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a b s t r a c t

Dechlorane Plus (DP), which has severe effects on marine ecosystems, has been proposed for listing
under the Stockholm Convention as a persistent organic pollutant (POPs). This study was the first
comprehensive investigation of the concentration and fate of DP in the Bohai Sea (BS) based on deter-
mination of river estuary water, river estuary sediment, surface seawater, bottom seawater, and sea
sediments samples. The highest water DP levels were found in river estuary in Tianjin in North China due
to the huge usage of DP in recent years, and spatial distribution analysis indicates it was mainly affected
by regional high urbanization and emission of E-waste. The spatial distribution of DP in the BS was
mainly affected by a combination of coastal hydrodynamics and land anthropogenic activities. On the
basis of multi-box mass balance, simulations of DP in seawater showed an increase from 2014 to 2025,
before leveling off at 184 pg L �1 by a constant DP input to the BS. Riverine discharge almost contributed
to the total input (~99%) and dominated the DP levels in the BS. Degradation of DP accounted for 55.3%
and 78.1% of total DP output in seawater and sediment, respectively, indicating that degradation mainly
affected decline of DP in the environment.

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

Dechlorane Plus (DP), a replacement for decabromodiphenyl
ether (Deca-BDE), comprises two major stereoisomers (syn-DP and
anti-DP) in commercial mixture, and has been widely used in
plastic materials, computer connectors, electrical wires, and cable
coatings (Wang et al., 2017b; Zhou et al., 2017). The annual pro-
ductions of DP by OxyChem (USA) and Anpo Electrochemical Co.
(China) are ~ 5000 and 300e1000 ton, respectively (Wang et al.,
2017b). Previous studies had reported that DP had been widely
detected in biota, human, air, soil, water, and sediment (Abdel
Malak et al., 2018; Chen et al., 2018; Moller et al., 2011; Wang et al.,
2010a). Moller et al. (2010) detected airborne DP in a remote area,
suggesting that it has long-range atmospheric transport potential.
In addition, DP is also accumulated and biomagnified in humans
and other organisms (Abdel Malak et al., 2018; Qiao et al., 2018).
Thus, DP has properties similar to those of persistent organic pol-
lutants (POPs) and it has been considered as a candidate for Annex
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D evaluation under the Stockholm Convention on POPs (Sun et al.,
2016). With the phasing out of polybrominated diphenyl ether
(PBDEs), DP have become an alternative resource for electronic and
electrical applications, and hence is now being released into the
environment unintentionally.

Coastal seas are important transition zone for the buffering of
organic contaminants from the land to the ocean. Terrestrial inputs,
including riverine inputs, greatly impact the distributions and fates
of DP in coastal seas (Wang et al., 2016a). After being released into
the environment, DP is likely absorbed onto fine particles and then
be deposited onto the sediment owing to its high log KOW value
(9.3) (Fang et al., 2014). Thus, marginal and open seas are regarded
as an important reservoir for DP (Jia et al., 2011; Zhao et al., 2011).
Recently, several studies had focused on investigating the concen-
tration and distribution of DP in the environment (He et al., 2014;
Zhou et al., 2017; Zhu et al., 2018), but little attention has been paid
to an extensive and comprehensive understanding of DP concen-
trations, fluxes, and budgets in coastal seas. The multi-box mass
balance model can be used to predict the fate of POPs in the
environment and to gain an appreciation of the relative importance
of various fate processes (Mackay et al., 1994). The model had been
applied to perfluorooctanoic acid (PFOA) and polychlorinated bi-
phenyls (PCBs) in bays and lakes, respectively (Mackay et al., 1994;
Sanchez-Soberon et al., 2020), and could provide a new perspective
on the fate interpretation of DP.

China, with a domestic production volume of 300 ton for DP in
2006, is considered as a large manufacturer and consumer of
halogenated flame retardants (HFRs), reflecting the rapid growth in
its electrical and electronic industries (Zhu et al., 2018). The Bohai
Sea (BS) is a shallow semi-closed marginal sea that is strongly
impacted by the industrialized and urbanized Liaoning, Hebei, and
Shandong provinces, and by the BeijingeTianjin metropolitan area
(Fig. 1). The BS coastal area represents a major economic engine of
China, accounting of one fourth of the gross domestic product and
hosting six of the top 10 busiest ports in China in 2018 in terms of
cargo throughput. Thirteenmega cities are scattered around the BS,
and more than 100 rivers discharge into it. The area and average
depth of the BS are77,000 km2and 18 m, respectively. Previous
study had reported that marginal sea accounted for more than 80%
Fig. 1. Map shows the sampling stations for river and marine samples in the BS
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of global organic carbon deposition in the sea (Liu et al., 2018). Thus,
the BS is not only a retaining area but also an important sink for DP.

