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a b s t r a c t
Trace metals play important roles in marine biogeochemical cycling processes. However, due to a lack of clean
sampling techniques for trace metals, high quality data on the occurrence of dissolved trace metals in Chinese
coastal seawaters are scarce. In this study, we used stringent trace-metal clean sampling and analytical techniques to investigate the spatial distributions of several dissolved trace metals (cadmium (Cd), cobalt (Co), copper (Cu), nickel (Ni), lead (Pb), silver (Ag), and zinc (Zn)) in Bohai Bay and Laizhou Bay, China. The dissolved
metal concentrations in the southern Bohai Sea were comparable to those found in other bays or pristine coastal
waters around the world. Metal concentrations were also determined at several nearshore sites, including rivers
containing sewage discharges, a seaport, and the Yellow River. With the exception of the Yellow River, the metal
concentrations at the nearshore sites were all elevated compared with those in the bays. The Cu speciation in the
bay waters was also determined. Strong complexing ligands were found, often present as one class with logK =
12.7–13.6, and the sources of the strong ligands could be attributed to either the river/sewage discharges or in
situ production. Overall, the dissolved metal concentrations were not as high as expected even though the
Bohai Sea is considered to be a heavily polluted inland sea. The low dissolved metal concentrations are in accordance with the relatively low metal concentrations in sediment in the bays, which may be due to the low ﬂows of
the rivers that enter the bays, resulting in the deposition of metals in riverbeds before they reach the bays.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Trace metals are important to the biogeochemical cycling that occurs
in coastal and open ocean waters (Bruland and Lohan, 2003). On one
hand, some metals are essential micronutrients and can be limiting
factors in primary production when their concentrations in the open
ocean are too low (Martin et al., 1994; Maldonado et al., 2006). On the
other hand, some metals are toxic if their concentrations exceed a certain level (Sunda et al., 1987; Rivera-Duarte et al., 2005). Metal speciation has been studied intensively because of its close correlations with
metal bioavailability and toxicity (Morel et al., 2003). Cu is an interesting example of a trace metal that is an essential element but can be
toxic at relatively low concentrations. The speciation of Cu has been
more intensively studied than the speciation of most other trace metals
because of the potential toxicity of Cu in coastal waters (Brand et al.,
1986; Moffett et al., 1997; Buck et al., 2007).
The Bohai Sea is a semi-enclosed water body with an area of
77,000 km2. It is the largest inland sea in northeastern China. The Bohai
Sea comprises three bays, Bohai Bay, Laizhou Bay, and Liaodong Bay,
and has an average depth of 18 m. The Bohai Sea is connected to the Yellow Sea through the narrow Bohai Strait. The two main hydrodynamic
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mechanisms that control the motion and mixing of the seawater in the
Bohai Sea are tides and wind waves (Liu et al., 2013). It has often been
observed that water ﬂows into the Bohai Sea through the northern part
of the Bohai Strait and ﬂows out through the southern part of the strait.
The inﬂowing water continues to ﬂow westwards and turns anticlockwise when it reaches the western shore of Bohai Bay. The currents
in Bohai Bay and Laizhou Bay often rotate in an anti-clockwise direction,
whereas the current in Liaodong Bay rotates in a clockwise direction
(Mao and Guan, 1982; Guan, 1988; Fang et al., 2000). The water exchange
rates are higher in the eastern parts of Liaodong Bay and Laizhou Bay than
the water exchange rates in the other parts of the sea. The half-life of the
water in Laizhou Bay is about half a year, whereas the half-life of the
water in Bohai Bay is more than 10 months (Wei et al., 2002). In general,
the water residence time in Bohai Sea is longer than one year (FIO, 2013).
Rapid industrial and population growth has occurred in the area surrounding the Bohai Sea over the past 30 years, and the area is one of the
most developed and accounts for a quarter of the GDP in China (Pan
et al., 2006). As a result, the Bohai Sea is under intense ecological pressure, and it receives about 36% of the wastewater that is produced in
mainland China (Wang et al., 2009). The water quality in the Bohai
Sea has become the focus of monitoring studies. It is stated in a recent
Chinese State Oceanic Administration monitoring report that eutrophication and oil spills are the two main pollution issues that currently affect the Bohai Sea (SOA, 2013). Based on the seawater quality standard
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Fig. 1. Sampling station locations. The black dots are the 2011 sampling stations in Bohai Bay and Laizhou Bay. The red triangles are the nearshore sites at which samples were collected in
2012. The blue contour lines indicate the water depth (labeled in meters). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

of China (CEPA, 1997), in 2012, the sea area of the Bohai Sea that fell into
the Class IV standard (dissolved inorganic nitrogen (DIN) N 0.5 mg/L and
dissolved inorganic phosphorus (DIP) N 0.045 mg/L) was three times of
that in 2006; only 47% of the sea area met the Class I standard
(DIN b 0.2 mg/L; DIP b 0.015 mg/L) (SOA, 2012). Harmful algal blooms
have been recorded in the Bohai Sea between seven and thirteen
times between 2010 and 2013, and the accumulative affected sea area
reached between 217 and 3869 km2 (SOA, 2013). Events when the
dissolved oxygen concentrations were low (2–3 mg/L) have also been
recorded in some areas of the Bohai Sea (Zhai et al., 2011; Wu et al., 2013).
Trace metal concentrations in sediment samples from the Bohai Sea
have also been determined, and elevated metal concentrations have
been found, especially in sediments from some nearshore areas, but
the level of trace metal contamination has been found to be slight or
moderate in sediment samples from most areas in the Bohai Sea (Li
and Li, 2008; Meng et al., 2008; Feng et al., 2011; Gao and Chen,
2012). Trace metal concentrations in seawater from the Bohai Sea
have been determined in a number of studies, but stringent tracemetal clean sampling and analytical techniques were used in few of
those studies, and that may be why high Pb and Zn concentrations
were found in those studies. Pb concentrations of up to tens of nanomolars and Zn concentrations as high as 200–600 nano-molars have
been found (Wang and Wang, 2007; Meng et al., 2008; Zhang et al.,
2010a,b; Pan et al., 2012). No data are yet available on Ag and Co concentrations in seawater from the Bohai Sea. Very little information is
available on metal speciation in seawater from the Bohai Sea.
In this study, we collected and analyzed samples of surface and
bottom water from 16 stations in Bohai Bay and Laizhou Bay using
trace-metal clean sampling and analytical techniques. We measured

