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a b s t r a c t

Seventeen halogenated flame retardants (HFRs) were concurrently analyzed in surface seawater and low
atmospheric samples from the Bohai Sea during four research cruises. HFRs mainly existed in particulate
phases, and in general decabromodiphenyl ethane (DBDPE) was the predominant compound in both air
and water samples. Relatively high concentrations were observed in the water of Laizhou Bay (LB), where
the largest manufacturing base of brominated flame retardants (BFRs) in China is located and weak water
exchange occurs. Transport from LB by coastal currents may be the main source of BFRs in some areas
without emission sources. The HFRs in seawater exhibited distinct seasonal variation, with significantly
higher concentrations in winter than those in summer. The controlling factors include the resuspension
of sediment induced by large wind waves in winter and phytoplankton scavenging in spring and
seawater stratification in summer. HFRs composition varied largely in different seasons, due to the
different extents of riverine input and atmospheric deposition. Normally, for air masses passing through
the nearby industrial regions, high concentrations of DBDPE (up to 1780 pg m�3) co-existed with high
total suspended particle (TSP) levels (up to 150 mg m�3). The estimated atmospheric deposition fluxes of
HFRs were 19, 51, and 80 kg season�1 in spring, summer, and winter, respectively, indicating that the
Bohai Sea is a sink of HFRs via atmospheric deposition. This study has increased our understanding of the
behaviors and fates of the legacy and novel HFRs in the shallow coastal sea.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Halogenated flame retardants (HFRs) are used in a wide variety
of commercial products, such as thermoplastics, furniture, elec-
trical and electronic equipment, and construction products, to
inhibit the ignition of flammable materials and reduce the
spreading of flames (de la Torre et al., 2018). Polybrominated
diphenyl ethers (PBDEs), which are typical brominated flame
stal Environmental Processes
ry of Coastal Environmental
hinese Academy of Sciences,
retardants (BFRs), have been widely used for over 30 years (Shao
et al., 2016). Owing to their persistence, capacities for bio-
accumulation and long-range atmospheric transport (LRAT), and
potential toxicity to human and ecosystem health, commercial
penta-BDE, octa-BDE, and deca-BDE mixtures have been added to
the list of persistent organic pollutants (POPs) under the Stockholm
Convention (UNEP, 2018). With the gradual phasing out of PBDEs,
several novel brominated flame retardants (nBFRs), such as deca-
bromodiphenylethane (DBDPE), pentabromotoluene (PBT), pen-
tabromoethylbenzene (PBEB), hexabromobenzene (HBB), have
been introduced as alternatives. Dechlorane Plus (DP) (syn- and
anti-isomers), a new chlorinated flame retardant, has been used in
plastic connectors, wires, and cable coatings (Zhen et al., 2018; Li
et al., 2017). With widespread application, this chemical
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inevitably leached into the environment. These compounds have
been detected in the air (Li et al., 2016a; Ma et al., 2017; Lee et al.,
2016), sediment (Zhen et al., 2018; Wang and Kelly, 2017), water
(Wang et al., 2017a; Su et al., 2017), and biota samples (Tao et al.,
2017; Qiao et al., 2017; Jin et al., 2016), or even in the remote
plateau (Ma et al., 2017) and polar regions (Carlsson et al., 2018;
Aznar-Alemany et al., 2018) through the LRAT. Growing evidence
suggests that these novel flame retardants also have the properties
of POPs, and hence pose a threat to ecosystems and human health.

