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Abstract  In many countries, coastal planners strive to balance the demands between civil, commercial strategy and en-
vironmental conversation interests for future development, particularly given the sea level rise in the 21st century. Achieving a
sustainable balance is often a dilemma, especially in low-lying coastal areas where dams in inland river basin are trapping
significant amounts of fluvial sediments. We recently investigated the shore of Bohai Bay in northern China where there has been
a severe increase in sea level following a program of large-scale coastal reclamation and infrastructure development over the last
five decades. To investigate this trend, we obtained sediment cores from near-shore in Bohai Bay, which were dated by ¥Cs and
*'%Pb radionuclides to determine the sedimentation rates for the last 50 years. The average sedimentation rates of Bohai Bay
exceeded 10 mm yr~' before 1963, which was much higher than the rate of local sea-level rise. However, our results showed an
overall decreasing sedimentation rate after 1963, which was not able to compensate for the increasing relative sea-level rise in
that period. In addition, our results revealed that erosion occurred after the 1980s in the shallow sea area of Bohai Bay. We
suggest that this situation places the Bohai Bay coast at a greater risk of inundation and erosion within the next few decades than
previously thought, especially in the large new reclamation area. This study may be a case study for many other shallow sea areas

of the muddy coast if the sea level continues to rise rapidly and the sediment delivered by rivers continues to decrease.
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1. Introduction

In many countries, large sections of the coastal zone, prized
for their high commercial and strategic value, are subject to
intensifying pressures from human occupation and global
climate warming, a direct driver of higher sea levels. How-
ever, the narrow coastal strip with limited natural resources
does not always support the increasing demands from human
activity (Martinez et al., 2007; James et al., 2009; Syvitski,
2012).

The shore of Bohai Bay (Figure 1) is currently experien-
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cing the ‘coastal squeeze’ due to the pressures from both sea-
level rise and intensifying human impact. Compared to the
early 20th century, the urban area of Tianjin city has ex-
panded approximately 10-fold, reaching ca. 250 km” (Zhong
and Kang, 2002). By 2012, there were >14 million residents
in the Tianjin metropolitan area (Tianjin Bureau of Statistics,
2013). The highest rate of urban expansion has occurred
during the last decade (Zhang et al., 2010) when the Tianjin-
Binhai-New-Area was created. Due to this coastal develop-
ment, extensive tracts of intertidal and shallow nearshore
area around the bay coast have been reclaimed, creating
nearly 300 km® of new land since 2003 (Wang et al., 2010).
This reclaimed area has multifaceted values, but these can be
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Figure 1 The geographic location of Bohai Bay and the short core sites. Also shown is the claimed coastal area (hatched blocks) during 2009-2015. The
base map data were generated using the open and free software DIVA-GIS 7.5 (http://www.diva-gis.org/).

overlooked when coastal management plans are conceived
with narrow commercial objectives. Notably, the presence of

intertidal wetland can act as a natural buffer to alleviate
possible damage from extreme storm events and coastal
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flooding resulting from changing climate and rising sea le-
vels (Sarda et al., 2005; IPCC, 2013).

In this region, dam construction and channel modifications
in the upper stream of the river basins during the last sixty
years has reduced dramatically the riverine sediment load to
the estuaries (Blum and Roberts, 2009; Ericson et al., 2006).
In the study area, there are seven rivers from the west feeding
into Bohai Bay (Figure 1). At present the Haihe supplies
approximately 1.8x10° t yr ', the Yellow River 1.1x10” t yr'
and Luanhe River 2.7x10" t yr '. The Haihe used to supply
6x10°t yr ' before the construction of a dam upstream in
1958 (Qin et al., 1990). The runoff of the Haihe decreased as
follows: 729.9x10° m’ during the 1950s—436x10° m® dur-
ing the 1960s—100.9x10°m’ during the 1970s—and
17.0x10°-28.4x10° m’ since the 1980s. The Beitang estuary
and Duliujianhe estuary show the same decrease in runoff
trend (Lei et al., 2007). These data show that runoff is vir-
tually absent during dry years due to dam construction on its
river system in the 1950s—1960s. The sediment discharge by
the Haihe decreases from 5213x10*t in the 1950s to
360x10*t in the 1970s (Hu and Qi, 2000). The suspended
sediment flux of the Luanhe River declined to only 9% of the
levels before the construction of the two large dams in 1979
(Xue et al., 2009).