the concentrations of seven dissolved trace metals (Ag, Cd, Co, Cu, Ni,
Pb, and Zn) and also determined the Cu speciation in the samples. This
is the ﬁrst study in which dissolved trace metal concentrations and
trace metal speciation have been determined in seawater from the
Bohai Sea using strict trace-metal clean sampling and analytical
methods. The spatial distributions of the dissolved trace metals were
determined and are discussed here.
2. Methods
2.1. Sample collection
Two sampling trips were conducted, one in August 2011 and the
other in August 2012. In August 2011, water samples were collected
from 16 stations in Bohai Bay and Laizhou Bay, and the locations of
the sampling stations are shown in Fig. 1. Surface (2–3 m deep) and
bottom (approximately 2 m above the bottom) water samples were collected at the sampling stations. The water was shallow (b 6 m) at stations B1 and B2, so water was sampled at the middle depth at these
stations. Bottom water was not sampled at three stations (L1, B4, and
B6), and no surface water sample was collected at station B3. Four nearshore sites were visited in August 2012, and these were two sites where
rivers that contain wastewater (the Dagu River and the Mi River) discharge, one seaport site (Tianjin port), and one river site (the Yellow
River). Two or three surface (1–1.5 m deep) seawater samples were
collected at each site. We followed trace-metal clean procedures
strictly when collecting the samples. The samples were collected using a
portable peristaltic pump (Cole-Parmer Inc.) that was equipped with
pre-cleaned C-ﬂex® tubing (Cole-Parmer Inc.) and a Teﬂon intake that

Table 1
Average metal concentrations in the method blanks and the detection limits (3 × s.d. of the blanks).

Method blank (n = 23)
Detection limit

Cu
nmol/kg

Zn
nmol/kg

Ni
nmol/kg

Cd
pmol/kg

Pb
pmol/kg

Co
pmol/kg

Ag
pmol/kg

0.26
0.97

0.05
0.24

0.16
0.19

3.8
2.1

6.0
3.0

6.32
10.2

1.1
2.0
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Table 2
Analytical results of certiﬁed reference materials and their certiﬁed values (CASS-5 and NASS-6).

CASS 5 (n = 6)
Certiﬁed valuea
NASS 6 (n = 4)
Certiﬁed valuea
a

Cu
μg/kg

Zn
μg/kg

Cd
μg/kg

Pb
μg/kg

Co
μg/kg

Ni
μg/kg

Ag
ng/kg

0.378 ± 0.014
0.371 ± 0.028
0.239 ± 0.008
0.242 ± 0.025

0.722 ± 0.032
0.702 ± 0.067
0.224 ± 0.010
0.251 ± 0.020

0.026 ± 0.001
0.021 ± 0.0017
0.0354 ± 0.001
0.0303 ± 0.0019

0.010 ± 0.003
0.011 ± 0.002
0.007 ± 0.002
0.006 ± 0.002

0.091 ± 0.004
0.093a
0.015 ± 0.001
0.015a

0.324 ± 0.010
0.330 ± 0.023
0.299 ± 0.012
0.294 ± 0.025

2.203 ± 0.007
1.030 ± 0.056

Concentrations issued by the National Research Council of Canada were used as the certiﬁed concentrations.

was designed to face into the current. Each seawater sample was ﬁltered
in-line through a 0.2 μm AcroPak® ﬁlter (Pall Inc.) and collected in a precleaned 1 L low density polyethylene bottle (Nalgene™, Thermo Fisher
Scientiﬁc Inc.), then the sample was acidiﬁed to bring it to a pH of about
2 using high-purity HNO3. Each water sample for Cu speciation was collected in a 500 mL ﬂuorinated high-density polyethylene bottle
(Nalgene™) using the method described for the other samples but without acidifying the sample, and the sample was stored frozen (−20 °C)
until it was analyzed. The salinity was measured in situ using a YSI ProPlus
handheld multi-parameter probe.
The C-ﬂex® tubing was cleaned using Decon®90 and then 10% HCl,
and then stored in 2% acid until use. The sample bottles were ﬁrst
cleaned with Decon®90, and then sonicated successively in 30% HNO3,
30% HCl, and Milli-Q (18.2 MΩ resistivity) water (QW) for 3 h in a
water bath that was kept at 60 °C. At the end of this process, the bottles
were thoroughly rinsed with QW, and stored containing QW that had
been brought to a pH of about 2 using high-purity HNO3. Each bottle
was then double bagged in polyethylene bags, and stored until use.
The AcroPak® ﬁlters were pre-cleaned with 2% nitric acid and then
rinsed with QW before use.
2.2. Dissolved metal analysis
The dissolved metal concentrations were determined six months
after the samples had been collected. The samples were extracted
using a modiﬁed version of the liquid–liquid extraction method that
was originally proposed by Danielsson et al. (1978) and Bruland et al.
(1979), using ammonium 1-pyrrolidine dithiocarbamate (APDC) and
diethylammonium diethyldithiocarbamate (DDDC) as organic chelates.
Brieﬂy, about 200 g of acidiﬁed seawater (pH ~2) was weighed into a
Teﬂon separation funnel, then 4 mL of ammonium acetate buffer and