The present study investigated DP concentrations in river water,
surface seawater, bottom seawater, river sediment, and sea sedi-
ment samples from the BS and part of the northern Yellow Sea
(NYS). The main objectives were (a) to discuss DP levels and the
spatial distribution of DP and its impact factors in the BS; (b) to
explore the differences in fsyn (syn-DP/(anti-DP þ syn-DP) values
among the different media; and (c) to estimate time-dependent
concentrations and budgets of DP using a multi-box mass balance
model in the BS.

2. Methods and materials

2.1. Sampling methods

Water samples (~20 L) were collected and stored in stainless-
steel barrels, and filtered with a peristaltic pump through glass fi-
ber filters (GFF, 150 mm, 0.7 mm pore size) for water particulate
phase combined in series with a glass column packed with
Amberlite®XAD-2 for water dissolved phase. All GFF filters had
been previously combusted at 450 �C for 5 h and the XAD column
had been cleaned with high pure methanol and dichloromethane
(each for 24 h by Soxhlet extraction) prior to use. A total of 135
water samples were collected from September 2013 to December
2014, including 33 fresh water samples from rivers emptying into
the BS, 67 surface seawater samples collected from the BS and NYS,
and 35 bottom seawater samples collected from the BS and NYS
(Fig. 1). It is worth noting that there were 11 river columns broken
during the experiment. Hence, there were 135 and 124 samples for
filters and columns, respectively. Columns were stored at under
4 �C and filters under �20 �C until analysis. All water samples were
filtered on board within 8 h of sampling.

Sediment samples were collected using a stainless-steel box
corer or grab sample. From 2013 to 2014, a total of 35 sediment
samples including 32 rivers emptying into the BS and three rivers
emptying into the NYS, and 96 surface sediment samples including
84 from the BS and 12 from the NYS (Fig. 1) were collected. Sedi-
ment samples were wrapped in pre-combusted aluminum foils,
(the number before each river name denoted to the corresponding river).
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kept in polyethylene bags, and stored at �20 �C until analysis.

2.2. Sample extraction and analysis

Before extraction, sediment, filters, and columns were all spiked
with 10 ng of 13C-HBB (Cambridge Isotope Laboratories) and 20 ng
of PCB 209 (AccuStandard) as surrogate standards. The sample
analysis procedure was based on previous studies (Moller et al.,
2011; Zhen et al., 2016, 2018). Briefly, sediments and filters were
Soxhlet extracted for ~24 h. Columns were extracted in a modified
Soxhlet apparatus for ~24 h. Dichloromethane (DCM) was used for
the sediment, filters, and columns extraction. Extracts of all sam-
ples were concentrated to ~1 mL in a rotary evaporator and then
transferred to hexane (HEX). All samples were cleaned using a
column filled with 2 g of anhydrous sodium sulfate topped with
2.5 g of 10% water deactivated silica gel (80e100 mesh) and 1g of
anhydrous sodium sulfate. After cleaning, the eluent was further
concentrated to 100 mL in HEX under a gentle N2 stream. Finally,
20 g PCB 208 was added before the samples for instrument analysis
and serve as an injection standard to correct injection variation
during sample analysis.

syn-DP and anti-DP (AccuStandard) were measured via an Agi-
lent 7890A gas chromatograph and an Agilent 5975C mass spec-
trometer in the electron capture negative ionization mode. DB-5HT
(15 m � 0.25 mm � 0.1 mm, J&WGC column, Agilent) was used for
separation of syn-DP and anti-DP. The column temperature pro-
gram started at 80 �C and was maintained for 2 min; then it was
ramped up to 200 �C at 10 �C min�1and maintained for 5 min.
Further, the temperature was increased to 260 �C at 10 �C min�1

and maintained for 5 min; finally, it was increased to 310 �C at 5 �C
min�1 and holding for 5 min (Zhen et al., 2016, 2018). The injector
and MS transfer line temperatures were 280 �C and 310 �C,
respectively.