All our coastlines are facing continuing rising sea level.
From 1980 to 2016, the average absolute sea level rise rate
along the coast of China was 3.0 mm yr ' (SOA, 2017). The
rate on the Tianjin coast was slightly higher, and reached
3.4mmyr ' based on the raw tidal data from 1959-2008
from Tanggu marine environment monitoring stations in
Tianjin New Port (Li et al., 2011). However, Wang et al.
(2013) contend that the sea level rising rate of Tianjin was
27mmyr ' from 1950-2010 (Wang et al., 2013), and it is
suggested that the rate of the sea level rise has accelerated
during the last 30 years to 3.8 mm yr . Furthermore, latest
results show that the sea level increase rate reached
7.7 mm yr ' in the last ten years (Bi et al., 2013).

It is established (e.g., Lietal., 2011; Bi et al., 2013) that the
developed Bohai Bay coastal area is subject to ongoing rising
sea level, and a reduced supply of river transport sediments
(Hu and Qi, 2000; Xue et al., 2009). Therefore, the funda-
mental question of whether any increase in development in
the Bohai Bay coastal zone is sustainable is becoming more
and more important. In this paper, dating of short cores
collected from the shallow sea (0—10 m water depth) of
Bohai Bay is used to discuss the dynamic and complex re-
lationship between the nearshore sediment flux and sea level
rise and the potential impact of an extensive program of
commercial development, land reclamation and shoreline
geo-engineering on the Bohai Bay coast (Figure 1). Given
the predicted global sea-level rise (to 0.98 m) by the end of
the 21st century (IPCC, 2013), this study attempts to answer
the question of whether the Bohai Bay coast is sustainable.
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2. Study area

Bohai Bay in northern China is a large semi-enclosed sea,
connected to the Pacific through a gap between the two pe-
ninsulas (Shandong peninsula and Liaoning peninsula), and
the Yellow Sea. It has a coast line of >200 km and a water
surface area of ca. 15900 km” (Figure 1). The mean water
depth in the Bay is 12.5 m, and the mean tidal range is 2.4 m
at the Port of Tianjin (China Communications First Design
Institute of Navigation Engineering and National Marine
Data and Information Service, 2006).

There are significant fluvial inputs and the bay lies be-
tween two deltaic plains, the Yellow River in the south and
the Luan River in the north (Figure 1). The coastal lowland is
characterized by not only its low-lying nature, i.e. less than
10 m above sea level, but also the development of a series of
Chenier ridges associated with the Yellow River discharge
since later Holocene (e.g. Su et al., 2011), and buried oyster
reefs north of the Haihe River (e.g. Wang et al., 2011).
Several small rivers, including the Haihe and the Duliu-
jianhe, flow through the lowland and enter the Bay. Due to
the low gradient of the coast, the shoreline retreated to the
continental margin of the Yellow Sea, more than 1000 km to
the east and southeast, during the Last Glacial Maximum
(e.g. He, 2006). During the Holocene, the sea inundated the
coastal area and penetrated about 80 km inland from the
current shoreline (e.g. Wang et al., 2015).

Two coastal currents from north and south, respectively,
converge off the shore of Tianjin and flow eastwards back to
the sea (Zhao et al., 1995). Tianjin New Port was founded in
1939, but the original port at Tianjin opened in 1860, and it
was the earliest to engage in significant foreign trade in this
region. Sediments from Haihe spread along the coast to the
north and south, and move offshore and out of the bay,
however, following the construction of the latest breakwaters
protecting the new port of Tianjin, sediment from Haihe
flows mostly southwestwards (Wang F et al., 2014). Since
the 1960s, freshwater and riverine sediment flux discharging
into the bay has been significantly reduced due to water
extraction and the construction of dams in the catchments
(Hu and Qi, 2000). It is evident that the Bohai Bay coastline
has stopped progradation, and instead undergoes siltation
flooded by tidal currents intensified by marine processes
(Zhong and Kang, 2002; Wang, 2003; Li et al., 2007).