The Bohai Economic Rim is one of themost prosperous regions in
China and it accounted for 1/4 of GDP, top 6 among the 10 busiest
harbors, 12% of area and 20% population of China in 2018. There are
also13megacities around theBohai Sea. Bohai Sea is a shallow, semi-
enclosed marginal sea of the western Pacific Ocean with a narrow
strait to the Yellow Sea (Shao et al., 2016), and is divided into the
Bohai Bay (BB), the Laizhou Bay (LB), the Liaodong Bay (LDB) and the
center of the Bohai Sea (CBS) in this study. The sea is experiencing
water quality deterioration due to the large amount of nutrients and
pollutants from land-based sources. Eutrophication, hypoxia, and
harmful algal blooms, togetherwith the high level of POPs in certain
areas, are frequently reported (Wang et al. 2009, Wang et al., 2017a;
Zhao et al., 2017; Wei et al., 2004). Bohai Sea is still under the
influencingof the easternAsiamonsoon.Meanwinddirections from
north to northwest prevail in winter, whereas in summer favored
wind directions are from the south (Hainbucher et al., 2004). PBDEs
are typical POPs that weremainly produced in the Laizhou Bay area,
where the largest BFR manufacturing base in China is located and
high levels of PBDEs andother BFRshavebeenwidelydetected in the
nearby soil, atmosphere, biota and sediment samples (Zhen et al.
2016, 2018; Jin et al. 2008, 2009; Pan et al. 2010, 2011). A recently
study reported the occurrence of BFRs in a coastal maricultural area
near Dalian City (Wang et al., 2017a). However, to the best of our
knowledge, no studies have been conducted on the levels of HFRs in
seawater or the atmosphere across the whole Bohai Sea. The
investigation of HFRs in the coastal sea nearby the manufacturing
base could explain the impact of HFRs manufacturing on sur-
rounding environment. The contaminations may spread to a large
scale by some hydrodynamic factors. Therefore, it is imperative to
understand the environmental fate of HFRs in the Bohai Sea.

Since the phasing out of decaBDE, local plants have quickly
switched to producing DBDPE and other unregulated BFRs to fill the
gap in the market. Based on similar structures and physico-
chemical properties (low volatility, low water solubility, and a
high Kow) between DBDPE and BDE209, DBDPE became commer-
cially important as an alternative to the Deca-BDE formulation in
the early 1990s (Covaci et al., 2011). While DBDPE appears to be less
sensitive to thermal degradation and photo degradation than
BDE209, which means the longer lifetime and more difficult to
degrade in environment (Kierkegaard et al., 2009). In China, the
production of DBDPE has increased by 80% per year since 2006,
reaching 12,000 t (Qi et al., 2014). This dramatic shift has had a
profound effect on the environmental distribution of HFRs, and the
predominance of DBDPE over other HFRs in the air has been re-
ported (Zhao et al., 2013). However, little data are available about
the distributions of legacy and emerging HFRs in this environ-
mentally, economically, and ecologically important coastal sea.

In this study, HFR concentrations were measured in seawater
and air in August and December 2016, and February and June 2017,
in the Bohai Sea. Although the sampling days are different (9 days
in August; 9 days in December; 4 days in February and 5 days in
June) in each research period due to weather condition and logis-
tical reason, the cruises covered most of the Bohai Sea (see Fig. S1).
Overall, 29 seawater and 27 air samples were collected to investi-
gate the spatial and temporal trends of HFRs and to explore the
influential factors and potential sources in the Bohai Sea.
2. Method and materials

2.1. Sample collection

Twenty-seven air samples (approximately 300 m3 each) and
twenty-nine seawater samples (approximately 60 L each) were
collected onboard a research vessel (Chuangxin I) from the Bohai
Sea during four sampling campaigns. Paired air and surface water
samples were collected in August, December and February. How-
ever, on the two of cruises in June 2017, within sampling time of
each atmospheric sample (24 h), two surface water samples were
collected separately due to the long-journey of those air samples.
Maps of the sampling tracks for each sample are presented in
Fig. S1 (A, B, C, and D). More details related to sample collection are
given in supporting information (SI).

2.2. Sample preparation and instrumental analysis

Prior to extraction, the glass microfiber filters were freeze-dried,
and 10-ng 13C-HBB and 8-ng PCB209 were used as surrogate
standards. Activated copper was added to the extraction solvent to
eliminate the influence of elemental sulfur. The samples were
extracted using amodified Soxhlet extractorwith DCM for 24 h. The
water column extracts were frozen to eliminate remaining water as
best as possible. The volume of the extracts was reduced by rotary
evaporation to 2e3 mL, and the extracts were then rotary evapo-
rated to approximately 1 mL after changing the solvent to hexane.
The 1-mL extracts were purified using 2.5-g silica gel columns (10%
water deactivated) topped with 3 g of anhydrous sodium sulfate.
The columns were eluted with 22 mL of hexane and then reduced
to a final volume of 100 mL with nitrogen (purity 99.999%). The
solvent was spiked with 20 ng of BDE77 as the internal standard
prior to chemical analysis.

HFRs chemical analyses were performed with an Agilent 7890
gas chromatograph (GC) coupled with a 5975C mass selective de-
tector (MSD) in electron capture negative ion chemical ionization
mode (ECNICI). The details on analytical method have been given in
the SI.