2.3. Quality assurance and quality control

Solvents including HEX and acetone (ACE) were of gas chro-
matography grade (Merck, KGaA) and DCM used was redistilled. In
addition, all glassware and anhydrous sodium sulfatewere baked at
450 �C for 5 h prior to use. There are three field blanks of filters and
two field blanks of XAD columns were collected in present study
(Table S1). Besides, there are 20 lab blanks of sediments processed
in present study (Table S1). Method detection limits (MDL) were
calculated by adding the mean to thrice the standard deviation for
the filed (lab) blank samples. The MDLs of syn-DP for filters, XAD
columns, and sediments were 1.05 pg L�1, 26.3 pg L�1, and
0.80 pg g�1 dw�1, respectively. Besides, The MDLs of anti-DP for
filters, XAD columns, and sediments were 1.29 pg L�1, 28.5 pg L�1,
and 3.41 pg g�1 dw, respectively. The mean surrogate recoveries
from filters were 109% ± 44.7% for 13CeHBB and 106% ± 44.3% for
PCB 209. For columns, the mean recoveries were 92.3% ± 32.7% for
13 CeHBB and 87.7% ± 29.1% for PCB 209. For sediment samples, the
mean recoveries were 74.8%± 47.7% for 13 CeHBB and 73.1%± 43.9%
for PCB 209. Owing to the high recovery rate and low blank values,
DP concentrations were not recovery corrected. If DP concentra-
tions were lower than their MDL (method detection limit), they
were denoted as ‘n.d.’. Measured grain-size distributions for sedi-
ments in the BS were consistent with those obtained in a previous
study (Fang et al., 2015a). Besides, concentrations of particulate
organic carbon (POC) of river water, surface seawater, and bottom
seawater were measured in previous study, data of which was
obtained from Huang (2016). Suspended particulate matter con-
centrations were measured in this study and Figure S1b displayed
that the surface SPM concentrations in the BS. Total organic carbon
(TOC) in all river sediment was measured in our previous work
3

(Wang et al., 2015).

2.4. Calculation of river flux in the BS

Generally, DP contamination in BS samples was severely
affected by riverine inputs. Among the 35 rivers considered in the
present study, 30 discharged into the BS. The river campaign was
carried out over one summer, so the DP input (DP input; kg year�1

(yr�1)) was estimated by the following equation (1) (Wang et al.,
2015):

DPinput¼ 10�12 � Qi � CDP (1)

Where DP input is the riverine input of DP; Qi is the annual runoff
(m3), which was obtained from Wang et al. (2015) and references
therein (Table S2); and CDP is the determined water DP concen-
tration (pg L�1).

2.5. Multi-box mass balance model

The multi-box mass balance model can treat the BS as an in-
dependent box with two homogeneously mixed compartments
(water and sediment). The model was developed by Mackay et al.
(1994), had been used to assess the relative importance of various
fate processes, and estimate the temporal responses of seas and
lakes to loading reduction. In the mass balance theorem, all pro-
cesses can be determined from the following equations:

dMW =dt¼ER þEAþMS �K5 �MW � ðK1 þK2 þK3 þK4Þ (2)

dMW

dt
¼ MW �MS � ðK5 þK6 þK7Þ (3)

Here, MWandMS are the mass (pg) of DP inwater and sediment,
respectively; t is the time [day (d�1)] for the two equations; ER
represents the total discharge of compounds to the BS from rivers;
and EA represents three processes of deposition from the air (at-
mospheric dry deposition, atmospheric wet deposition, and ab-
sorption from atmosphere), and data of DP concentration in
atmosphere in the BS was obtained from our previous work (Liu
et al., 2020). The values of ER and EA were listed in Table S2 and
Table S3, respectively. Detail equations of calculation of K1, K2, K3,
K4, K5, K6, and K7 was described in supporting information (SI) 1.1.
Values of K1, K2, K3, K4, K5, K6, and K7 and all parameters used in
present study were summarized in Table S4 and Table S4-1,
respectively.