3. Material and methods

3.1 Sampling

In 2007-2010, 36 sediment cores, 60—-110 cm long, were
taken from the nearshore sea bed in the Bohai Bay using a
gravity corer (Figure 1). After recovery, the cores were
stored vertically in a plastic tube before slicing into 4 cm
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segments in the laboratory for radionuclide measurement and
particle size analysis. The radionuclide sub-samples were
dried, disaggregated and packed in an airtight container and
stored for >30 days, ensuring radioactive equilibrium be-
tween °Ra and its daughter “*Rn (half-life of 3.8 days).

3.2 Principles and radionuclide analysis

The activities of the radionuclides’ °Pb, "*’Cs, and **Ra (by
way of its granddaughter *'*Pb) were measured using a
gamma spectrometry utilizing the photon energies at 46.5,
662, and 295+352 keV, respectively. The *'°Pb, fraction was
calculated by subtracting **°Ra (*'"*Pb) from the total *'°Pb
activity. The activates in sub-samples of 10 g dry weight in
the cores S11-S19, C21, C23, C80 and C81 were measured
using a GWL-120-15, ORTEC well detector housed at the
Nanjing Institute of Geography & Limnology, Chinese
Academy of Sciences (NIGL, CAS). The well detector was
calibrated using radioisotope standard samples from En-
vironmental Radioactivity Research Centre of the University
of Liverpool and the IAEA. Additional sub-samples of 50 g
dry weight taken from the core S01-S10, Y9, Y12, Y14,
S23-S26, S30-S35, were measured using a Hyperpure
coaxial Germanium detector (GMX60-15, ORTEC) housed
at the Young Sediments Dating Lab, Tianjin Center, China
Geological Survey. This instrument was calibrated using
radioisotope standard samples from the Chinese Atomic
Energy Institute and NIGL, CAS.

The first detectable *'Cs activity in undisturbed sediment
profiles has been previously proposed to mark the appearance
of significant bomb-derived "*’Cs fallout in global environ-
ments in 1954 (Cambray et al., 1989; Callaway et al., 1996; Le
Roux and Marshall, 2010). The global fallout of '*’Cs reached
its maximum during the height of atmospheric tests from
1962-1964 (Cambray et al., 1989). Later, weapons tests pro-
duced reduced 'Cs fall-out peaks in the years 1968—1979
(Mishra et al., 1975; Jha et al., 2003), and a significant re-
gional fall-out event resulted from the 1986 reactor fire at
Chernobyl in the Ukraine (Callaway et al., 1996; Le Roux and
Marshall, 2010). Therefore, if the first presence of B1Cs at
depth (corresponding to age of 1954) or other unique peaks (e.
g., corresponding to an age of 1963) can be identified the
vertical profile of "*’Cs can be used to calculate average se-
dimentation rates. This approach has been widely used in
other sediment cores (Delaune et al., 1978; Callaway et al.,
1996; Goodbred and Kuehl, 1998; Radakovitch et al., 1999;
Andersen et al., 2000; Su and Huh, 2002; Gehrels et al., 2006;
Marshall et al, 2007; Wei et al., 2007; Irabien et al., 2008;
Wang F et al., 2014; Wang et al., 2016b, 2016c), and we use
this method to date our sediments. Following on, the sedi-
mentation rates since 1963 were calculated based on the de-
tected depth of ’Cs peak (sedimentation rates=peak depth/
(sampling time—1963)), and the average sedimentation rate
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during the year of 1954-1963 was also calculated (sedi-
mentation rates=(maximum depth—peak depth)/(1963—1954)).

For *'°Pb,,, data, the CIC model is adopted to the calcu-
lation of the linear sedimentation rate for many marine se-
diments, which assume a constant initial concentration of
*%Pb,,. per unit dry weight at each stage of accumulation,
despite variations in accumulation rates.

The sedimentation rate is calculated using equation below:

S=4D/1n(C,/ C), (1)

where S is sedimentation rates (cmyr'); A is the decay
constant for *'°Pb (1=0.031 yr '); D is depth to z (cm); C, is
the activity of the top layer of sediments (dpmg ' or Bq kg );
and C is the activity of the sediments at depth z layer
(dpm g or Bqkg ™).