2.3. Quality assurance and quality control

Field blanks for the three types of sample different periods were
collected at different periods during the campaigns (Table S1), and
laboratoryblankswere also addedduring the experiment (Table S2).
The recovery rates were monitored throughout the analytical mea-
surements. For the all-filter samples, the mean recovery rates for
13C-HBB and PCB209were 106± 22% and 97± 20%, respectively. For
thewater column samples, themean recovery rates for 13C-HBB and
PCB 209 were 113 ± 20% and 105% ± 22%, respectively. For the air
columns, the mean recovery rates for 13C-HBB and PCB 209 were
122±25%and106%±25%, respectively. Themethoddetection limits
(MDL) were calculated based on the mean blank values plus three
times their standard deviations. In this study, the values below the
MDLswere considered tobe “notdetected” (n.d.). TheMDL ranges of
PBDEs,nBFRs, andDPs for the seawaterfilterswere0.049e1.6pg L�1,
0.065e20 pg L�1, and 0.025e0.040 pg L�1, respectively. For the air
filters, the MDL ranges of these compounds were
0.0098e0.32pgm�3, 0.013e4.0pgm�3, and0.0049e0.0081pgm�3,
respectively. For the seawater columns, the MDL ranges in the dis-
solved phase were 0.016e4.4 pg L�1, 0.022e23 pg L�1, and
0.047e0.060 pg L�1, respectively. Finally, for the air columns, the
MDL ranges were 0.013e0.25 pg m�3, 0.0017e3.7 pg m�3, and
0.0041e0.0061 pg m�3 in gas phase, respectively.

To further explore the HFRs contamination by ship-based
emissions, we added a set of comparative sampling and
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experiments. The details are given in the SI. There were very few
HFRs from ship’s outgassing (Table S3). To assess the influence of
stack emissions, we actually measured the height of stacks (9 m
above sea level), which were located near the stern of the ship. An
air sampler was mounted at the bow of the ship, and the installa-
tion height was 11.5 m above sea level. In summary, the ship is not
an obvious source of contamination in the study.

2.4. Hydrodynamic model

The hydrodynamic conditions were predicted using the
Regional Ocean Modeling System (ROMS), which is a three-
dimensional, free-surface, finite difference, nonlinear hydrody-
namic model (Haidvogel et al., 2000; Warner et al., 2008). The
model encompassed the Bohai Sea from 37�N to 41.05�N and from
117.5�E to 122.5�E with a grid resolution of 2’ (Li et al., 2016b), and
has been described in details in the SI.

2.5. Air mass back trajectories

To elucidate the general source regions of the HFRs in the air
samples, air mass backward trajectories (BTs) were modeled using
NOAA’s HYSPLIT model (Draxler and Rolph, 2003) to trace the
probable paths of the air masses associated with the samples. The
air mass BTs were calculated for 120 h at approximately 6 h in-
tervals. The individual BTs are shown in Fig. S2.

3. Results and discussion

3.1. HFR levels in seawater and air

The concentrations of PBDEs, nBFRs, and DPs in seawater and
the atmosphere are summarized in Table 1 and presented in detail
in Tables S4eS7. In this study, BDE28, 47, 99, 100, 153, 154, and 183
were described as

P
7PBDEs.

In seawater, the overall
P

PBDEs concentrations including both
dissolved and particle phase were within the range of
3.3e290 pg L�1, with an average of 70 ± 67 pg L�1. BDE209 (range:
1.7e290 pg L�1, mean: 68 ± 68 pg L�1) was the dominant PBDE
congener, accounting for approximately 98% of the PBDEs, followed
Table 1
Concentrations of halogenated flame retardants in air (particle and gas phases, pg m�3)

Compounds Water

particulate M ± SD dissolved M ± SD

BDE28 n.d.-0.136 0.039 ± 0.048 n.d.-6.64 0.361 ± 1.2
BDE47 n.d.-0.824 0.061 ± 0.176 n.d.-3.92 0.556 ± 0.9
BDE100 n.d.-0.089 0.007 ± 0.022 n.d.-0.334 0.039 ± 0.0
BDE99 n.d.-0.213 0.012 ± 0.042 n.d.-0.209 0.033 ± 0.0
BDE154 n.d. n.d.-0.214 0.059 ± 0.0
BDE153 n.d.-0.305 0.049 ± 0.090 n.d.-0.245 0.067 ± 0.0
BDE183 n.d.-4.420 0.366 ± 0.936 n.d.-1.93 0.125 ± 0.3
BDE209 1.73e223 57.1 ± 59.5 n.d.-77.9 11.2 ± 19.2
P

