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a b s t r a c t

This study conducted a field campaign to collect atmospheric deposition samples of heavy metals and
arsenic, a metalloid element with typical chemical-physical characteristics (HMA), from 12 sampling
sites and water samples from 37 rivers across the Bohai Sea (BS) and North Yellow Sea (NYS) in China.
The HMA budgets in the BS and NYS were quantified by a budget model, which was developed based on
the HMA inputs from atmospheric deposition and riverine discharge, sequestration to sediment, and
interexchange among the BS's four subareas and the NYS. Statistical analyses of 76 deposition samples
and 109 water concentration samples showed that atmospheric deposition was a main pathway of Pb
entering the BS and NYS, whereas riverine discharge dominated the input of Cr, Cu, Zn, Cd, and As into
the marine environment. Modeled results showed that the fractions of HMA in the water bodies
compared with their total burdens were 86.6± 4.55% in the Liaodong Bay, 60.5 ± 10.5% in the Bohai Bay,
20.9 ± 9.05% in the Laizhou Bay, 95.1± 2.06% in the Central BS, and 94.3± 1.93% in the NYS. The lowest
fraction of HMA in the Laizhou Bay was attributed to high sedimentation rates and higher suspended
particulate matter concentrations due to inputs from the Yellow River. The modeled 1-, 10- and 100- year
mass budgets indicated that the Liaodong Bay in the north of the BS was a sink of HMA, the Bohai Bay
and Laizhou Bay in the west and south of the BS acted as sources, and the Central BS and NYS were a
transition area for most HMA.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The Bohai Sea (BS) watershed is one of the most populated and
industrialized regions in China. With rapid economic development
and urbanization over the past few decades around the BS, the
marine ecosystem has been heavily contaminated by the input and
discharge of toxic chemicals through the atmosphere, runoff, and
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surrounding rivers. Considerable attention has been paid to the
environmental pollution of the BS due to the significance of the BS
Rim to China (Duan and Li, 2017; Gao et al., 2014). In the coastal
area of the BS, which is known as the BS Economic Rim (BSER),
there are four key national economic zones, including the Tianjin
Binhai New Area, Liaoning Coastal Economic Zone, Yellow River
Delta Eco-economic Zone, and Blue Economic Zone of Shandong
n (J. Ma).
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Peninsula, as of 2000 (Liu et al., 2014). The establishment of these
economic zones has led to rapid population aggregation and
intensive expansion of urbanization and industrialization in the
BSER (Wu et al., 2016), thereby putting the BSER at risk to envi-
ronmental stress (SOA(State-Oceanic-Administration-of-China)
2017). A number of surveys demonstrated that the estuary and
bay ecosystems in the BS have been in sub-healthy and unhealthy
states in recent years (Gao et al., 2014) and heavy metals and
arsenic (HMA) were some of the most important pollutants (Hu
et al., 2017, SOA(State-Oceanic-Administration-of-China) 2017,
Zhang and Gao 2015).

Identification of the flux and source-sink relationship of HMA in
the BS is vital in order to design effective programs and strategies to
regulate and restore its ecosystem (Fang ets al. 2015). To improve
the BS's environmental condition, the Chinese government made
great efforts and launched national programs, such as the ‘Bohai
Blue Sea Action Plan’ in 2001 (Gao et al., 2014). However, the pro-
grams have not achieved sufficient success (Gao et al., 2014). The
flux and source-sink relationship of pollutant in the BS were also
not established. Nevertheless, many sampling campaigns under the
umbrella of this program and other national programs were
launched to assess the BS's environmental condition. These cam-
paigns measured various chemical markers, including nutrients,
organic compounds, and toxic heavy metals in the water column,
biota, and sediments of the BS (Gao et al., 2014; Meng et al., 2017;
Zhang et al., 2009). Of the many pollutants identified, HMA have
been identified as the most prevalent pollutants leading to the
degeneration of the BS ecosystem (SOA(State-Oceanic-
Administration-of-China) 2017). HMA are often used as tracers in
the assessment of source-sink relationship of pollutant because
they are the most persistent and do not decompose in the envi-
ronment (Liu et al., 2017; Pan and Wang, 2012).