3.3 Particle size analysis

All samples were processed with 10-20 mL of 30% H,0, to
remove organic matter, washed with 10% HCI to remove
carbonates and shell fragments, and rinsed with deionized
water. After processing, all samples were gently dis-
aggregated in an ultrasonic vibrator for several minutes to
facilitate dispersion in the analyzer. The grain size distribu-
tion of core sediment samples was analyzed using a laser
particle analyzer (Microtrac S3500 Particle Size Analyzer) at
the Tianjin Center of Geological Survey with a measuring
range of 0.3-2000 um. The grain size parameters were cal-
culated according to the moment method (McManus, 1988).

4. Results

4.1 Particle size distribution

The range of sand, silt and clay content for cores S01-S04,
S23-S25, and Y9, Y12, Y14 were 12.9-54.4%, 12.9-28.1%
and 32.7-62.1%, respectively (Figure 2). The other cores had
sand contents of 1.2-6.6% and clay and silt contents 25.5—
39.4% and 59.4-68.1%, respectively.

The particle size distributions of the cores north of the
Haihe, near the Beitang channel and in Tianjin Harbor, had
an upward fining trend. The others had a coarsening trend
based on average grain size (Figure 2). Notably, those cores
taken south of the Haihe river (i.e., S32-S35, S09, S12, S14,
S19) and in the nearshore sub-tidal shallows (0—10 m water
depth). In addition, the cores from the Lvjuhe tidal flat had a
strong upward coarsening trend (Figure 2).

4.2 Radionuclide activities and sedimentation rates

The *'°Pb,, activity determined in the cores was low, most of
the down-core profiles declined to background levels below
40 cm depth. Most cores had maximum activities
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Figure 2 Particle size distribution of the cores.




Wang F, et al.  Sci China Earth Sci  October (2018) Vol.61 No.10 1515

<120 Bq kg ', and given the presence of lower values below the sedimentation rates for cores based on *'’Pb,,. The va-
this core depth or 40 cm and some reversed decay trends, we lues measured in these cores would be typically from sites
conclude that the inventories in many cores were the product where the uppermost younger sections had been eroded
of a systematic steady-state decay. Furthermore, considering away. Alternatively, these values could result if the down-
the group core sample site, the down-core activity profiles core sediment package was the product of the slow deposi-
did not follow a common trend (Figure 3). Significant tion of ‘pre-aged’ mature material, e.g., re-worked and
variability occurred in the radionuclide inventories in in- transported from a distant source.

dividual cores within the same sampling zone (See Figure 1). Wang et al. (2016c¢) reported that because of dam con-
Unfortunately, because of the low radionuclide activities and structions in the rivers, sediment supply decreased since the
the non-systematic decay curves, it is impossible to simulate 1960s. This change has led to sedimentary erosion and/or re-
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deposition in the subtidal area of Bohai Bay. These dams,
and associated catchment disturbances, could be expected to
influence the composition of the sediments transported.
Since the 1980s, coastal engineering works have changed the
sediment transport patterns, and triggered enhanced erosion
in some locations. These changes in the sediment sources can
also be expected to have some impact on the mineral com-
position, grain size and texture of the sediments reaching the
near-shore zone of Bohai Bay. Changes in physical proper-
ties of the sediments will change the materials ability to
retain individual radionuclides, and can result in a local
fractionation following preferential retention, or loss, of a
specific nuclide species (see Hormann and Fischer, 2013;
Kabdyrakova et al., 2018 and references therein). We pro-
pose that this preferential retention may have happen in the
sediments we find from Bohai Bay. In our sediments the
*%Pb,. activity determined was low, and most of the down-
core profiles declined to a low activity levels below 40 cm
depth, preventing the production of any meaningful results
for dating.

To explain this further, Figure 4 presents idealized depth
distributions of *'°Pb,,. and "*'Cs activity profiles in our se-
diment-supply-decreasing environments. The profiles show
the overestimated sedimentation rates based on *'’Pb,.

29pp,.. activity in log

October (2018) Vol.61 No.10

curves by mixing and erosion activity. Before 1950, the se-
dimentation rates were relatively high because the sediment
supply was sufficient, and the *'°Pb,,, had a slow decay trend.
After the 1950s, the sedimentation rates became low when
the sediment supply decreased sharply following dam con-
struction. Figure 4B shows the evidence of erosion and
surface layer missing. Figure 4C shows the final measured
profiles after erosion and mixing processes.