3. Results and discussion

3.1. DP concentrations and comparison

For water samples including river andmarinewater samples, DP
were both analyzed in dissolved phase and particulate phase. DP
were all detected in dissolved phase, concentrations of which
accounted less than 3.6% of the total DP concentrations in river
water. Besides, the detection frequency of DP in dissolved phase in
seawater was <13.1%. Hence, concentrations of syn-DP, anti-DP, and
DP in particulate phase could mainly represented for levels of them
in water samples. Table 1 and Table S5 summarized the syn-DP,
anti-DP, and DP concentrations in river and marine samples. DP
were ubiquitous in river samples, with detection frequencies of
100% both in sediment and water samples. For river samples
(Fig. 2), DP concentrations ranged from 46.4 to 165,000 pg L�1 and
from 0.65 to 565 pg g�1 dw in water and sediment, respectively. In
comparison, DP concentrations in 22 of 33 river water samples



Table 1
Concentrations of Dechlorane Plus (DP), syn-DP, and anti-DP in river water (pg L�1), surface seawater (pg L�1), bottom seawater (pg L�1), river sediment (pg g�1 dw), and
marine sediment (pg g�1 dw).

Compounds Rivers around Bohai Sea Bohai Sea

water sediment surface water bottom water Sediment

syn-DP mean 8500 27.8 3.31 8.64 5.31
range 25.8e88,700 n.d. e 142 n.d. e 20.9 n.d. e 84.0 n.d. e 69.9

anti-DP mean 7320 48.1 4.27 13.5 14.4
range 20.6e76,100 0.65e423 n.d. e 23.8 n.d. e 153 n.d. e 194

DP mean 15,800 75.9 7.58 22.2 19.7
range 46.4e165,000 0.65e565 n.d.e 33.7 n.d. e 274 n.d. e 230

Fig. 2. Distribution of DP concentrations in water samples from the 33 rivers around the BS (pink bar charts) and from the BS and NYS (interpolated graphs used by inverse distance
weighted methods) (a); Distribution of DP concentrations in the sediment from the 35 rivers around the BS (pink bar charts) and from BS and NYS (interpolated graphs used by
inverse distance weighted methods) (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(>2850 pg L�1) in present study were higher than those of previ-
ously investigated surficial fresh water samples, such as 390 pg L�1
4

for the Dongjiang River running through a highly industrialized
region of southern China (He et al., 2014), 1030 pg L�1 for the
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Chenab River in a highly populated region of Pakistan (Mahmood
et al., 2015), and 2440 pg L�1 for an urban watershed in
Singapore (Wang and Kelly, 2017). Furthermore, DP concentration
for the Xiaoqing River (12,900 pg L�1) in present study was similar
to that obtained in our previous study of brominated flame re-
tardants (BFRs) in same area in 2014 (Zhen et al., 2018). DP in river
water in the North China was at a high level globally. However, for
river sediments (Fig. 2b), DP concentrations in 34 of 35 rivers in this
study (<231 pg L�1) were much lower than those in the Jiulong
River Estuary (17,500 pg g�1 dw) (Chen et al., 2018), the Yangtze
River (1850 pg g�1 dw) (Zhu et al., 2013), the Dongjiang River
(2900 pg g�1 dw) (He et al., 2014), and the Chenab River in
Pakistan(1850 pg g�1 dw) (Mahmood et al., 2015).

In terms of marine samples, DP concentrations was detected in
both water and sediment, with detection frequencies of 90% and
86%, respectively. DP concentrations ranged from n. d. to
33.7 pg L�1, from n. d. to 274 pg L�1, and from n. d. to 230 pg g�1 dw
in surface water, bottom water, and sediment, respectively. DP
concentrations in the surface and bottomwater samples were 3e4
orders of magnitude lower than that in river water samples.
However, DP concentrations in seawater were higher than those
reported in seawater samples from the East Asia to the Arctic
(0.006e0.40 pg L�1) (Moller et al., 2011) and from the Arctic to
Antarctic (n.d. e 1.30 pg L�1) (Moller et al., 2010). Mean DP con-
centrations from the present study were lower than those
measured in seawater in other studies, such as King’s Bay
(93.0 pg L�1) in the Arctic (Na et al., 2015) and the shore around
Dalian (1740 pg L�1), northern China (Jia et al., 2011). For sediments,
the mean DP concentrations in the BS was 1e2 orders of magnitude
lower than those reported in the coastal area around Dalian
(2900 pg g�1 dw) (Jia et al., 2011), in Mirs Bay (1070 pg g�1 dw)
(Zhu et al., 2018), in King’s Bay (343 pg g�1 dw) (Na et al., 2015), in
Pohang Bay (270 pg g�1 dw) (Fang et al., 2014), and in the Yangtze
River Delta (330 pg g�1 dw) (Zhu et al., 2013). In conclusion, DP
concentration in the BS was at a low level in the world.