The input and output fluxes of HMA are crucial information for
building their source-sink relationship in the BS. Usually, atmo-
spheric deposition and river runoff are considered the primary
input pathways of HMA entering the BS (Duan and Li, 2017). Their
burial in sediments can be treated as the dominant output pathway
(Fang et al., 2015) and their exchange between the BS and the North
Yellow Sea (NYS) can be viewed as the dominant output or input
pathway (Fang et al., 2015; Wang et al., 2007). However, the
knowledge about the HMA source-sink relationship gained from
previous studies was disproportionate. Data on the HMA environ-
mental loadings in the BS sediments are the most abundant. For
instance, a recent review article summarized more than 3000 HMA
concentration records in the BS sediments (Duan and Li, 2017). The
second amplest data are the HMA concentrations in the water
bodies of the BS and its estuaries (Wang and Wang, 2007; Xu et al.,
2013a). Regarding these estuaries, more concern has been paid to
large rivers, such as the Yellow River (Bi et al., 2014; Tang et al.,
2010; Wang et al., 2016) and Liao River (Yang et al., 2015). While
there are more than 40 rivers entering the BS (Gao et al., 2014), a
systematic and comprehensive HMA survey of estuaries has not
been conducted. In particular, there is a large knowledge gap
regarding HMA atmospheric deposition to the BS due to scarce
measurements.

This study conducted a sampling campaign to collect atmo-
spheric deposition samples and riverine water samples across the
BS and NYS to fill knowledge and data gaps of HMA. A model was
developed to quantify HMA source-sink relationship, which took
into account the measured land-source input, burial into sedi-
ments, and transport by water exchange among the BS's four sub-
areas and the NYS. The major objectives of the present study were
(1) to examine the spatiotemporal patterns of atmospheric depo-
sition rates and river concentrations of HMA, (2) to assess the HMA
fluxes via atmospheric deposition and river discharge and their
respective contributions to the total budget, and (3) to establish
source-sink relationship of HMA in the BS and NYS.

2. Materials and methods

2.1. Sampling site and sample collection

The BS is a semi-enclosed and shallow marginal sea of the
northwestern Pacific Ocean on the northern coast of China.
Administratively, the BS is adjacent to the Liaoning, Hebei and
Shandong Provinces, as well as the Tianjin Municipality. The BS can
be geographically divided into four parts, including the Liaodong
Bay in the north, Bohai Bay in the west, Laizhou Bay in the south,
and the Central BS. The BS is connected to the NYS on its east edge
through the Bohai Strait, as shown in Fig. 1. The NYS is separated
from the South Yellow Sea to the south by a boundary from
Chengshantou at the east edge of the Shandong Peninsula to
Changsangot on the Korean Peninsula (Li et al., 2016). The NYS and
Bohai Strait are themajor channels of matter exchange between the
BS and open seas (Liu et al., 2009).

The sampling area in the present study covered the BS and NYS
in China. Atmospheric bulk deposition samples (mixture of dry and
wet deposition) were collected seasonally from summer 2014 to
winter 2015 at 12 sampling sites, as shown in Fig. 1. A total of 76
bulk deposition samples were collected during the sampling
period. The details are described in Text S1 and Table S1 of Sup-
porting Information (SI). Water samples were collected from 37
major rivers around the BS and NYS in 2015. The total water volume
of the 37 rivers accounts for more than 98% of the total river
discharge into the BS and NYS (Wang et al., 2015). The samples in
normal, rainy, and dry seasons were collected from late May to
early June, from late August to early September, and from late
November to early December 2015, respectively. Three or fivewater
samples collected along one transect were mixed to form a single
sample, which was then immediately filtered through an acid-
treated microporous filter (0.45mm mesh) into pre-cleaned high-
density polyethylene containers in the field. The filtered samples
were acidified to pH< 2 with HNO3 and then delivered to our
laboratory, where they were kept at 4 �C before further analyses. A
total of 109 water samples were collected. The detailed information
is presented in Text S1 and Table S2 of SI.

2.2. Sample analysis

Bulk deposition samples were presented as water solutions, and
the same method was used to analyze HMA in deposition samples
and riverwater samples (Sharma et al., 2008). Before analysis, some
of the insects and large biological debris were removed from
samples. Original water samples were filtered using a sand core
filter with a polyether sulfone (PES) membrane filter (0.2 mm). The
filtrate was collected in a glass bottle and was directly measured for
soluble HMA using Inductively coupled plasma mass spectrometry
(ICP-MS, PerkinElmer ELAN DRC II). PES membranes were sub-
jected to 24-h equilibration at 25 �C± 1 �C temperature and
50%± 2% relative humidity before and after use. Loaded filters were
put into a Teflon digestion tank and 5mL of high-purity HNO3 were
added for microwave digestion. The supernatant of the digested
solution was used to measure the particle fraction of HMA using
ICP-MS. Six HMA, including Lead (Pb), chromium (Cr), copper (Cu),
zinc (Zn), cadmium (Cd), and arsenic (As) in the field samples were
determined in the field samples. Atmospheric deposition rates (mg
m�2 day�1) were calculated using the measured total amount of
HMA divided by the area of the sampler mouth and the sampling
times.