1.5 mL of chelate solution (1% APDC and 1% DDDC) were added. The
seawater solution was then extracted three times with 5 mL of chloroform (ACS/HPLC grade; Burdick & Jackson) each time. The chloroform
extracts were combined and 500 μL of concentrated HNO3 and 500 μL
of concentrated HCl were added to back-extract the metals from the
chloroform. Afterwards, 1 mL of the acid phase was transferred, using
a pipette, from the 20 mL Teﬂon beaker to a 1 mL high density polyethylene vial, which was then left uncapped inside a Class-100 hood for
2–3 h to allow the residual chloroform to evaporate. A 0.5 mL aliquot
of the solution was then transferred, using a pipette, into a precleaned 15 mL centrifuge tube and diluted to 5.0 mL with QW.
By this method, the dissolved metals were concentrated by a factor
of 20, the salt matrix was removed efﬁciently, and interference from
chloroform and salt matrix during the instrumental analysis were
eliminated. The samples were analyzed using an inductively coupled
plasma-mass spectrometer (X II; Thermo Fisher Scientiﬁc Inc.) ﬁtted
with an Apex HF micro-nebulizer system (Elemental Scientiﬁc Inc.).
Each sample was spiked with an internal standard (indium). Procedural
blanks and sample replicates were also analyzed, each at a rate of 10% of
the real samples that were analyzed, and the relative standard deviations were generally b 15%. The analyte concentrations in the procedural
blanks and the detection limits are shown in Table 1. Seawater certiﬁed
reference materials NASS-6 and CASS-5 (National Research Council
Canada) were analyzed, and our results and the certiﬁed values agreed
relatively well (Table 2). The extracted seawater samples (treated as
trace-metal free seawater samples) were spiked with metal standards
(High-Purity Standards, Inc.) at a series of concentrations to determine
the recoveries of the metals and to allow matrix effects to be corrected.
Owing to the efﬁciency of the modiﬁed method in removing the matrix
interferences, the recoveries of all metals were generally in the range of
95–105%. No certiﬁed values for the Ag concentrations in the NASS-6

Fig. 2. (a) Surface and (b) bottom salinities in Bohai Bay and Laizhou Bay in August 2011.
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Table 3
Dissolved metal concentrations at nearshore sites.
Site ID

STN ID

Salinity

Cu (nmol/kg)

Zn
(nmol/kg)

Co
(pmol/kg)

Cd
(nmol/kg)

Ni
(nmol/kg)

Pb
(pmol/kg)

Ag
(pmol/kg)

Dagu River, Bohai Bay

DG-1
DG-2
DG-3
TJG-1
TJG-2
MH-1
MH-2
YR-1
YR-2
YR-3

25.5
26.8
27.7
25.7
25.8
18.2
18.5
0.4
0.4
0.7

26.3
25.0
24.3
68.4
58.5
39.3
34.9
39.5
43.1
42.3

5.2
2.6
2.1
106.3
87.9
38.8
22.0
1.4
5.1
6.5

973
384
272
4107
3353
2381
1089
460
396
440

0.76
0.85
0.90
0.75
0.77
0.50
0.55
0.11
0.12
0.23

24.7
18.7
14.6
46.1
43.3
50.8
44.4
13.1
13.4
14.9

95
85
101
221
118
179
124
265
373
462

4.4
3.7
5.5
11.0
10.7
5.1
4.3
1.2
n.d.
5.5

Tianjin Port, Bohai Bay
Mi River, Laizhou Bay
Yellow River

n.d. = not detectable.

Table 4
Dissolved metal concentrations in Bohai Bay, Laizhou Bay, the Yellow River, and other estuaries and coastal waters around the world. Numbers in brackets are concentration ranges.
Sampling site

Cu
nmol/kg

Ni
nmol/kg

Cd
nmol/kg

Zn
nmol/kg

Co
pmol/kg

Pb
pmol/kg

Ag
pmol/kg

Reference

Bohai Bay and Laizhou Bay,
China
Yellow River, Chinaa

22.6
(17.8–30.4)
41.3
20.0
14.7
(8.1–54.1)
3.9
(2.5–7.3)
14–44

15.5
(10.9–23.1)
13.3
7.5
6.0
(4.3–13.5)
22
(20–27)
6–16

1.01
(0.90–1.37)
0.11
0.03
0.34
0.10–0.45
0.34
0.30–0.43
0.54–1.74

1.8
(0.6–3.3)
3.3
3.0
20.8
(5.6–51.2)
18
(1–66)

0.30
(0.16–1.00)
0.43
0.30

87
(51–189)
319
130
416
(211–743)
30
(11–102)
120–184

13
(2–26)
1.2

This study

Californian coastal water, USA

34
(16–73)
1.6–1.7

27
(13–71)
4.6–5.5

0.66
10
(0.74–1.47) (4–23)
0.03–0.17

1.1
(0.2–5.3)
0.1–0.12

Gulf of the Farallones, USA
Galveston Bay, USA
Venice Lagoon, Italyb

1.7–5.3
3–27
8.7–13.7

3–32
10–18

0.6–0.9
0.03–0.12
0.08–0.10

0.4–0.6
0.3–3.1

Boston Harbor, USA
Massachusetts Bay, USA
San Diego Bay, USA
San Francisco Bay, USA

a
b

0.5–2.4

2.8–3.0
1–7
20.6–31

149

Zhang (1995)
56
Li et al. (2010), Li et al., (in press)
(11–134)
4.0
Li et al. (2010), Li et al., (in press)
(2–13)
66–307
Sanudo-Wilhelmy and Flegal (1992), Flegal and
Sanudo-Wilhelmy (1993);
52
Flegal et al. (1991), Squire et al. (2002)