PBDEs 1.70e22.3 7.51 ± 5.97 0.089e8.67 2.26 ± 2.70
PBT n.d.-0.557 0.120 ± 0.127 n.d.-1.97 0.533 ± 0.5
PBEB n.d.-0.435 0.015 ± 0.081 n.d.-17.33 3.39 ± 5.44
DPTE n.d.-0.259 0.019 ± 0.060 n.d.-1.67 0.269 ± 0.3
HBB n.d. n.d.
TBB n.d.-1.960 0.118 ± 0.375 n.d.-1.021 0.105 ± 0.2
TBE(BTBPE) n.d.-0.486 0.104 ± 0.161 n.d.-0.539 0.107 ± 0.1
DBDPE n.d.-578 104 ± 160 n.d.-91.44 6.27 ± 18.5
P

NBFRs n.d.-578 104 ± 160 0.042e92.1 10.7 ± 18.3
syn-DP n.d.-0.626 0.126 ± 0.130 n.d.-0.567 0.031 ± 0.1
anti-DP 0.084e5.59 0.656 ± 1.008 n.d.-4.92 0.272 ± 0.9
DPs 0.084e6.22 0.782 ± 1.120 n.d.-5.49 0.303 ± 1.0

M ± SD ¼ mean ± standard deviation; n.d.: not detected; dissolved concentrations are n
concentrations.
byBDE47 (approximately 0.8%). A similar compositionwas observed
previously in seawater near coastal mariculture in the Bohai Sea
(Wang et al., 2017a) and Jiaozhou Bay in the Yellow Sea (Ju et al.,
2016). The total concentrations of nBFRs ranged from 9.2 to
623pg L�1,with ameanvalue of 120±170pg L�1. DBDPE (range: n.d.
- 622 pg L�1, mean: 110 ± 174 pg L�1) was the predominant com-
pound, accounting for 96% of the total nBFRs,whichwas higher than
those of BDE209 in water samples. Both DBDPE and BDE209 were
mainly present in suspended particulatematters (SPM,> 84%). After
DBDPE, the proportion of PBEB in the water samples was 3%. Syn-
and anti-DPwere also found in thewater samples at concentrations
ranging from n.d. to 0.76 pg L�1 and 0.080e7.1 pg L�1, with a mean
value of 0.16 ± 0.17 pg L�1 and 0.93 ± 1.5 pg L�1, respectively.

The total atmospheric concentrations (gas and particle phases)
of PBDEs, nBFRs, and DPs measured in the Bohai Sea were within
ranges of 0.47e440 pg m�3, 0.30e2000 pg m�3, and
0.032e2.6 pg m�3, respectively. Most HFRs were presented in total
suspended particulates (TSPs), accounting for 95%. BDE209 (range:
0.24e430 pg m�3, mean: 41 ± 95 pg m�3) and DBDPE (range: n.d. -
180 pg m�3, mean: 140 ± 370 pg m�3) were also the predominant
compounds among the PBDEs and nBFRs, accounting for 99% and
90%, respectively. Similar to seawater, the concentrations of DBDPE
were higher than those of BDE209 (Table 1), indicating its over-
whelming production and application around the Bohai Sea. The
detection levels of BDE183 (range: n.d. - 0.75 pg m�3, mean:
0.21 ± 0.22 pg m�3), BDE47 (range: n.d. - 0.82 pg m�3, mean:
0.12 ± 0.16 pg m�3), HBB (range: n.d. - 161 pg m�3, mean:
13 ± 35 pg m�3), and PBT (range: 0.074e51 pg m�3, mean:
2.6 ± 9.6 pg m�3) were relatively higher than those of the other
compounds (excluding BDE209 and DBDPE).

Very limited data regarding BFRs are available for seawater
samples, which is partially due to their physicochemical properties,
i.e., their low volatility, low water solubility, and high Kow
(Table S8). Several previous studies conducted worldwide are
summarized in Table S9. The concentrations including BDE209 in
four bays near Gal Island, South Korea (n.d. - 740 pg L�1) (Gu et al.,
2017), Izmir Bay, Turkey (0.20e190 pg L�1) (Cetin and Odabasi,
2007), and San Francisco Estuary (3e510 pg L�1) (Daniel et al.,
2005) were in the same order of magnitude as the results of this
study. However, the levels of PBDEs in China’s seas, such as those in
and aqueous phase (particle and dissolved phases, pg L�1) in the Bohai Sea.