As discussed earlier, river water around the BS were the most
heavily contaminated by DP compared with global sites. In fact, we
had also analyzed decabromodiphenyl ether (BDE 209) in the same
batch of river and marine samples (Zhen et al., 2020). DP concen-
trations had exceeded BDE 209 concentrations in 23 of 33 river
water samples, which was different from a previous study (Li et al.,
2018). Commercial deca-BDE was officially banned in many coun-
tries since 2008 and had proposed to be listed inAnnexes A, Band/or
C of the Stockholm Convention in 2013 (Chen et al., 2020). Mean-
while, the total production amount of decaBDE was decreased.
Malak et al. (2018) suggested that the two DP isomers were
workable alternatives for deca-BDE owing to the latter being listed
as a POPs. Although the recent production data of DP is not avail-
able in China, He et al. (2014) had demonstrated that DP contam-
ination in the Pearl River Delta had increased in recent years. Thus,
high river water DP levels might reflect huge usage of DP in this
area in recent years.

DP concentrations in the river sediments and marine samples
(including seawater and sea sediment) were both at low levels. It is
coincided with many previous studies in China (Liu et al., 2014;
Zhao et al., 2011). Besides, BDE 209 concentrations were higher
than DP concentrations in 22 of 33 river sediment samples. Sedi-
ment samples could reflect contaminant status over many years.
Deca-BDE is the most widely used commercial additive in the
polymer industry in China and its estimated annual productionwas
more than 13,000 ton/yr in China before 2018 (Chen et al., 2020;
Zhao et al., 2013). For DP, it was 300e1000 ton since 2003 and was
manufactured in the East China (Jiangsu province) (Wang et al.,
2016). Zhao et al. (2011) had investigated the DP in sediment
along coastal area in the Yellow Sea, which suggested that the levels
5

of DP in sediment was also low and its contamination characteristic
in this area might not manifest evidence of its source. In addition,
DP and BDE 209 had similar physico-chemical properties, which
were both tend to adsorbed in particulate phase and then deposited
into sediment (Dugani, 2003;Wang et al., 2016). Hence, the low
levels of DP in river sediment and marine samples might be mainly
ascribed to the low historical annual production and usage of DP in
North China compared with BDE 209.

3.2. Distribution of DP and its influencing factors

For river water, 14 of the 33 rivers (Fig. 2a and Table S5) had DP
concentrations of more than 12,000 pg L�1, seven of which
(Chaobai River, Hai River, Dagupaiwu River, Yihui River, Xiaoqing
River, Bailang River, and Yu River) are mostly polluted by urban
sewage and industrial waste water (Wang et al., 2015); the
remaining seven also flow through urban areas. The downstream
reaches of the Daling River, Luan River, Yellow River, and Jie River
are located in rural areas, and exhibited the lowest DP levels in the
study region. In terms of river sediment, the Chaobai River, Hai
River, and Xiaoqing River also had relatively higher DP concentra-
tions. For further identification of the factors of DP distribution in
river, rivers emptying into the BS were also divided into four sec-
tions according to provinces: Liaoning (RLN), Hebei (RHB), Tianjin
(RTJ), and Shandong (RSD). Mean DP concentrations in river water,
in descending order, were as follows: RTJ (43,700 pg L�1) > RSD
(9020 pg L�1) > RHB (7580 pg L�1) > RLN (4790 pg L�1) (Figure S2).
According to the Statistics (2010), population density for Tianjin
(1080 inhabitants km�2), Shandong (647 inhabitants km�2), Hebei
(381 inhabitants km�2) and Liaoning (277 inhabitants km�2) was
shaped in accordance with the DP distribution in the RTJ, the RSD,
the RHB, and the RLN, respectively. Besides, when the logarithm of
DP concentrations in great river (GR: annual runoff (Qi) > 1.22 � 10
8 m3, Table S2) water were plotted against the logarithm of pop-
ulations (Table S6; Figure S3), a good correlation (R ¼ 0.57, P < 0.01,
N ¼ 26) was obtained. Ren et al. (2008) also found a good corre-
lation between airborne DP concentration and the population. In
addition, the largest e-waste dismantling base in North China is
located in Tianjin (Lin et al., 2013). Recycling of e-wastes might
release high DP into the adjacent environments (Wang et al., 2016).
There are both located in the upstream of Chaobai River and Jiyun
River, respectively (LTD, 2020a;LTD, 2020b). Chaobai River was also
flowing through Beijing, which might be seriously affected by
sewage from surrounding urban area. Meanwhile, Chaobai River
and Jiyun River had the two top DP concentrations. Wang et al.
(2010b) had also reported that the emission of urban activities of
use and disposal of products containing DP affected the DP distri-
bution in the environment. Excluding population and emission of
e-waste dismantling sites, POC/SPM of SPM in river water had a
significant spearman positive correlation with DP concentration
(p < 0.01, R ¼ 0.54), suggesting a strong impact of environmental
parameter on the distribution of DP. Besides, sedimentary TOC also
played significant positive correlation with DP concentrations in
river sediment (Table S6). It indicated that high TOC and POC/SPM
might promote the accumulation of DP in river sediment and river
water, respectively.