18–63

3–11

50–780
370–440

Flegal et al. (1991), Sanudo-Wilhelmy and
Flegal (1991), Sanudo-Wilhelmy and Flegal
(1992)
Hurst and Bruland (2008)
Wen et al. (1999)
Martin et al. (1994)

Average of the YR-1 and YR-2 metal data.
Average of spring and winter concentrations.

and CASS-5 reference materials are available, but our standard addition
experiments showed that the Ag recovery was approximately 100%.
The sample preparation and extraction procedures were conducted
under HEPA ﬁltered (Class-100) working benches in trace-metal clean
laboratories (Class-1000) in the First Institute of Oceanography, China.
The concentrated HNO3 and HCl used were distilled in the laboratory
from trace metal grade acids (National Chemical Production Inc., China)
using acid puriﬁcation systems (Savillex DST-1000). The ammonia and
acetic acid that were used were puriﬁed by vapor-phase transfer into
QW from analytical grade concentrated reagents. The APDC and DDDC
were pre-cleaned three times with chloroform before use. All of the polyethylene laboratory items that came into contact with the reagents and
samples were pre-cleaned following the strict cleaning procedures that
were used for the sampling bottles. The Teﬂon laboratory items were
cleaned following the procedures suggested by the GEOTRACES Standards and Intercalibration Committee (Cutter et al., 2010).

Salicylaldoxime (SA) was added as the competitive ligand (ﬁnal
concentration = 2.5 μM). As described by Buck and Bruland (2005),
the seawater solution was buffered by EPPS (4-(2-hydroxyethyl)-1piperazinepropane-sulfonic acid) (1.3 M EPPS in 1 M NH4OH, with a
ﬁnal concentration of 6.0 mM) to maintain the pH at approximately
8.2. The scan parameters (de-aeration time, deposition time/potential,
quiescent time/potential, and scan potential/rate, etc.) for the Cu speciation analysis were the same as those described by Campos and van den
Berg (1994). A high purity Cu standard was added to all but one of the
titration samples (each of 10 mL) to give concentrations of 0 to 300
nM, and the samples were allowed to equilibrate overnight before
being analyzed. The conditional stability constants KCuSA and βCu(SA)2
were corrected for the salinity using the equations reported by Campos
and van den Berg (1994). The titration data were analyzed using both
the van den Berg–Ruzic (Ruzic, 1982; van den Berg, 1982) and Scatchard
(Mantoura and Riley, 1975) linearization methods. The statistical analysis
was performed using SPSS version 13.0, and the free ion activity was
modeled using MINEQL+ version 4.5.

2.3. Cu speciation analysis
The Cu speciation analysis was conducted within three months of
the samples being collected. The speciation analysis was performed
using competitive ligand exchange-adsorptive cathodic stripping voltammetry (CLE-ACSV), using an Eco Chemie μ-Autolab voltammetric
analyzer with a Metrohm VA 663 static mercury drop electrode stand.

3. Results and discussion
The salinity at the sampling stations varied between 28.5 and 31.0,
and the mean was 30.2 (Fig. 2). There was a clear spatial distribution
pattern in the salinity data, the salinity increasing from the inshore to