In contrast, the vertical profiles of *'Cs activity detected in
the sediments had structure, and most of the cores produced a
similar curve. Although the maximum activity levels were all
below 15 Bqkg ', most of the curves had a well-defined
peak with steep rising and falling limbs (Figure 5). We in-
terpret this peak as marking the level containing sediments
deposited during the height of atmospheric nuclear weapons
tests and date it at AD1963, this local peak was identified by
the comparing study between *'’Pb and "’C radionuclides
and local hydro records (Wang et al., 2016a, 2016b, 2016c).
This peak, or part of it, is observed in all the profiles except
yjl4. In cores S25, S31, S23 and S24, the falling limb is
missing or is truncated, suggesting the younger sediments
were missing. The first occurrence of "*’Cs at depth was not
detected in cores S02, S04 and S26 because of the shortness
of the cores. In core S02, only the falling limb was detected,

¥'Cs activity
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Figure 4 Vertical distribution of *'°Pb,,. and "*’Cs activity profiles in the shallow sea of Bohai Bay (Wang et al., 2016¢).
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Figure 5 Depth profiles of *’Cs in the sediment cores.

presumably because of the lack of recovery of deeper sedi-
ments.

For the other cores, the"”'Cs first occurrence depth and the
peak depth can be identified obviously, the average sedi-
mentation rates since 1954 were calculated based on max-
imum depths (sedimentation rates=maximum depth/
(sampling time—1954)). Variability between area curves
showed small variations in low-activity distribution patterns,

but with approximately equivalent amplitudes, representing
coarser sediments and associated stronger flow current en-
vironments. The sedimentation rates should be very low. The
sedimentation rates in this study area were determined using
both the "*’Cs profiles in the cores and dates modeled from
the *'°Pb,. activity (Figure 6).

The results show that high sedimentation rates occurred during
1954 to 1963, and the maximum rates reached 2.0-2.9 cm yrfl,
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4.3 Temporal and spatial variation of sedimentation
rates

Although the mixing processes result in a large uncertainty in
our estimation of sedimentation rates for the period 1954—
1963, these can still be useful data. It can be concluded that
the sedimentation rates from 1954 to 1963 are high; nearly

of 1954-1963, the sedimentation rates decreased sharply in
the late 1960s (Figure 6).

Figure 7 shows the spatial distribution of sedimentation
rates dated by the peak of "*’Cs. Six districts can be identified
based on the sedimentation rates, represented by D1-D6. D1
is distributed near 0—2 m water depth in south Haihe River,
where the sedimentation rates are less than 0.2 cm yr . D2 is
distributed in the shallowest sea area of the south Haihe
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River and outside of the north Haihe River, where the sedi-
mentation rates are 0.2-0.4 cm yr . D3 is distributed in the
0-2 m water depth and southern area of the south Haihe
River, where the sedimentation rates are 0.4-0.6 cm yr . D4
is distributed in the shallowest sea area of the north Haihe
River, where the sedimentation rates are 0.6-0.8 cm yr . D5
is distributed in part area of north Haihe River, represented
by sites S03 and S06, where the sedimentation rates are
0.8-1.0 cm yr . D6 is distributed near the channel of the
Tianjin New Port, represented by sites SO7 and S26, where
the sedimentation rates are greater than 1.2 cm yr .

5. Discussion

5.1 Particle size and sediment supply

The particle size in north Haihe is coarser than in south
Haihe, represented by higher sand content, which are the
respond to the sediment dynamic and sources. There are two
coastal currents from north and south, respectively in the
study area. These currents converge off the shore of Tianjin
and flow eastwards back to the sea (Zhao et al., 1995) (Figure
1). In south Haihe, the sediments in the intertidal flat from
Haihe to Dulijianhe are mainly transported by the Haihe, but
its influence cannot reach the shallow sea area based on the
finer particle size distribution. The fine sediments (mainly
suspended sediments) in the shallow sea area are transported
by offshore currents, especially from the Yellow River. North
Haihe has different coastal current and sources of material
from south Haihe. The proportions of sandy components in
the north are much higher than in the south area. These se-
diments are mainly transported by currents from Luanhe, but
there is some mixing with sediments from near rivers.