Duplicate blanks and standard reference materials (Chinese



Fig. 1. The sampling sites of atmospheric deposition and riverine water across the BS and NYS and the sea subareas.
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National Standards GB/T 23942-2009) were also analyzed to ensure
the quality of the measurements. Blank samples were randomly
inserted into the analysis process. The blank concentrationwas less
than ±5% of the mean of the measured HMA concentrations,
thereby confirming that the solvent extraction process and the
vessel containing the sample did not cause contamination.
2.3. Flux assessment of atmospheric deposition and river runoff

Seasonal atmospheric deposition fluxes of HMA in a specific sea
area (FA in tons) were calculated by the deposition rates at several
specified sampling sites, as follows:

FA ¼ 10�12 � 1
K
�
XK
i¼1

DAðiÞ � Ar � Dn (1)

where DA(i) (mg m�2 day�1) is the seasonal deposition rate at the ith
sampling site, Ar is the sea area,Dn is the day number of each season
(spring, summer, autumn, and winter), K is the number of sampling
sites, and the value of 10�12 is the conversion factor from mg to tons.
The present study calculated HMA deposition fluxes to the BS's four
subareas (including the Liaodong Bay, Bohai Bay, Laizhou Bay, and
Central BS) and the NYS. The deposition fluxes of HMA to each
subareawere calculated using the deposition rates measured at the
sampling sites proximate to the subarea. Specifically, the deposition
rates monitored at the sampling sites of DL, YK, XC, and LT (see
Fig. 1) were used to evaluate seasonal fluxes to the Liaodong Bay.
Similarly, the deposition fluxes to the Bohai Bay were assessed
using the measured data at the sampling sites of LT, TJ, and DY;
those to the Laizhou Baywere assessed using the data at the DYand
LK; those to the Central BS were assessed using data at the DL, LT,
DY, LK, and BH; and those to the NYS assessed using the data at the
DG, ZH, DL, BH, YT, and RC. The areas of these subareas are listed in
Table S3 of SI. The annual deposition fluxes were summed by sea-
sonal deposition fluxes in the four seasons.
Similarly, seasonal HMAdischarge fluxes (FR in tons) for each sea
area were calculated by the following equation:

FR ¼ 10�9 � 1
N
�
XN
j¼1

�
CsoðjÞ þ CpaðjÞ

�� Vr (2)

where Cso(j) and Cpa(j) (mg/L or mg/m3) are soluble and particulate
HMA concentrations in the jth river, respectively, Vr is the runoff
amount of each river (m3), N is the number of rivers, and 10�9 is the
conversion factor frommg to tons. The annual runoff of each river is
listed in Table S2 of SI. The fractions of annual runoff in rainy,
normal, and dry season were estimated as 0.7, 0.2, and 0.1,
respectively, according to the rainfall fractions listed in Table S2 of
SI. The 37 rivers were classified according to their estuaries located
in the Liaodong Bay, Bohai Bay, Laizhou Bay, and NYS as listed in
Table S2 of SI.
2.4. Calculation of source-sink relationship

For a sea area, the net HMA budget includes inputs and outputs.
The input pathways are comprised of atmospheric deposition (FA,
ton yr�1), riverine discharge (FR, ton yr�1), and inflow from other
sea areas (FI, ton yr�1). The output pathways consist of sequestra-
tion to the bottom sediments (Fs, ton yr�1) and export to other sea
areas (FE, ton yr�1). The difference between the input and output is
the burden in the seawater (FW, ton yr�1) (Fang et al., 2015; Wang
et al., 2007). The net budget can be defined according to the
following equation:

FA þ FR þ FI ¼ FS þ FE þ FW (3)

where FA and FR are calculated using the methods described in
Section 2.3. FI and FR are calculated using Eq. (4) and Eq. (5),
respectively.
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FI ¼ 10�9 � CI � QI (4)

FE ¼ 10�9 � CE � QE (5)

where CI (mg L�1) and CE (mg L�1) are HMA concentrations in
external and internal water bodies, respectively, for a target sea
area. QI (m3) and QE (m3) are water inflow flux and water export
flux from a target sea area, respectively. The value of 10�9 is the unit
conversion factor. To assess the HMA source-sink relationship of
the BS's four subareas and the NYS together, water exchange fluxes
among these sea areas were described using a transportation ma-
trix (Su et al., 2011). A particular element mpq in the matrix in-
dicates the percentage of water volume in sea area p from sea area q
via 1-year water exchange. The residual fraction of water volume
(mii) for sea area i after 1 year of water exchange was calculated
using the following equation:

mii ¼ exp
�
� ln 2

Hi

�
(6)

where Hi is a half cycle of water exchange in sea area i as listed in
Table S4 of SI. The inflow fraction (1-mii) was distributed linearly
according to the contribution ratios in the transportation matrix
under the half-cycle water exchange (see Table S5 of SI). The frac-
tions of water exchange among the BS's four subareas and the NYS
were estimated based on the mass balance of water volume (Sun
and Tao, 2006). The calculated transportation matrix of the 1-year
water exchange is listed in Table S6 of SI. Detailed description
and verification of the matrix are described in Text S2 of SI.