Air

particulate M ± SD gas M ± SD

1 n.d.-0.052 0.012 ± 0.014 n.d.-0.749 0.067 ± 0.146
54 n.d.-0.141 0.043 ± 0.046 n.d.-0.724 0.073 ± 0.141
82 n.d.-0.171 0.029 ± 0.045 n.d.-0.205 0.014 ± 0.04
59 n.d.-0.248 0.038 ± 0.053 n.d.-0.164 0.021 ± 0.041
69 n.d.-0.256 0.03 ± 0.071 n.d.-0.081 0.014 ± 0.023
65 n.d.-0.140 0.037 ± 0.043 n.d.-0.034 0.005 ± 0.009
57 n.d.-0.692 0.190 ± 0.211 n.d.-0.098 0.015 ± 0.024

n.d.-432.5 39.6 ± 95.5 n.d.-12.8 1 ± 2.57
n.d.-44.8 4.34 ± 9.80 0.038e1.43 0.309 ± 0.369

39 0.008e43.1 2.00 ± 8.25 0.053e7.44 0.622 ± 1.430
n.d.-1.53 0.139 ± 0.299 n.d.-0.181 0.038 ± 0.065

75 n.d.-0.464 0.047 ± 0.121 n.d.-1.790 0.159 ± 0.434
n.d.-154 9.30 ± 31.1 n.d.-74.08 3.71 ± 14.50

10 n.d.-0.352 0.047 ± 0.080 n.d.-0.271 0.039 ± 0.064
63 n.d.-0.372 0.098 ± 0.104 n.d.-0.096 0.007 ± 0.021

n.d.-1778 138 ± 369 n.d.-21.40 2.78 ± 5.08
0.194e1978 149 ± 404 0.098e95.9 7.36 ± 18.6

08 0.004e1.008 0.083 ± 0.197 n.d.-0.071 0.006 ± 0.015
39 0.019e1.83 0.290 ± 0.486 n.d.-0.478 0.056 ± 0.129
44 0.025e2.59 0.373 ± 0.645 n.d.-0.511 0.062 ± 0.139

ot adjusted for DOC/colloids, so these are likely overestimation of freely dissolved
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Jiaozhou Bay (1200e5500 pg L�1) (Ju et al., 2016), Sanggou Bay
(510e6200 pg L�1) (Ge et al., 2018), and the coastal mariculture
area of the Bohai Sea (1500e6600 pg L�1) (Wang et al., 2017a) were
much higher than those in our study. This may be due to the
dilution of organic pollutants from the coastal area to the open sea,
and it reflected higher production of HFRs in China. There are few
data available on HFRs in the atmosphere above oceans, particularly
in the Chinese coastal environment. The levels of 13 PBDEs
(excluding BDE209) in the atmosphere of the Yangtze River Delta
ranged from 0.20 to 43 pg m�3 during all four seasons (Zhang et al.,
2016), which was higher than those observed in this study
(
P

7PBDEs: 0.089e2.9 pg m�3). This could be due to the different
sampling sites, as the Yangtze River Delta is closer to land and easily
polluted by anthropogenic sources. PBDE concentrations in the
atmosphere above open oceans, such as the North Sea (six PBDEs
including BDE209, 0.20e11 pg m�3) (M€oller et al., 2012), were
much lower than those observed in our study (0.47e440 pg m�3).

In terms of the environmental fate of DP, the ratio fsyn values
have been discussed in SI. Due to HFRs are mainly presented in
particulate phase, the following discussion will focus on BDE209,
DBDPE, DPs in the particulate phase.

3.2. Spatial and temporal trends

3.2.1. Spatial variations
Spatial distributions of the dominant compounds in seawater

and atmosphere of the Bohai Sea are shown in Fig. 1 and Fig. S3. In
general, higher concentrations of BDE209, DBDPE, and DPs were
detected near the BB and the LB than those in the LDB and the CBS
in both summer (August) and winter (December) (Fig. 1AeD).The
largest manufacturing base of BFRs in China is located near the LB
area (Zhen et al., 2018). Technical deca-BDE mixtures and DBDPE
are the predominant commercial products here (Jin et al., 2008;
Covaci et al., 2011). BB receives a large amount of industrial
wastewater, domestic sewage and exhausted gas from the Beijing-
Tianjin-Hebei megalopolis (Zheng et al., 2016; Dong et al., 2015).
The target compounds in LDB with obviously lower concentrations
because of less emission and population compared to those in LB
and BB. This suggests that the pollution discharged from the sites
around LB and BB is the main source of BFRs in the Bohai Sea area
(Zhen et al., 2018; Su et al., 2017; Gu et al., 2017; Zheng et al., 2016).