The sediment particle size primarily shows a coarsening
trend in the study area. Therefore, whether there is any re-
lationship among sedimentation, river discharge, and sea
level change need investigated.

5.2 Sedimentation rate in relation to sediment budget

A previous study showed that the suspended component in
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surface sediments from the west of the Bohai Bay is probably
associated with two-way sediment transport mixing of dif-
ferent material elements caused by the complete changes of
coastal circulation directions in different seasons based on
the element characteristics (Tian et al., 2010a) and grain size
characteristics (Tian et al., 2010b). Han et al. (2011) reported
that the sediments in this area are mainly from the Yellow,
Haihe and Luanhe Rivers based on the clay mineral assem-
blage. The particle size of the sediment delivered by Luanhe
was coarse, with a high sandy sediment contents; the particle
size of the sediments from Haihe are finer than that of the
Luanhe, which have a high silt content; the sediments
transported by currents are the finest and which have a high
suspended sediments content.

Sediment from Haihe disperses to the north, south and out
to the Bay. However, because of the blocking effect of
breakwaters of the Tianjin New Port, sediment from the
Haihe flows mostly southwestwards especially during the
wet season in the summer and autumn due to the prevalent
southeasterly or southwesterly wind of the region. The Bei-
tang estuarine channel is the outlet of Yongdingxinhe and
Jiyunhe that converge and flow into the estuary into Bohai
Bay. The runoff throughout the last 50 years shows a sharp
decrease after the 1960s (Table 1).

The decreasing sedimentation rates after the late 1950s
closely correlate with decreasing river sediment supply, and
the influence of the sediments transported by the rivers can
be identified based on the distribution of the sedimentation
rates after 1963 (Figure 4). In south Haihe, the sediments in
the intertidal flat from Haihe to Duliujianhe are mainly
transported by the Haihe, but its influence cannot reach the
shallow sea area due to the finer particle size distribution
(Xu, 1996) and lower sedimentation rates. In contrast, the
suspended sediments in the shallow sea area are transported
by offshore currents, especially from the Yellow River (Zhao
et al., 1995).The north Haihe has different sources of mate-
rial from the south Haihe based on particle size components
of the cores. The occurrence of sandy components is much
higher than in the southern area, and this material is trans-
ported mainly by currents from the Luanhe and mixed with
sediments from nearby rivers (Liu, 1993). After 1915, the

Table 1 The water discharge at the Haihe River estuary, Beitang estuary and Duliujianhe estuary”

Beitang estuary

Haihe estuary

Duliujianhe estuary

Period Flood season No flood season Total Flood season No flood season Total Flood season  No flood season  Total
1950-1959 460.0 729.9 261.0
1960-1969 175.5 125.9 90.7 436.6 180.0
1970-1979 257.3 85.9 14.9 100.9 38.0 2.0 40.0
1980-1989 58.1 16.7 75.9 13.5 3.5 17.0 0.7 0.0 0.7
1990-1999 117.1 21.3 141.7 214 6.9 28.4 21.6 7.4 29.0

a) Lei et al., 2007. Unit: 10° m’
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Luanhe estuary migrated northward, further away from
Chengtougu-Dashentang. Consequently, the quantity of
coarse sediment transported from Luanhe decreased sharply
(Wang F et al.,, 2014). The sedimentation rates of the
northern Haihe River are higher than those in the southern
area because the sediments from eastern sea area were
transported to this area by stronger currents.

5.3 Sedimentation rates and implication

Bi et al. (2013) suggested that the increase in the rate of sea
level rise in the Tianjin area is due to the major coastal
development, especially the coastal use, reducing the volume
of Bohai Bay. Essentially that the incoming tide has the same
volume but has less area to flood over. Therefore, the sea-
water level is forced up. The effect is amplified if there is a
reduction in sediment supply, and no increase in accom-
modation space through land subsidence. Ericson et al.
(2006) suggested that the contemporary net rate of sea level
rise is defined as the combination of eustatic sea level rise,
the natural gross rate of fluvial sediment deposition and
subsidence. This can be accelerated locally by subsidence,
and by groundwater and hydrocarbon extraction. In addition,
reduced accretion of fluvial sediment, for example as the
result of upstream siltation in artificial impoundments and
channel flow reduction, contribute significantly to relative
sea level rise in nearly 70% of deltas. Therefore, the rate of
sedimentation in the coastal zone is an important factor when
considering the local controls influencing relative sea level
rise.