When HMA enter the marine environment, they can be adsor-
bed onto suspended particulate matter (SPM) in adjacent shelf
regions, and can be scavenged from the waterbody by sedimenta-
tion. Thus, HMA concentrations in SPMwere extracted, and the sink
fluxes (Fs, ton yr�1) were calculated according to the following
equation:

Fs ¼ 10�11 � Kp � r� u� ð1� fÞ � A� CT�
1þ 10�6 � SPM � Kp

� (7)

where Kp is the partitioning coefficient (L kg�1 dw), which indicates
the integrated effects of adsorption and desorption of HMA onto
SPM; r is the dry density of the sediment samples (g dw cm�3); u is
the sedimentation rate (cm yr�1); f is the sediment porosity
(dimensionless); A is the area of a given region (m2); CT is the total
HMA concentrations in SPM and water column; SPM is the con-
centrations of SPM (mg L�1); and 10�11 is the unit conversion factor.
The detailed calculation process and specific values used in the
equation are presented in Text S2 and Table S3 of SI.

The HMA source-sink relationship model was solved using
Code::Blocks 16.01 software. The net budgets via 100-year water
exchange were simulated using the model. The Monte Carlo
method was used to assess the net budget variability in the 1-year
model scenario. In the Monte Carlo simulation, the model was run
repeatedly 1000 times with random selections of FA, FR, r, u, f, and
SPM according to their means and standard deviations.
3. Results and discussion

3.1. Atmospheric deposition rates

Themean bulk deposition rates of HMA (including Pb, Cr, Cu, Zn,
As, and Cd) from summer 2014 to winter 2015 at the 12 sampling
sites along the BS and NYS are summarized in Table 1. Only the total
deposition rates were reported here because the soluble fractions
accounted for more than 99.99% of their total masses. The mean
deposition rates were 183± 430 mgm�2 day�1 for Zn,
20.5± 20.5 mgm�2 day�1 for Pb, 4.87± 3.37 mgm�2 day�1 for Cu,
1.81± 0.77 mgm�2 day�1 for Cr, 1.04± 0.47 mgm�2 day�1 for As, and
0.19± 0.11 mgm�2 day�1 for Cd. Multiple statistical treatments
showed insignificant spatiotemporal variation in deposition rates,
thereby indicating the pervasiveness and continuity of HMA source
emissions over the BS and NYS regions. More details are given in
Text S3 and Table S7-S11 of SI.

The deposition rates were used to assess HMA deposition fluxes
to the BS and NYS, which is discussed later in this study. Here, a
major concern is whether the actual deposition fluxes were over-
estimated using our data because most sampling sites were prox-
imate to the coastal area rather than to the seawaters (see Fig. 1).
This might question the representativeness of the estimated
deposition fluxes of HMA to the BS and NYS. To prove the repre-
sentativeness, we conducted extensive comparisons between
measured fluxes in this study and fluxes measured in other areas of
China. Results showed that the atmospheric deposition rates
around the BS and NYS were lower than those measured in the
Pearl River Delta (Wong et al., 2003), North China (Pan and Wang,
2015), Beijing (Guo et al., 2017), and agro-ecosystems in China
(Zhang et al., 2017b). However, these deposition rates were com-
parable with the deposition levels monitored in the Jiaozhou Bay
and in several Chinese terrestrial ecosystems (Xing et al., 2017; Zhu
et al., 2016). The detailed results of the comparisons are presented
in Table S12 of SI. Overall, the results manifested that the measured
data in the present study could adequately reflect the deposition
levels on a regional scale.

As shown in Fig. 1, a monitoring site (BH) was set on an island in
the transect of the Bohai Strait at which the monitored HMA levels
could present their means over the sea (see Fig. 1 and Text S1 of SI).
The highest deposition rates of Cu, As and Cd, the second highest
deposition rates of Zn and Pb, and the third highest deposition rate
of Cr were identified at this sampling site (see Table 1). The depo-
sition rates in the BS and NYS were not significantly lower than
those in the adjacent coastal land. To verify the high deposition
levels over the sea surfaces, we further compared the concentra-
tions of HMA bonded in PM2.5 collected from BH, LK, DY, and Tuoji
Island in previous studies, and from cities near the BS and NYS (see
Table S13 of SI). The HMA concentrations bonded in PM2.5 during
August 2014 and September 2015 at BH were higher than those
measured from January to February 2014 at Jimu Island in Longkou
(same as the LK site in this study), and were comparable with those
sampled during May and July 2013 at the Yellow River Delta in
Dongying (same as the DY site in this study) (Zong et al., 2017; Zong
et al. 2018; Zong et al. 2016). The levels of the most predominant
HMA at the BH site were also comparable with those reported in
cities near the BS and NYS, such as Dalian, Jinzhou, Fushun, and
Anshan (Duan and Tan, 2013). In addition, an atmospheric transport
and deposition simulation of Pb was performed (Xu et al., 2013b)
and the modeled deposition rates were correlated with the moni-
tored ones (see Figure S1 of SI). The results showed a good corre-
lation when Pb deposition rate at BH was left out, suggesting that
there was an important source of Pb on the sea (Zhang et al., 2018).
Detailed description is illustrated in Text S3 of SI. In general, the
comprehensive analyses indicated that the deposition rates in the
present study were typical across the BS and NYS.