For marine sediments, relatively high DP concentrations were
observed along the Longkou coast (east coast of Laizhou Bay;
Fig. 2b). Firstly, this region is close to Longkou, a rapidly expanding
industrial city with a population density of 764 inhabitants km�2.
Besides, chemical, textile, and building materials are the main in-
dustries in Longkou (Wang et al., 2017a). Sverko et al. (2008) had
reported that observed fsyn profiles could supply crucial source
information. The Wanghe River, which runs through Longkou city
before discharging into Laizhou Bay, had similar fsyn values in the



Fig. 3. The fsyn values of DP distribution in surface seawater of the BS.
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sediment (0.35) to those in sediments along the Longkou coast
(0.20) (Fig. 3). In addition, Fig. 2b showed high DP concentrations
were measured in sediment along the west of Laizhou Bay (fsyn
value of 0.19, Fig. 3), which were corresponding to high DPs in the
nearby rivers (Zimai and Xiaoqing rivers, with fsyn values of 0.38
and 0.26, respectively). Therefore, emissions from river estuaries
may contribute to the high DP distribution in this region. As
showed in Fig. 2a and Figure S4c, high DP was observed in surface
and bottom seawater at site J51; the Changxindao Island Industry, a
national petrochemical base, is close to this site. Jia et al. (2011) also
reported high DP concentrations at site R 02, close to site J51. It
suggested coastal industrial emission might be another important
source of DP. Fig. 2b shows that sedimentary DP levels in the central
of BS (CBS) were high. For bottom and surface seawater samples,
high DP concentrations were also found around the CBS (Figure S4c
and Fig. 2b). Sverko et al. (2008) reported the highest DP level was
associated with fine grained sediments in the three depositional
basins, suggesting that sill zones are characterized by coarse sedi-
ments that absorb DP less effectively than fine silts and clays.
Previous study had reported that grain-size scales of sand, silt, and
clay are 2000 mm (<1 F) - 62.5 mm (4 F), 62.5 mm (4 F) - 3.91 mm (8
F), and <3.91 mm (>8 F), respectively (Yuan et al., 2020). Therefore,
the grain - size of sediments in the CBS area ranged from 4.11 to 7.02
Ф (median value: 6.08Ф) (Fang et al., 2015), which is belongs to fine
silts. Hu et al. (2009) also reported high DDTs concentrations
around the same area of the BS. Furthermore, a previous study
found high levels of HFRs distributed in the depositional zones of
the Yellow Sea (YS) (Li et al., 2019). Sediments collected from the
Longkou coast and west of Laizhou Bay are also belong to fine silts
(4.3e5.5Ф) (Fig. 4a). Figure S4b shows that the YellowRiver Estuary
(YRE) had relatively high SPM which was deposited in summer.
From winter to spring, suspended sediments were redistributed in
the BS as a result of active coastal resuspension and transport along
the Longkou coast and southern Bohai Strait to the YS by way of
coastal circulation (Wang et al., 2014). Furthermore, the fsyn value in
the YRE (0.27) was similar to that for the Longkou coast. Hence, the
distribution of DP in the BS was controlled by multiple factors,
including anthropogenic activities, hydrodynamic conditions, and
sedimentary features.
6