Fig. 3. Spatial distributions of dissolved metal concentrations in Bohai Bay and Laizhou Bay in August 2011. (a) Cu in surface water, (b) Cu in bottom water, (c) Ni in surface water, (d) Ni in
bottom water, (e) Co in surface water, and (f) Co in bottom water. Note that the scales are different in each plot.
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the offshore stations. Contrary to what was expected, there were no
strong freshwater signals at the mouths of the Hai and Dagu rivers in
Bohai Bay. The lowest salinity was found at station B1, where several
small rivers (the Taoer, Shatou, and Dakou rivers) enter the Bohai Bay.
Two of these rivers (the Shatou and Taoer rivers) are rivers into which
sewage is discharged. In general, the salinity varied little vertically at
the stations, indicating that the water body was relatively well mixed
at the time of sampling. The Yellow River is the largest river that discharges into the study area, adding approximately 1.5 × 1010 m3 of
freshwater into the bay annually (Wang et al., 2006; Miao et al.,
2011). The freshwater discharged from the Yellow River has been
found to travel northwards in a counter-clockwise direction and southwards in a clockwise direction (Mao et al., 2008; Qiao et al., 2010). The
salinity of the surface water was lower than the salinity of the bottom
water in the southeastern part of Bohai Bay, implying that the freshwater from the Yellow River had an inﬂuence in this area. The lowest salinity in Laizhou Bay was found at the innermost station, L1, and the
salinity increased northwards and eastwards from that point.
3.1. Metal concentrations at the nearshore sites
The dissolved metal concentrations at four nearshore sites (the Mi
River, the Dagu River, the Yellow River, and Tianjin Seaport) are
shown in Table 3. The Dagu River sites, visited in August 2012, were in
similar locations to stations B6 and B7, which were visited in August
2011 (Fig. 1). Comparison between the dissolved metal concentrations
of the two years at similar locations showed that the observed values
of all metals were highly similar, and the spatial distribution patterns
of those metals (increasing or decreasing) moving from the nearshore
to the offshore stations were also identical in both sampling years. The
metal concentrations were the highest at Tianjin Seaport, where the
Ag, Cu, Ni, and Pb concentrations were about 2–4 times higher and the
Co and Zn concentrations were about one order of magnitude higher
than the concentrations at the nearby Dagu River site. The metal concentrations at the Mi River site were between the concentrations
found at the Dagu River site and the Tianjin Seaport site. The concentrations of all of the metals except for Cd were higher at the Mi River site
than at nearby stations in the bay. The Mi River is a much smaller
river compared to the Dagu River with respect to the freshwater ﬂow
or the wastewater ﬂux, and the higher dissolved metal concentrations
found at the Mi River site than at the Dagu River site, based on the salinity data, should be a result of the sampling locations' proximity to the
freshwater sources (salinities were ~18 in the Mi River site and ~26 in
the Dagu River site).
The concentrations of all of the metals except for Cu and Pb were the
lowest at the Yellow River site. Station YR-1 was located at the mouth of
the river and stations YR-2 and YR-3 were further away (Fig. 1). The
concentrations of most of the metals, especially Pb, were higher at stations YR-2 and YR-3 than at station YR-1, and this was possibly caused
by the desorption process that is often observed at the freshwater–
seawater interface (Li et al., 1984; Turner et al., 1992). Desorption
may be the dominant process that affects dissolved metal concentrations in areas where suspended sediment matter concentrations
are exceptionally high. As has been reported previously, the highest
suspended sediment matter concentrations in Laizhou Bay, 30–50 mg/L,
were found at similar locations of stations L1 and L2, close to the mouth
of the Yellow River (Qiao et al., 2010). Furthermore, the higher Pb concentration at YR-3 should not be a result of the inﬂuence from the bay
waters, because the Pb concentration at station YR-3 (462 pM) was
much higher than the highest concentration that was found in either
of the bays (189 pM).
High quality dissolved trace metal data for the Yellow River were obtained in 1985 by Zhang (1995). We found that Zn concentrations in the
Yellow River have changed little in almost 30 years (i.e., 1985 to 2012),
but that the concentrations of the other metals have increased by a factor of about 2–3 in that time (Table 4). The Cd concentrations were also
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higher in 2012 than in 1985, even though the Cd concentration was
lower at the Yellow River site than at all of the nearshore sites. It is noteworthy that the Cd concentrations at all of the nearshore sites were relatively low compared with the Cd concentrations in the bays (where the
average was 1.01 nM). A similar pattern was found by Zhang (1995) and
others (Elbaz-Poulichet et al., 1987; Turner et al., 1993), who found that
dissolved Cd concentrations were lower in river water than in coastal
water. This was found to be possibly caused by the remobilization of
Cd from particulate matter when the chlorinity increased (Cd tends to
remain in dissolved phase as inorganic and organic complexes).
The metal concentrations were lower in the Yellow River than at the
four nearshore sites. We compared the average metal concentrations at
the Yellow River sites (average values from YR-1 and YR-2) with those
in the bays (Table 4), and found that the Ag, Cd, and Ni concentrations
were lower in the Yellow River than in the bays, while Co and Zn concentrations were slightly higher in the Yellow River than in the bays.
Only the Cu, Pb concentrations were signiﬁcantly higher in the Yellow
River than in the bays. Therefore, we concluded that the Yellow River
can be a source of Cu and Pb, and, to a lesser extent, Co and Zn, but
not a signiﬁcant source of Ag, Cd and Ni to the bay waters. Overall,
although the Yellow River provides a higher input of freshwater to the
southern Bohai Sea than do the other rivers, it does not seem to be an
important source of trace metals. Zhang (1995) also stated that the dissolved trace metal concentrations were found to be lower in the Yellow
River than in the other Chinese rivers that were studied, and overall, the
dissolved trace metal concentrations in major Chinese rivers were all
relatively low and similar to those found in large and relatively undisturbed aquatic systems elsewhere.
3.2. Metal distributions in the bays
3.2.1. Co, Cu, and Ni
The spatial distributions of dissolved Co, Cu, and Ni in the two bays
were similar, the concentrations clearly decreasing from the nearshore
to the offshore stations (Fig. 3). The metal concentrations in the bottom
water samples followed a similar distribution pattern. A normality test
showed that concentrations for several metals were non-normally distributed, so the Spearman correlation test was used to explore the relationships between the concentrations of the different metals and
between the metal concentrations and salinity. Statistical analysis
showed that the Co, Cu, and Ni concentrations positively correlated
with each other and that the Co and Ni concentrations negatively correlated with salinity (p b 0.01) (Table 5). These results suggest that the Co,
Cu, and Ni sources were similar and that the occurrence of these metals
may have been associated with inputs of the metals from the rivers. The
correlation between the Co and Cu concentrations and salinity was similar to what has been found in the Gulf of the Farallones in the USA
(Hurst and Bruland, 2008). In that study, the Co and Cu concentrations
were found to be noticeably higher in the San Francisco Bay plume
water and were suggested as tracers of the plume. The Cu and Ni concentrations were between 10 and 30 nM, comparable to the concentrations found in other coastal bays and higher than those in pristine

Table 5
Spearman correlation coefﬁcients for the relationships between dissolved metal concentrations and between the dissolved metal concentrations and the salinity.
Salinity
Cu
Ni
Co
Ag
Cd
Zn
Pb

−0.36
−0.57⁎⁎
−0.48⁎
0.39⁎
0.27
0.06
−0.35

⁎⁎ p b 0.01.
⁎ p b 0.05.