3.2. River concentrations

The soluble and particulate concentrations of HMA in water
averaged over 37 rivers around the BS and NYS are summarized in
Fig. 2. The mean and standard deviations are listed in Table S14 of



Table 1
Mean and standard deviations of atmospheric deposition rates (mg m�2 day�1) of HMA at 12 sampling sites around the BS and NYS from summer 2014 to winter 2015.

Site Pb Cr Cu Zn As Cd

DG 7.91± 6.62 3.42± 1.75 2.58± 1.66 22.9± 25.4 1.11± 0.55 0.07± 0.09
ZH 22.0± 25.5 2.47± 1.24 5.42± 1.28 44.9± 24.9 1.46± 0.32 0.07± 0.03
DL 4.95± 4.86 1.75± 0.94 3.30± 1.69 22.3± 11.9 1.26± 0.52 0.08± 0.04
XC 7.42± 15.1 1.02± 0.60 2.29± 1.01 27.8± 22.8 0.72± 0.58 0.19± 0.10
LT 32.9± 63.3 1.47± 1.59 2.86± 2.08 46.7± 39.5 0.72± 1.02 0.18± 0.13
YK 1.98± 1.73 0.95± 1.59 2.36± 1.73 13.4± 10.2 0.55± 0.39 0.10± 0.08
DY 6.87± 12.7 0.72± 0.45 4.63± 4.91 79.5± 128 0.78± 0.82 0.17± 0.15
TJ 9.99± 14.8 1.78± 1.68 3.93± 2.30 48.7± 53.4 1.19± 0.84 0.23± 0.21
LK 67.7± 94.0 1.32± 1.39 8.38± 8.99 67.6± 48.7 1.51± 1.17 0.35± 0.28
YT 19.3± 27.6 1.63± 0.84 5.01± 3.62 1606± 1206 0.59± 0.36 0.33± 0.24
BH 56.3± 57.8 2.43± 2.45 14.6± 18.2 116± 81.8 2.10± 1.68 0.40± 0.30
RC 8.15± 10.1 2.72± 1.11 3.10± 1.08 99.4± 137 0.51± 0.19 0.15± 0.08
BS 23.5± 24.1 1.43± 0.52 5.29± 3.97 52.7± 31.8 1.10± 0.49 0.21± 0.11
NYS 19.8± 17.5 2.40± 0.60 5.67± 4.13 319± 577 1.17± 0.54 0.18± 0.14
Average 20.5± 20.5 1.81± 0.77 4.87± 3.37 183± 430 1.04± 0.47 0.19± 0.11

Fig. 2. Soluble and particulate concentrations of HMA in water averaged over 37 rivers around the BS and NYS.
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SI. The mean ± standard deviations of total concentrations were
49.0± 85.8 mg L�1 for Zn, 43.8± 73.2 mg L�1 for Cu,
33.9± 42.8 mg L�1 for Cr, 11.3± 16.7 mg L�1 for As, 3.42± 4.79 mg L�1

for Pb, and 0.21± 0.39 mg L�1 for Cd. The highest and lowest HMA
water concentrations in these rivers were Zn and Cd, respectively,
which agreed with their respective deposition rates as described in
Section 3.1. A significant difference occurred between the Pb con-
centration in rivers and its atmospheric deposition rate, illustrated
by the second highest Pb deposition and second lowest water
concentration in the rivers among the six metals around the BS and
NYS.

The highest concentrations of Pb, Cu and As were discerned in
the normal season, peak concentrations of Cr and Cd were identi-
fied in the dry season, and Zn concentrations reached a maximum
in the rainy season. The difference in the temporal distribution
among the sampled metals depends on usage and chemical-
physical properties of each element (IAEA, 2004; Xu et al., 2013a).
The Student's test showed that, at a 5% significance level, Pb and As
concentrations in the normal season were significantly higher than
those in other seasons, Cr concentrations in the dry and normal
seasons were significantly higher than that in the rainy season, and
Cu concentration in the normal season was significantly higher
than that in the dry season (see Table S15 of SI). As also shown in
Table 14 of SI, the soluble concentrations of Cu, Zn, As, and Cd
accounted for major fractions of their respective total concentra-
tions. The largest soluble fractions of these metals were
80.7± 19.5% for Cu, 61.1± 23.6% for Zn, 86.5± 16.4% for As, and
55.2± 30.1% for Cd. However, the soluble fractions of Pb and Cr
(38.6± 29.1% and 47.8± 28.6%, respectively) were lower than their
particulate portions. The highest particulate HMA concentrations
exhibited no significant changes in the three seasons except for the
significantly high Cd concentration in the dry season compared
with the other two seasons (see Table S15 of SI). Other significant
variations in the soluble concentrations of the sampled HMA are
shown in Table S15 of SI.