3.3. Fractional abundances of DP isomers

As shown in Figure S1, the mean fsyn values in river water was
the highest (0.53 ± 0.04), followed by that in surface seawater
(0.45 ± 0.10), bottom seawater (0.44 ± 0.11), river sediment
(0.41 ± 0.13), and sea sediment (0.25 ± 0.18). Previous studies had
also reported that relatively high fsyn values in river water were
seriously affected by urban and industrialized production, such as
0.71 for the Chenab River in Pakistan (Mahmood et al., 2015), 0.61
for an urban watershed in Singapore (Wang and Kelly, 2017), and
0.57 for the Xiaoqing River in China (Zhen et al., 2018). Jia et al.
(2011) reported fsyn values for technical DP products ranged from
0.20 to 0.36, and fsyn value of 0.41 for commercial DP products in
China. fsyn values in 15 out of 35 river sediments in this study were
comparable to that of technical DP products, indicating that these
rivers might be affected by direct emissions of technical DP prod-
ucts. The lowest mean fsyn value was occurred in sea sediments,
with values consistent with those in sediments for the Pearl River
Estuary (0.25) (Sun et al., 2016), Jiaozhou Bay (0.29) (Zhao et al.,
2011), and Dongjiang River (0.23) (He et al., 2014).

The significance fsyn value in five environmental media was that
fsyn values in water (including river water and sea water) were
higher than those in sediment (including river sediment and sea
sediment). Firstly, stability of syn-DP in water was higher than that
of anti-DP in terms of photodegradation (Sverko., 2008;Wang et al.,
2010b; Wang and Kelly, 2017; Zhen et al., 2018). Secondly, Fang
et al. (2014)demonstrated that the enrichment of anti-DP over
syn-DP could be attributed to higher sorption of anti-DP by sedi-
ment and/or by preferential biodegradation of syn-DP in sediment.
Sedimentary TOC could influence the accumulation of POPs
because of their high affinity (Wang et al., 2017b). In this study,
anti-DP concentration in river sediment showed stronger positive
correlations with sedimentary TOC than syn-DP concentration
(Table S7), indicating higher accumulation of anti-DP in sediment
compared to syn-DP. In addition, dissolved syn-DP concentration
was all higher than anti-DP concentration in river water (Table S5).
Previous study suggested that syn-DP had higher tendency to
transform into bioavailable fraction, which caused the fsyn values for
bound-residue DP decreased from 0.25 to 0.15 in soil (Cheng et al.,



Fig. 4. Estimation of DP concentrations in seawater (a) and sediment (b) of the BS over the time, and mass balance for DP in the steady-state case in the BS (c).
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2020). Hence, syn-DPwas depleted faster than anti-DP in sediment.
For aquatic environments, fsyn value showed a decreasing trend
from the river water to the seawater and same trend from inshore
to offshore (Fig. 3), possibly indicating selective biodegradation and
bioaccumulation of syn-DP and/or preferential deposition of anti-
DP during water transport.
3.4. Fluxes and multi-box mass balance model of DP in the BS

3.4.1. DP river flux into the BS
The DP riverine inputs of 30 rivers discharging into the BS were

shown in Table S2; values ranged from 0.02 to 247 kg yr�1, with an
average of 14.8 kg yr�1. The total riverine input of DP into the BS
was calculated to be ~443 kg yr�1. For the subregions, DP flux of RTJ
was 377 kg yr�1, accounting for 85% of the total DP river flux into
the BS (Table S2). It suggested that DP river flux fromRTJ dominated
the total river loading into the BS. Similar to the distribution of DP
level, the highest DP river flux (247 kg yr�1) also occurred in
Chaobai River. Besides, Jiyun River, Dagupaiwu River, and Duliujian
River were all higher than 15 kg yr�1, which were corresponding to
their relative high DP concentrations and moderate river runoffs
(Figure S5). Thus, these four rivers with the top four river fluxes
were mainly affected by high DP concentrations owing to urbani-
zation level and emission of e-waste discussed above. However,
Liao River had relatively low DP concentration and the second
largest river runoff, with the fifth highest DP river flux. Thus, river
with huge runoff, also could play an important role in delivering DP
into the BS. Pollutant concentrations and river runoff remain the
two controlling factors for evaluating the contribution of river
discharge.
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3.4.2. Time-dependent DP concentration and budget using the
multi-box mass balance model