Cu

Ni

Co

Ag

Cd

Zn

0.73⁎⁎
0.64⁎⁎
−0.04
0.31
−0.23
0.06

0.65⁎⁎
−0.21
0.086
−0.29
0.20

−0.19
0.01
0.06
−0.13

0.33
0.16
0.1

0.07
−0.22

−0.08
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coastal waters (Table 4). Unlike Ni and Co, the highest Cu concentration
was found in the surface water at station L1 (30.4 nM), which may be an
inﬂuence from the Yellow River. As discussed previously in Section 3.1,
the Yellow River may act as a signiﬁcant source of Cu.
The average Co concentration (0.30 nM) was relatively low compared with concentrations that have been found in other bays, such as
San Diego Bay (0.5–2.4 nM) and San Francisco Bay (1.1 nM), but
comparable to the concentrations that have been found in the Gulf of
the Farallones (0.3–0.6 nM) (Table 4). The highest Co concentration
(995 pM) was found in surface water from station B6, indicating that
the Hai River contained high Co concentrations. The Co concentrations
dropped fairly sharply moving in an eastward direction, and, for example, the Co concentration at station B7 (428 pM) was less than half the
concentration at station B6. This pattern was observed in both sampling
years. The locations of the Dagu River sites (stations DG-1 to DG-3) were
very similar to the locations of stations B6 and B7 sampled in 2011. The
Co concentration at station DG-1 was 973 pM and the concentration at
station DG-3 was 272 pM (see Section 3.1). Hurst and Bruland (2008)
also observed a sharp drop in Co concentrations (from ~ 500 pM to

~ 200 pM) at closely spaced stations from the mouth of San Francisco
Bay in Gulf of Farallones, and the high Co concentration, same as this
study, was seen as a tracer of the plume water and got quickly diluted
with surrounding seawater.
3.2.2. Ag and Cd
The spatial distributions of dissovled Ag and Cd are shown in Fig. 4.
The average Ag concentration was 13 pM, which is lower than the Ag
concentrations that have been found in San Diego Bay and San Francisco
Bay, and slightly higher than the concentrations that have been found in
coastal seawater in California, USA (Table 4). The average Cd concentration was 1.01 nM. The highest Cd concentration was found in surface
water at station B4, where the Cu and Ni concentrations were also
high. The high Cd, Cu, and Ni concentrations at that station may have
been caused by some local non-point sources. The spatial distributions
of Ag and Cd were similar. In contrary to the spatial distributions of
Co, Cu, and Ni, the Ag and Cd concentrations were lower at the nearshore stations than at the offshore stations. Ag and Cd were the only
two metals that had lower concentrations in the nearshore sites

Fig. 4. Spatial distributions of dissolved metal concentrations in Bohai Bay and Laizhou Bay in August 2011. (a) Ag in surface water, (b) Ag in bottom water, (c) Cd in surface water, and
(d) Cd in bottom water. Note that the scales are different in each plot.
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(Section 3.1) compared with offshore stations. As discussed previously,
Cd may be remobilized from particles when freshwater meets seawater.
Ag concentration had a positive correlation with salinity (Table 5).
Therefore, at the time of sampling, the spatial distribution of Ag may
be a result of seawater dilution. Furthermore, Cd is a nutrient-type
metal (Bruland, 1980), whereas there are no known mechanisms in
which Ag is biologically required, although it has also been found to
exhibit nutrient-type metal proﬁles (Rivera-Duarte et al., 1999; Zhang
et al., 2001). It has been suggested that Ag may be mistakenly takenup by phytoplankton instead of Zn or other metals, or that it may be passively adsorbed to biogenic particles (Bruland and Lohan, 2003). Nutrient data from the same sampling trip that our samples were collected
on showed that both the nitrate concentrations (average 13.0 μM,
range 0.4–45 μM) and the phosphate concentrations (average 0.4 μM,
range 0.2–0.9 μM) were higher in the inshore area than the offshore
area (FIO, 2013). This implies that there may be higher biological activity along the shore than offshore. Therefore, the relatively low Ag and Cd
concentrations found at the nearshore stations may have been caused
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by these metals being consumed by primary production or by them
being adsorbed onto particles.
3.2.3. Pb and Zn
The spatial distributions of dissovled Pb and Zn are shown in Fig.5.
The average Pb concentration (87 pM) was considered to be moderate
when compared with concentrations that have been found in other
bays and coastal waters (Table 4). In Bohai Bay, except the surface
water at station B6, the Pb concentrations were elevated at offshore stations. Pb is an atmophile-type metal, and atmospheric deposition is generally considered to be an important source of Pb to seawater (Stumm
and Morgan, 1996; Bruland and Lohan, 2003). Li et al. (2010) found
that atmospheric deposition accounted for approximately 60% of the
standing stock of dissolved Pb in Massachusetts Bay, USA. The higher
concentration of Pb at offshore stations in Bohai Bay may have been
due to the atmospheric deposition to the central Bohai Sea area. The average Pb concentration was approximately 20 pM higher in Laizhou Bay
than in Bohai Bay. The highest Pb concentration in the bay waters,

Fig. 5. Spatial distributions of dissolved metal concentrations in Bohai Bay and Laizhou Bay in August 2011. (a) Pb in surface water, (b) Pb in bottom water, (c) Zn in surface water, and
(d) Zn in bottom water. Note that the scales are different in each plot.
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Fig. 6. (a) Spatial distribution of the ﬁrst class of ligand (L1) and (b) the linear relationship between the salinity and the L1 concentration.