Fig. 2 shows the surface currents in August and December, 2016
in the Bohai Sea, which are predicted using ROMS. The simulated
water circulations varied largely. In summer, the highest concen-
trations of BFRs were measured in the mouth of BB area (Fig. 1A),
which were in the path of the current from the pollutant sources of
LB (Fig. 2). Meanwhile, the current in BB polluted by Beijing-
Tianjin-Hebei megalopolis were speeding up at mouth of the bay
and met the currents from LB. In contrast, the current from Bohai
Strait passed through the LDB, which affected the current from LB,
resulting in particularly small concentrations of BFRs in the LDB. In
winter, the highest abundances were measured at the east bank of
LB (Fig. 1C), where the essential path of the current from the LB was
located. In addition, the active coastal resuspension intensify in the
shallow water induced by winter monsoon, which are the major
factors resulting the long-distance transport of the particulates
from the Bohai Sea to the Yellow Sea (Qiao et al., 2016; Li et al.,
2019). Thus, for areas not strongly affected by production sources,
transportation from highly polluted waters through coastal cur-
rents or water masses could further aggravate the risk of contam-
ination and lead to widespread pollution in the marine ecosystem.

3.2.2. Seasonal patterns of HFRs in seawater
As shown in Fig. 3, there were significant seasonal variations in

the levels of the major HFRs (BDE209, DBDPE, and DPs), with
relatively higher concentrations during thewinter (December 2016,
mean: 380 ± 270 pg L�1) and winter-spring (February 2017, mean:
190 ± 120 pg L�1) seasons, and lower concentrations in the spring-
summer (June 2017, 18 ± 4.0 pg L�1) and summer (August 2016,
45 ± 27 pg L�1) seasons. All compounds exhibited clear seasonality
in seawater. In our study, the SPM concentration was an important
factor determining this variability. A high correlation (P < 0.01)
between the concentrations of DBDPE and SPM was found
(Table S11, Fig. 3). In the shallow Bohai Sea (mean depth of 18 m),
the SPM concentrations are typically high in winter-spring and
significantly lower in summer. This was consistent with the active
coastal resuspension induced by energetic wave action in the
shallow water (Wang et al., 2014a). According to the sediment
concentrations of HFRs measured in summer of 2014, the range of
HFRs concentrations and mean values in SPM were similar to what
were collected for the sediment in the Bohai Sea (Tables S12 and
S13). The mean concentrations of targets per SPM in winter were
slightly higher than those in sediment because of the energetic
wave actions. It suggested that the coastal resuspension of sedi-
ment could be one of important causes increasing the concentra-
tions of hydrophobic organic contaminations (HOCs) in surface
water. In addition, wind waves are a prominent feature of the Bohai
Sea (dominant nearshore wave height: 0.3e0.7 m; wave height in
Bohai Strait and the central basin: approximately 1.0 m) (Jiang et al.,
2000). The winter northerly wind events, especially the winter
storms with high waves, were the major factors influencing
resuspension and transport in shallow regions, such as BB and LB
(Qiao et al., 2016; Yang et al., 2011). Hence, the concentration of
HFRs in the surface seawater increased with the resuspension of
particulate matter, which was in response to the seasonal variation
of the East Asian monsoon in this region (Hainbucher et al., 2004;
Yang et al., 2011). Other possible causes, including the phyto-
plankton scavenging effect and water stratification during summer,
should not be overlooked. In the Bohai Sea, there is a positive
correlation (P < 0.01) between SPM and particulate organic carbon
(POC), which is mainly affected by phytoplankton (Wang et al.,
2018). Some studies reported that the highest annual mean
biomass and primary production of phytoplankton were found in
LB and the CBS, and the seasonal succession was characterized by
high biomass in spring followed by a sudden depletion (Wei et al.,
2004; Lu et al., 2018; Sun et al., 2001). Hence, the annual variations
in the chlorophyll-a concentration of surface water were analyzed
at a station in LB and the CBS, respectively. High Chl a levels
occurred in June, but the abundance decreased in August (Fig. S4). It
has been reported that when the amount of particles is higher,
enhanced settling flux induces a depletion of hydrophobic pollut-
ants by scavenging and thus lowering the water concentrations
(Berrojalbiz et al., 2011). The large amount of POC produced in
spring is expected to adsorb HFRs and deposited during the
phytoplankton extinction process, which was one reason for the
reduced concentration of pollutants in surfacewater and the lowest
levels in summer. A study indicated that less substance exchange
occurs between the surface and bottom seawaters due to the
stratification effect in summer (Zhong et al., 2017). According to the
vertical variations in temperature and salinity collected from sta-
tions SW3 and SW4 near the LDB in summer (Fig. S5), significant
decreases in the HFR concentrations were observed in two areas
with a thermocline and halocline (Fig. 3). The low concentration of
SW9 was also accompanied by thermocline and halocline (Fig. 3
and Fig. S6). It showed that stratification was one of the reasons
hindering substance exchange and causing the low concentration
of contaminants in surface water. Although the salinity variation
was not obvious in BB, the thermocline occurred with depth. The
highest HFRs concentrations in BB indicated that the sewage
emissions and water transportation from highly polluted waters