Large standard deviations in the HMA concentrations in the
riverine waters (see Table S14 of SI) indicated their significant
spatial differences. These rivers can be classified into four groups
according to their discharge into the three bays of the BS and NYS.
These are the Liaodong Bay, Bohai Bay, Laizhou Bay, and NYS as
shown in Table S16 of SI. According to the classification, the rivers
around the Laizhou Bay suffered from the most serious contami-
nation by Cu, Zn, As, and Cd, followed by Pb and Cr. The mean Pb
concentrations in the rivers entering the Bohai Bay were the
highest, followed by other elements of HMA. These rivers provided
major pathways that delivered HMA to these two bays.
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The mean HMA concentrations in the riverine water were
compared with those in the seawater of the BS and NYS as shown in
Table S17 of SI. In general, the HMA concentrations in the rivers
were remarkably higher than those in seawater of the BS and NYS.
The HMA levels followed a sequence of Zn> Cu> Cr> As> Pb> Cd.
The HMA concentrations in the 37 rivers were also assessed in
terms of third grade water quality in the Chinese Environmental
Quality Standards for Surface Water (GB3838-2002) (see Table S18
of SI). Water quality standards for each element are often applied in
water quality assessment of central drinking water resources,
wintering grounds and migration channels of fish and shrimp,
mariculture waters of fish, shrimp, shellfish, and algae, and bathing
areas. As shown in Table S14 and Table S18 of SI, the mean con-
centrations of sampled HMA in the river waters were well below
their respective standards except for Cr and As (Table S18 of SI). For
these two elements, Cr exceeded its standard by 27% in the normal
season, 8% in the rainy season, and 25% in the dry season, and As
exceeded its standard by 16%, 3%, and 0% for these three seasons,
respectively. The estuaries of most of the rivers with elevated levels
of Cr and As were located in the Bohai Bay as shown in Table S18 of
SI.

For individual water samples, dominant excesses were found for
Cr and As as shown in Table S18 of SI. The excessive percentages in
normal, rainy and dry seasons were 27%, 8%, and 25% for Cr and 16%,
3%, and 0% for As, respectively. The estuaries of most of the rivers
with elevated levels of Cr and As were located in the Bohai Bay as
shown in Table S18 of SI.

3.3. Fluxes of HMA to the Bohai and North Yellow seas

To be consistent, the deposition fluxes and river discharges of
HMA into the BS and NYSwere calculated for the year 2015, and the
results are summarized in Fig. 3 and Table S19 of SI. For the entire
BS and NYS, the HMA fluxes via river inflows were 3e20 times
higher than the atmospheric deposition fluxes except for Pb,
thereby suggesting that the dominant input pathway of HMA was
by river discharges. However, in the BS's subareas, the atmospheric
deposition fluxes of Zn to the Liaodong Bay and Cd to the Bohai Bay
were higher than those via river discharge. This finding verified a
hypothesis that Pb in the Bohai Bay originated primarily from at-
mospheric deposition after 2001 (Meng et al., 2008). It also
Fig. 3. Annual fluxes of HMA contributed by atmospheric
demonstrated that the contamination of Pb, Cd, and Zn in the
Liaodong Bay was largely attributed to atmospheric deposition
(Zheng et al., 2008), and that most HMA in the Laizhou Bay origi-
nated from the Yellow River (Bi et al., 2014; Lü et al., 2015; Zhang
et al., 2017a).

