993. Historical changes in the Yellow River delta, China. Marine
Geology 113, 321–330.

Xue, C.T., Cheng, G.D., 1989. Shelly ridges in west coast of Bohai Sea and Holocene
Yellow River delta system. In: Yang, Z.G., Lin, H.M. (Eds.), Quaternary Processes
and Events in China Offshore and Onshore Areas. China Ocean Press, Beijing,
pp. 117–125 (in Chinese).

Xue, C.T., Zhu, X.H., Lin, H.M., 1995. Holocene sedimentary sequence, foraminifera
and ostracoda in west coastal lowland of Bohai Sea, China. Quaternary Science
Reviews 14, 521–530.

Yang, Z.G., Lin, H.M., 1993. Quaternary Process of China and Internal Analogy.
Geological Publishing House, Beijing in Chinese.

Ye, Q.C., 1982. The geomorphological structure of the Yellow River delta and its
evolution model. Acta Geographica Sinica 37, 349–363 (in Chinese with
English abstract).

Yi, S.H., Saito, Y., Oshima, H., Zhou, Y.Q., Wei, H.L., 2003. Holocene environmental
history inferred from pollen assemblages in the Huanghe (Yellow River) delta,
China: climatic change and human impact. Quaternary Science Reviews 22,
609–628.

Zhang, R.S., 1984. Land-forming history of the Huanghe River delta and coastal
plain of north Jiangsu. Acta Geographica Sinica 39, 173–184 (in Chinese with
English abstract).

Zhao, X.T., Geng, X.S., Zhang, J.W., 1979. Sea level changes of the eastern China
during the past 20,000 years. Acta Oceanologica Sinica 1, 269–281 (in Chinese
with English abstract).

908 Project Office, 2006. Technical Manual for Submarine Surface Sediment
Survey. China Ocean Press, Beijing (in Chinese with English abstract).


	Sedimentary records of natural and artificial Huanghe (Yellow River) channel shifts during the Holocene in the southern...
	Introduction
	Regional setting
	Material and methods
	Results
	Lithology, grain-size composition, TOC/TN ratio, magnetic susceptibility, color reflectance Lmidast and amidast, and 14C...
	137Cs and 210Pb profiles

	Discussion
	Early-Holocene environmental change
	Delta-lobe shifts recorded in cores on a millennial time scale
	Effects of coastal erosion on the Huanghe delta

	Conclusion
	Acknowledgments
	References