189 pM, was found at station L1 in Laizhou Bay. The elevated concentrations of Pb, like Cu, may also have been caused by the inﬂuence of the
Yellow River. As previously discussed in Section 3.1, Pb concentration
in Yellow River (~300 pM) was signiﬁcantly higher than the bay waters,
so Pb concentrations at stations close to Yellow River mouth were
higher.
The average Zn concentration was 1.8 nM, and the range was
0.6–3.3 nM. These concentrations were comparable to the Zn concentrations that have been found in pristine coastal waters and in Galveston
Bay, USA (Wen et al., 1999; Hurst and Bruland, 2008). This is somewhat
surprising because the Bohai Sea is often assumed to be heavily polluted
with various contaminants from a number of sources, and Zn concentrations as high as hundreds of nano-molars have been found in water
from the Bohai Sea in a number of previous studies. In Bohai Bay, the
Zn distribution was similar to the Pb distribution, with higher concentrations in surface water at the sampling points near the mouth of the
Hai River than elsewhere, indicating that the Hai River may be a source
of Zn to Bohai Bay. In addition, the Zn concentrations in surface water
decreased and then slightly increased moving eastwards from the
mouth of the Hai River; the Zn concentrations in the bottom water increased with increasing distance offshore. The Zn distribution in Laizhou
Bay was the reverse of the Pb distribution. Zn is a nutrient-type metal
(Bruland and Lohan, 2003), and its distribution in Laizhou Bay was similar to that of Cd. The lowest Zn concentrations were found at stations L1
and L2, which were near the mouth of the Yellow River and where the
suspended particle concentrations were the highest. Zn may be removed by particles or biota in this region, and this needs to be further
explored in future studies.

3.3. Investigating the low metal concentrations in Bohai Bay and Laizhou
Bay
The dissolved metal concentrations in Bohai Bay and Laizhou Bay
were much lower than expected. The metal concentrations in the sediment in these bays have also been found to be relatively low (Feng et al.,
2011; Gao and Chen, 2012). These results are unexpected because the
Bohai Sea has been found to be heavily polluted because of wastewater
discharges and the relatively long residence time of water in the sea.
Several hypotheses can be proposed for the low metal concentrations
in the Bohai Sea: 1) the trace metal input ﬂuxes are lower than the
ﬂuxes of other contaminants (such as nutrients) in the bays; 2) the

dissolved metals may be mostly deposited in areas very close to the
shore because of the ﬂocculation processes that occur when freshwater
meets seawater; 3) most of the dissolved metals may be scavenged because of the relatively long residence time of the water in the bays
(N1 year) (Wei et al., 2002; FIO, 2013). We suspect that the ﬁrst hypothesis is the most plausible because of the relatively low metal concentrations that have been found in sediment in the Bohai Sea, and this may be
caused by the decreased river ﬂows along the shore.
The Hai River and the Yellow River are the biggest rivers that ﬂow
into Bohai Bay and Laizhou Bay, respectively, but they have frequently
experienced low-water periods since the 1960s (Wang et al., 2006;
Wu et al., 2011). A low water ﬂow rate will cause the metal ﬂux entering
each bay to be decreased. Additionally, when the ﬂow rate is low (and
sometimes zero), and the organic matter content in the river is possibly
high, a large fraction of the metal ﬂux may be deposited in the riverbed.
In their recent study of metal concentrations in sediment of the rivers
along the Bohai Bay, Wu et al. (2014) found that the concentrations of
all metals that were studied (including Cd, Cu, Ni, Pb, and Zn) were signiﬁcantly higher in the river sediment than in the bay sediment. The average Zn concentrations in the river sediment ranged from 144 to
272 mg/kg, while the average Zn concentrations in the bay sediment
ranged from 61 to 84 mg/kg (Feng et al., 2011; Zhang et al., 2011). It

Table 6
Cu speciation in bottom water in Bohai Bay and Laizhou Bay.
Sample ID

Salinity

[Cudiss]

pCu

LogK1

[L1]

L2
L3
L4
L5
B1
B2
B3
B5
B6a
B7
B8
B9
B10
B11

29.1
30.1
30.3
30.6
28.9
30.7
31.0
31.0
29.7
30.2
30.6
30.6
30.6
30.8

23.6
23.1
20.4
22.3
24.1
23.7
17.8
22.2
24.1
24.9
22.2
19.8
20.3
19.0

12.4
12.7
12.5
12.7
12.6
12.9
12.5
12.5
12.9
12.8
13.1
12.6
12.6
12.7

12.7
13.1
12.7
13.0
12.7
13.6
13.1
12.7
12.8
13.2
13.6
12.9
12.8
12.9

38.2
32.5
33.2
32.9
43.3
28.6
22.7
36.0
53.2
36.1
28.5
28.7
31.5
31.4

a

Surface water (3 m deep) was collected at station B6.

LogK2

[L2]

9.8

321

10.5

67.6
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Table 7
Cu speciation in Bohai Bay, Laizhou Bay, and in other coastal waters.
Study site

Salinity

[Cudiss] (nM)

pCu

Reference

Bohai Bay and Laizhou Bay, China
Vineyard Sound, Waquoit Bay, Great Pond, USA
Venice Lagoon, Italy
Mouth of Elizabeth River, USA
San Francisco Bay, CA
Boston Harbor, USA