The total Pb inputs were the largest in the NYS, followed by the
Central BS, Liaodong Bay, Bohai Bay, and Laizhou Bay, which, to a
large extent, was related to the area of these waters (see Table S3 of
SI). This is because atmospheric depositionwas the dominant input
pathway of Pb, and the deposition flux depends on the receiving
area. The rank of total annual inputs of Cr, Cu, Zn, and As in the sea
areas exhibited the same trend of the NYS> Laizhou Bay> Bohai
Bay> Liaodong Bay> Central Bohai because of the magnitude of
their input mass via river discharge. The largest inputs of Cdwere in
the Laizhou Bay because of the major discharges of trace metals via
the Yellow River (Lü et al., 2015; Zhang et al., 2017a). In fact, the
Yellow River is a leading channel for all HMA entering the Laizhou
Bay. The river contributed 87.3± 11.4%, 83.3± 9.70%, 77.4± 13.2%,
91.1± 12.8%, 69.8± 10.9%, and 91.9± 10.8% to the total river inputs
of Pb, Cr, Cu, Zn, As, and Cd into the Laizhou Bay, respectively (see
Table S20 of SI). Likewise, the Yalu River contributed over 70% of
total HMA river inputs into the NYS as shown in Table S20 of SI (Li
et al., 2014). Such a dominant contribution of a river discharge was
not observed in the Liaodong Bay or Bohai Bay. The largest contri-
butions of HMAdischarges from rivers connectedwith the two bays
were less than 50% as shown in Table S20 of SI.

The total inputs of HMA through atmospheric deposition and
riverine inflow to the BS's four subareas and the NYS can be con-
verted into concentrations (see Table S21 of SI) by dividing fluxes by
water volumes in each sea area. Concentration levels of HMA in
seawater were widely used to assess their ecological risks using the
method of risk quotient (RQ) (Wang et al., 2010). RQ value of HMA
can be calculated by comparing their measured or predicted con-
centrations with appropriate threshold values. This study used the
converted HMA concentrations as their predicted levels and the
Grade-I seawater quality standards of China (GB 3097-1997, China,
see Table S21 of SI) (Peng, 2015) as threshold value to assess the
health risk subject to estimated RQ values (see Table S22 of SI). The
criteria are set as precautionary measure for protecting the fishing
water and endangered marine species to avoid chronic toxicity of
chemicals like HMA (Wang et al., 2010). The RQ values of Pb, Cu, and
deposition and river discharge into the BS and NYS.
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Zn in Laizhou Bay and the RQ value of Pb in Bohai Bay were greater
than 1, indicating that annual metal input posed a considerable
threat to the marine ecosystem of the two bays if these HMA
entered into in seawater.

Compared with HMA concentrations measured in the BS and
NYS (see Table S17 of SI), the annual HMA fluxes only contributed
1e10% to measured pollution levels in the Liaodong Bay. In the
Bohai Bay, the converted concentrations of Cr, Cu, and As were
higher than their respective monitored concentrations, although
the fluxes posed aminor contribution to Pb, Zn, and Cd. Specifically,
the HMA fluxes contributed to higher concentrations than the
contamination levels in the Laizhou Bay. This suggests that the
HMA entering the BS were not only presence in the waterbody, but
were also more likely to migrate to the sediments and to the outer
seas (such as the NYS). The HMAoutflows of HMA and/or the buried
HMA were the most significant in the Laizhou Bay, followed by the
Bohai Bay and Liaodong Bay.

3.4. Source-sink relationship of HMA in the Bohai and North Yellow
seas

Table S23of SI lists the HMA burdens in seawater and sediments,
as well as the exchange capacity of HMA among the BS's four
subareas and the NYS after 1-year of water exchange. Except for the
Central BS, the HMA fluxes via atmospheric deposition and river
discharge (see Table S19 of SI) into each sea area were larger than
the corresponding exchange capacity (see Table S23 of SI), thereby
suggesting the dominant pathway of the terrestrial inputs. For
instance, the Pb inputs through atmospheric deposition and river
inflow into the Liaodong Bay were 155± 220 ton yr�1 and
17.0± 22.4 ton yr�1, respectively. Among the total inputs, 114 tons
remained in the Liaodong Bay, and 7.24 tons, 42.1 tons and 7.91 tons
were transported into the Bohai Bay, Central BS and NYS, respec-
tively, after the 1-year water exchange. In the meantime, 7.46 tons,
2.42 tons, 18.7 tons, and 43.9 tons of Pb were entered into the
Liaodong Bay from the Bohai Bay, Laizhou Bay, Central BS and NYS,
respectively. The inflows by the water exchange were less than the
total input via atmospheric deposition and river discharge.

The HMA loads into the Central BS were mainly through water
exchanges among the sea areas, rather than through direct
terrestrial inputs. For instance, the inputs of Cr, Cu, Zn, As, and Cd
from the Laizhou Bay were 183 ton yr�1, 535 ton yr�1, 1720 ton yr�1,
67.0 ton yr�1 and 7.54 ton yr�1, respectively, which were clearly
higher than the deposition input (see Table S19 and Table S23 of SI).
The second largest contributor to the HMA contamination in the
Central BS was the Bohai Bay; there was larger HMA inflow from
this bay than from the total terrestrial inputs, which was in
agreement with the source-sink relationship between these two
sea areas. The majority of HMA outflows from the Central BS
entered the NYS, and the second largest outflow entered the Liao-
dong Bay. The HMA exports from the NYS follow two major path-
ways. One pathwaywas to the Central BS, and the other extended to
the Liaodong Bay. These inflows and outflows indicated that the
Central BS and NYS were the transition region for most HMA
through water exchange.