Compared with the regional average before 1963, the se-
dimentation rates are higher, and only a small area located on
core S31 in the south Haihe, core S25, and Y14 in the north
Haihe are lower. However, after 1963, the regional average
sedimentation rate decreased sharply in most of the study
area. Including the area of 0—10 m water depth in the south
Haihe, and part of the area in 0 m water depth near Da-
shentang. In addition, we note that the area of 5 m water
depth near core S25 and Y12 in the north Haihe the rates are
lower than the mean local sea level rising rates.

The coastline of the study area is now dominated by arti-
ficial structures. After 2007, most of the supratidal zones in
the area and part of the shallow sea area have been reclaimed,
and the width of tidal flats has decreased due to human ac-
tivities (Figure 1). The intertidal flat has become narrower
and steeper in our study area (Wang et al., 2010), with the
same results in Jiangsu coast, Jiaozhou Bay China, following
sequential reclamations (Wang et al., 2012; Wang Y P et al.,
2014) and other rocky shorelines being reclaimed. Human
activity has also led to the formation of many intrusive
coastal features, like large concrete constructions within the
intertidal zone and the nearshore shallow sea area. This type
of engineering restricts the flow and movement of sea water
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during high-tide, and slows the natural drainage of extreme
water level events.

In the next 30 years, the sea level of Tianjin is expected to
rise 105-195mm (SOA, 2015); the increase rate is
3.5-6.5 mm yr . The observed average sedimentation rates
since the 1950s can keep pace with sea level rises , but
comparison of the accumulation rates in 1954-1963 and
1963-2007 revealed an obvious decrease in sediment de-
position. The observed decrease in sediment deposition is
significant and gives reason for concern as it may be the
common sign of sedimentation deficiency, which could
threaten these artificial constructions. For example, the re-
clamation of both inshore and offshore intertidal areas would
impact the near-shore accommodation space and increase
tidal flows. An increase in tidal energy coupled with rapidly
rising sea level could increase the probability of coastal ha-
zards, e.g., severe erosion (Zhu et al., 2016), and this situa-
tion will require urgent countermeasures to maintain the
coastline.

As the flow of sediments from the land into the sea is
reduced, the study shows that many of the world’s deltas are
becoming more vulnerable to flooding and inundation. This
results from combination of impacts from the exploitation of
natural resources (such as gas and oil), the trapping of se-
diment in reservoirs upstream and floodplain engineering
and the steady upward trend of global sea level (Syvitski,
2012). One result is many of the coasts around the world will
face the same situation as Bohai Bay of rising relative sea
level and decreasing regional sediment supply. Whether se-
dimentation can keep pace with the sea level is important for
the future of these areas. Our study shows that sedimentation
cannot keep pace with the sea level increase since the 1960s
in Bohai Bay. This result is also the case for many other
shallow seas, especially if the sea level continues to rise
rapidly, as indicated by climate change.

6. Conclusions

In the shallow sea area of Bohai Bay, the sedimentation rates
before the last 50 years have generally kept pace with, or
were slightly higher than, the average rate of sea level rising,
3.4 mm yrfl. After the 1960s, however, the sedimentation
rates decreased sharply because all the rivers entering the bay
were dammed, and the sediments being delivered to the
coastal zone decreased, leading to the sedimentation rates of
most areas being lower than that of the sea level rising.
Consequently, the particle size shows a coarsening trend in
the shallow sea area of the bay, which was the response to the
decreasing river sediment delivery and rising sea level.

The observed decrease in sediment deposition is sig-
nificant and gives reason for concern as it may be a common
sign of sedimentation deficiency, which could threaten these
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highly invested coastlines, especially the artificial con-
structions, in the case of a rapidly rising sea level. This result
is also the case for many other bays and shallow seas,
especially if the sea level continues to rise rapidly in this
century.
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