29–31
29–31
28–29
10–22
13–27
28–31

18–25
4–20
10–25
13–25
18–34
12–25

12.4–13.1
12–14
13–13.5
11.5–12.5
13.3–14.5
12.5–12.8

This study
Moffett et al. (1997)
Chapman et al. (2009)
Dryden et al. (2007)
Buck and Bruland (2005)
Li et al. (2011)

has been found in other studies that metal concentrations were only
elevated in sediment that was very close to the shore (Li and Li, 2008;
Meng et al., 2008; Gao and Chen, 2012). We suspect that a large fraction
of the metal ﬂux in the sewage discharges are deposited in the riverbeds
or in areas very close to the shore rather than being conveyed to the
bays, which results in low metal concentrations in the water and sediment in the bays. Further research is needed to improve our understanding of the mechanism that controls this phenomenon.
3.4. Cu speciation in Bohai Bay and Laizhou Bay
The results of the Cu speciation analysis of the seawater samples
from 14 stations are shown in Table 6. Bottom water samples (from 2
to 3 m above the bottom) were collected at most of the stations, and
surface seawater was collected at station B6. Stations B1 and B2 were
shallow stations (b6 m), so mid-depth seawater samples were collected
at those stations.
The free Cu ion activities, pCu (pCu = − log{Cu2 +}), ranged from
12.4 to 13.1, and were comparable to the pCu values that have been
found in other coastal waters (Table 7). It has previously been reported
that a free Cu2+ concentration above a certain level can suppress the
growth of cyanobacteria, phytoplankton, and zooplankton (Brand
et al., 1986; Moffett et al., 1997; Jean et al., 2012). In this study, the speciation analysis showed that high-afﬁnity organic ligands bound N99.9%
of the dissolved Cu, effectively buffering the system against small
changes in the dissolved Cu concentrations and keeping the free Cu2+
concentration well below the possible toxicity threshold (10−11 nM,
from Moffett et al. (1997)), which is similar to what has been observed
in coastal seawater and the open ocean around the world (Buck et al.,
2007; Chapman et al., 2009).
Only one class of ligand (L1) was found at most of the stations, but
two classes of ligand (L1 and L2) were found at stations B2 and B8. For
L1, the logK1 values ranged from 12.7 to 13.6, and the ligand concentrations ranged from 22 to 53 nM. The spatial distribution of the L1 concentrations is shown in Fig. 6a. The general pattern showed that there were
higher concentrations at the nearshore stations. There are two possible
sources of L1. First, the salinity and L1 concentrations correlated signiﬁcantly (p b 0.01; Fig. 6b), and this indicates that the river/sewage discharges may have been the main sources of L1. The only station for
which the data slightly deviated from the linear relationship was station
B6, at which surface water rather than bottom water was collected, and
the L1 concentration was higher at that site than at the sites for which
bottom water was analyzed. This is reasonable considering the fact
that, given the same salinity, surface water is more directly inﬂuenced
by river/sewage discharges and primary production. Second, the spatial
distribution of L1 (Fig. 6a) was quite similar to the dissolved Cu distribution in the bottom waters (Fig. 3b). Statistical analysis showed that the
L1 concentration positively correlated with the dissolved Cu concentration (p b 0.01), suggesting that the production of L1 may have followed
variations in the dissolved Cu concentration, similar to correlations that
have been found in other estuaries (Dryden et al., 2007; Chapman et al.,
2009). The relatively strong organic complexing ligand class L1 can be
produced in situ by biota and complex with excess free Cu ions, which
is often referred to as a detoxifying mechanism of marine organisms

(Moffett and Brand, 1996; Croot et al., 2000; Gordon et al., 2000). In
situ production may, therefore, also be an important source of L1.
The second class of ligand was found at stations B2 and B8. L2 had a
LogK2 value of 9.8–10.5, and its concentration ranged from 68 to
321 nM. The L2 concentrations greatly exceeded the dissolved Cu concentrations. The water residence time in Bohai Bay is long and the
water is shallow, so sediment could well be a source of the L2 class of
ligand, as has been reported previously (Skrabal et al., 2000; Shank
et al., 2004; Chapman et al., 2009). Humic substances from terrestrial
sources may also be major contributors to both the strong and weak
types of ligand because the study region receives typical inputs of terrestrial organic matter (Kogut and Voelker, 2001).
4. Conclusion
The spatial and vertical distributions of seven dissolved metals (Ag,
Cd, Co, Cu, Ni, Pb, and Zn) in seawater in the Bohai Sea were determined
in this study. We also determined the dissolved metal concentrations at
several nearshore sites. This is the ﬁrst study in which trace-metal clean
sampling and analytical techniques have been used to determine dissolved metal concentrations in the Bohai Sea. The concentrations in
the analytical blanks, the detection limits, the results of certiﬁed reference material analyses, and the recoveries of the spiked seawater samples with metal standards all conﬁrmed that the data were reliable. The
metal concentrations that were found in this study were much lower
than have previously been found in seawater from Bohai Bay and
Laizhou Bay, and this was especially the case for the metals (such as
Pb and Zn) that are particularly difﬁcult to analyze because of the potential for contamination occurring during the collection and analysis of
samples.
Cu speciation in the seawater samples was also investigated in this
study, and this is the ﬁrst time that an up-to-date analytical method
(CLE-ACSV) has been used to determine metal speciation in the Bohai
Sea. Strong complexing ligands were found in the samples, and they
were often present as one class of ligand (with a logK1 of 12.7–13.6).
The L1 ligand concentrations correlated signiﬁcantly with both the salinity and the dissolved Cu concentration, indicating that the possible
sources of L1 were river/sewage discharges or they were produced in
situ in order to complex excess free Cu ions. The pCu values that were
found in Bohai Bay and Laizhou Bay were generally in the range
12.4–13.1, and these values should not generally induce toxic effects
in biota.
Overall, the metal concentrations found were lower than expected
given that the Bohai Sea is heavily polluted. We suspect that the relatively low metal ﬂuxes reﬂect the fact that the rivers ﬂowing into the
Bohai Sea have relatively low ﬂow rates and that a large fraction of the
trace metals in the river water is deposited in the riverbeds or very
close to the shore of the Bohai Sea.
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