The total HMA burdens in the BS's four subareas and in the NYS
were significantly different (see Table S23 of SI). The fractions of
HMA to the total burdens in thewaterbody were 86.6± 4.55% in the
Liaodong Bay, 60.5± 10.5% in the Bohai Bay, 20.9± 9.05% in the
Laizhou Bay, 95.1± 2.06% in the Central BS, and 94.3± 1.93% in the
NYS. The lowest HMA fraction in the Laizhou Bay could be attrib-
uted to its high sedimentation rate and SPM concentrations, which
originated largely from the Yellow River (Bi et al., 2014; Tang et al.,
2010). The ranking of HMA sediment burdens in each sea area was
similar to that of HMA concentrations in the sediments of the BS
and NYS that were determined in previous studies (see Table S24 of
SI).

According to the mass balance of HMA, a sea area could be a
source of a pollutant for other sea areas if the total terrestrial inputs
of the pollutant are larger than its total burdens (including
seawater and sediments) in the sea area. On the other hand, the sea
area can also be considered a sink area if the total inputs are less
than the total burdens. To explore which role each sea area played
in the HMA mass balance, Table S25 of SI lists the percentages of
water volume and HMA in each sea area compared with the total
sea area and total HMA. Table S26 of SI shows the total inputs and
total burdens of HMA, as well as their budget after 1-year of water
exchange within the BS's four subareas and the NYS. The budget
was defined as the difference between the total inputs and total
burdens of HMA. As shown, the Liaodong Bay was a sink of Pb, Cu,
Zn, As, and Cd because their inputs were smaller than the total
burdens (see Table S26 of SI). This indicated that most HMA in the
bay were attributed not only to the terrestrial inputs, but also to the
seawater exchange among the several sea areas. The terrestrial
input of Cr was the highest among the six HMA in the Liaodong Bay,
and accounted for 19.3% of the total inputs in the BS and NYS (see
Table S25 of SI). The contribution percentage was higher than the
percentage (14.6%) of water volume in the Liaodong Bay to the total
volume (see Table S25 of SI). As a result, the Liaodong Bay was a Cr
source instead of a sink. Likewise, the Bohai Bay and Laizhou Bay
were mainly sources of HMA because their contribution percent-
ages were greater than the water volume percentages (2.32% and
1.32% for the Bohai Bay and Laizhou Bay, respectively, see Table S25
of SI). In contrast, the total burdens of HMA in the Central BS were
larger than the total inputs, thereby indicating that this sea area
was a sink of HMA (see Table S20 of SI), which could be attributed to
the relatively weak terrestrial inputs of HMA. The NYS could be
regarded as a weak source of HMA, except for Pb, because the in-
puts were less than the total burdens (see Table S26 of SI). To
further explore the source-sink roles of each sea area, the annual
budgets of HMA after 1-, 10-, and 100- year exchanges are displayed
in Fig. 4. The Liaodong Bay as a sink of HMA can be more clearly
seen from the growing negative differences within these time pe-
riods, thereby suggesting that the mitigation of water pollution in
the Liaodong Bay becomes much more difficult due to its historical
contamination by HMA. In general, the Laizhou Bay and Bohai Bay
acted as sources of HMA, as shown by the positive differences be-
tween the total inputs and total burdens. Both positive and negative
differences from the three simulations further indicated that the
Central BS and NYS underwent sink to source reversals for most
HMA. The source-sink relationship of HMA in the BS and NYS in-
dicates that systematic cooperation of administrative districts near
the BS and NYS to mitigate HMA input from rivers and atmosphere
is the effective strategies to improve and restore their ecosystem,
and Liaodong Bay should be pay to a specific attention (Song et al.,
2017).

4. Conclusions

The observations and simulations based on comprehensive data
on the atmospheric deposition and river water samples around the
BS and NYS allowed us to draw the following major conclusions. (1)
The fractions of the dissolved HMA in the atmospheric deposition
samples were higher than those in the river water samples. The
spatiotemporal variation in HMA deposition rates was insignificant,
whereas water concentrations of the HMA had significant seasonal
variation. (2) For the entire BS and NYS, atmospheric deposition
dominated the input of Pb, and river discharge was largely
responsible for the input of the other HMA (Cr, Cu, Zn, As, and Cd).
(3) The terrestrial input of HMA into the BS and NYS indicated that



Fig. 4. Annual mean budgets of HMA in the BS's four subareas and the NYS after 1-, 10-, and 100-year of water exchange.
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the Laizhou Bay and Bohai Bay were sources, the Liaodong Bay was
a sink, and that the Central BS and NYS were a transition region
through water exchange.
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