Fig. 1. Spatial distributions of the target compounds in the seawater (A/C) and atmosphere (B/D) samples in August (first row) and December (second row).

Fig. 2. Distribution of residual current in the surface layer in August and December 2016 (unit: cm s�1).
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Fig. 3. Seasonal variations of HFR concentrations together with SPM in water (left) and TSP in air (right) samples in the Bohai Sea.
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through coastal currents played a more important role in the
contamination of HFRs in Bohai Sea (Fig. 3 and Fig. S6). In winter,
there is no stratification of seawater due to the strong wind wave
effect. The lowest concentration still appeared in the LDB and CBS,
which would further explain the important impact of ocean current
transport.

Although DBDPE shows higher mean levels than those of
BDE209, there is an exception in August (Figs. S3 and S7). Results
obtained by Fig. S7 indicate much higher concentrations of BDE209
than DBDPE in August in almost all sampling stations. The atmo-
sphere and river are important vectors for POPs from terrestrial
sources to the seawater (Zhao et al., 2020; Mulder et al., 2015).
According to the samples collected from 31 rivers around the Bohai
Sea in summer 2013, the total riverine input of BDE209 and DBDPE
were estimated to be 140 and 19 kg season�1 (unpublished data
from our group), and the atmospheric deposition fluxes of them
were 21 and 29 kg season�1, respectively (details were shown in
section 3.3 and Table S16). It has been verified that the runoff of
rivers around Bohai Sea in summer accounts for 70% of the annual
runoff (Wang et al., 2015). Thus, riverine inputs play a main role as
BDE209 is transferred into the Bohai Sea, and this has contributed
to the higher BDE209 levels in summer. For DBDPE, the absolutely
high concentrations can be attributed to atmospheric deposition in
other seasons.
3.2.3. Seasonal patterns of HFRs in atmosphere
Seasonal patterns of typical HFRs in the boundary layer of the

Bohai Sea are shown in Fig. 3. No notable seasonality was found for
HFRs in the atmosphere, but higher concentrations were observed
in the particulate phase in December and February than those in
August. A similar trend was observed in the atmosphere over the
Yangtze River Delta and East China Sea (Li et al., 2015; Zhang et al.,
2016), where the levels of PBDEs were both higher in winter. A
possible reason for this is that the continental outflow from the
land west and north of the Bohai Sea carried high levels of HFRs to
the atmosphere. To further establish the relationship between the
HFR concentrations and air masses, BTs of air masses were calcu-
lated to trace the most likely source paths of the air parcels. In
December, February, and June, the air masses over the Bohai Sea
were influenced by northerly and north-westerly winds that pri-
marily originated from land, while in August, they were mainly
influenced by southerly, south-westerly, and south-easterly winds
that passed through Eastern China (Fig. 4 and Fig. S2). Most samples
with elevated concentrations were associated with air masses
passing over the North China, Mongolia, or Russia (Fig. 4WA2, FA4),
where the discharge of HFRs to the environment is higher due to
the high level of production and/or usage. In summer, when
southeasterly winds prevail, the atmospheric HFR concentrations
were much lower in air masses from the open sea than in those
from land (Fig. 4 SA4). When several air masses passed over the
Bohai Rim in summer, the concentration of HFRs was higher and
indicated that continental source pollution is an influencing factor
(Fig. 4 SA6). During the sampling period, the high levels of HFRs
were expected to be associated with the TSPs after their release to
the air. Wang et al. (2014a,b) suggested that the high level of
polycyclic aromatic hydrocarbons (PAHs) was influenced by
increased TSP concentrations carried by the long-range transport of
dust mixed with anthropogenic pollutants (Wang et al., 2014b). We
calculated the TSP and DBDPE concentrations in particulate matter
expressed in weight (ng g�1) (Table S11, Fig. 3). Although the cor-
relations of these two targets were poor, nearly all sample cruises
with higher abundances corresponded with notably increased TSP
concentrations (Fig. 3 SA7, WA2, FA4, and CA3). This suggested that
the TSP could cause variations in the concentrations of HFRs. Par-
ticulate air pollution measured reached levels considered hazard-
ous to public health when elevated dose of PM (PM; 1.0, 2.5, 10 and
TSP) during annual haze events (Adeniran et al., 2017). PBDEs
concentration linearly increased with PM2.5 levels and decreased
as a power function of the atmospheric boundary layer height (Cao
et al., 2018). Therefore, hydrophobic organic pollutants, such as
HFRs, could be carried by the large amount of particulate matter in
haze during winter, which would aggravate air pollution, and
special attention should be paid to the increased risk induced by
elevated inhalation intake of HFRs during haze episodes.
3.3. Atmospheric deposition fluxes

Fig. S8 presents HFRs dry deposition fluxes (ngm�2 d�1) for each
study region as estimated using equations (SI: 1e2) and the details
were shown in Table S14. The quarterly particle deposition fluxes in
the entire Bohai Sea were estimated in kg season�1 and are shown
in Table S16 (specific calculation processes in SI: statistic analysis).
A degree of uncertainty is associated with this calculation due to
the lack of field measurements of the deposition velocity and pre-
cipitation rate for the Bohai Sea. The overall dry fluxwas dominated
by DBDPE (range: n.d. - 310 ng m�2 d�1), which was the dominant
compound of the HFRs. The highest dry flux during all cruises
(Fig. S8 F4: 380 ng m�2 d�1) was accompanied by the maximum



Fig. 4. Four representative air mass back trajectories (BTs) of air samples collected from the Bohai Sea, which reflect those passing through the continent and ocean in different
seasons. WA, FA, and SA represent the air masses in December (winter), February (winter), and August (summer).
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wind speed (approximately 8.8 m s�1) measured onboard. This is
consistent with the reports that increased wind speed accelerates
the deposition of aerosol (Vento and Dachs, 2007). The high wet
deposition fluxes for BDE209, DBDPE, and DPs in summer can be
attributed to the washout behavior of rainfall, while the increasing
levels of dry deposition in winter can be largely attributed to the
significant influence of the increased TSP concentrations with
relatively strong northerly and north-westerly winds from the
continent. The estimated particle deposition fluxes of HFRs to the
Bohai Sea were 19, 51, and 80 kg season�1 in spring, summer, and
winter, respectively. This is the first estimation of the atmospheric
deposition fluxes of HFRs into the Bohai Sea, which is, to a certain
degree, influenced by chemicals that have a strong affinity to
particulates.
4. Conclusions

This study presents a comprehensive investigation on the
occurrence and seasonal variation of HFRs in seawater and atmo-
sphere in the whole Bohai Sea, China. HRFs were mainly presently
in the particulate phase and DBDPE and BDE209were the dominant
compounds both in atmosphere and seawater. Higher HFRs con-
centrations were found in the Laizhou Bay (near manufacturing
area) than those in the Bohai Bay (near urban agglomerations, i.e.
application area). HFRs in seawater exhibited significantly higher
concentrations in winter than those in summer, the algae bloom in
spring, water stratification summer, and sediment resuspension in
winter control the seasonal variation of hydrophobic contaminants
in shallow coastal sea. The composition of BDE209 and DBDPE
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varied largely in four sampling months, due to the contribution
extents of riverine inputs and atmospheric depositions. High levels
of HFRs were expected to be associated with high TSPs. Hydrody-
namic conditions were predicted using the ROMS, suggesting the
direction of pollutants in coastal seas was in accordance with the
direction of current, which has transported HFRs from pollution
sources to the Yellow Sea. Therefore, in the study of offshore con-
taminations, hydrodynamic factors cannot be ignored, and the data
collected over a short period are insufficient to allow for an accurate
ecosystem risk assessment of pollutants.
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