DP concentrations in river water, river sediment, sea water, and
sea sediment were measured between 2013 and 2014 (Table S5). As
showed in Fig. 4a, simulated seawater DP concentrations increased
until reaching a plateau (dM/dt � �10 �5) after nearly 11 yrs,
assuming a constant input of DP to the BS. DP concentrations
increased rapidly in the first year and then leveled off at ~184 pg L�1

(Fig. 4a). Wang et al. (2016b) summarized that DP contamination in
the environment was largely affected by nearby emissions. When
reducing the riverine inputs to 0.16 kg yr �1 (data was unpublished
and was obtained in 2018e2019 in our later work) after 2013,
resulted in the decrease of water and sediment of DP by keeping
constant parameters used in the multi-box mass balance model
(Figure S6). In 2017, the estimation DP concentration in seawater in
the BS was about 1.26 pg L�1, which was comparable to 1.09 pg L�1

in surface seawater in 2016e2017 in BS (Liu et al., 2020). Thus, the
result suggested that the measured DP concentrations were well
estimated by model. Hence, the riverine input of DP had a great
influence in DP levels in seawater. As for sediment, DP reached this
steady-state after approximately 17 yrs (Fig. 4b). By then, initial DP
concentration had been increased to 56.7 pg g �1 dw.

In the steady-state scenario for water (Fig. 4c), tributary load-
ings of DP to BSwere 443 kg yr�1, in addition to 3.7 kg yr�1 from the
sediment (sum of resuspension and diffusion), and 2.7 kg yr�1 from
the atmosphere (including wet deposition, dry deposition, and
absorption) (SI Table S3, SI equation 12) (Liu et al., 2020). The
riverine discharge of DP dominated ~99% of the total loading. Zhen
et al. (2018) found that discharge of the Xiaoqing River affected the
DP distribution in water samples from the Laizhou Bay in the BS.
Sverko et al. (2008) suggested that the observed similarity of fsyn
profiles between Lake Ontario and the Niagara River indicated that
river is amajor source of Lake Ontario’s DP burden. Such a similarity
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was also found between fsyn values for rivers and the sea in the
present study (section 3.3). Besides, the fsyn value in the atmosphere
(0.22) was much lower than that in seawater of the BS (Liu et al.,
2020). Hence, river discharge was a significant source of DP in the
BS. In terms of outputs, the degradation, outflow, water to sediment
transport (including sedimentation and diffusion) and volatiliza-
tion accounted for 55.3%, 33.8%, 8.92%, and 2.02% of the total DP
influx, respectively. This finding differs from previous outputs of
black carbon (BC) and heavy metal in the BS revealing the abso-
lutely dominant role of sedimentation (Fang et al., 2015; Liang et al.,
2018). DP were relative persistence in the environment (Cheng
et al., 2019; Huang et al., 2020). However, previous study had also
found dechlorination (DP [-Cl þ H] and [-2Clþ2H] degradation
products) and other unidentified DP-degradation products by
photodegradation (Canada, 2019). Besides, biodegradation model-
ling identified three low probability products of parent DP
(C18H13Cl11O1, C18H12Cl10O1, and C18H12Cl10O2) (Canada, 2019).
However, themain degradation product of DP is still not reported in
the world. Microbial degradation accounted for 8.33% � 54.1% of
total DP dissipation in planted soil and the half-life of DP in the
rhizosphere is 105 d (Cheng et al., 2020). A decrease in parent DP
concentration of 10% at 168 h and a further loss of 40% at 264 h and
65% at 504 hwere observed by Sverko et al. (2008). In this paper, DP
concentrations in surface seawater and sediment during
2013e2014were both 2e3 orders of magnitude lower than those in
similar sites collected from the coast of Liaodong Bay in 2008 (Jia
et al., 2011). In fact, the relatively long half-lives in water and
sediment were adopted in the present study (Canada, 2019). The
evidence suggested that degradation is a major factor governing DP
output though they are persistent environmental pollutants. For
outflow, DP is easily absorbed onto fine particles. Net particles are
transported from the BS to the YS through the southern channel of
the Bohai Strait. Fang et al. (2015) also suggested that export to the
YS was an important BS BC outlet. In present study, the fsyn value
showed decrease trend from the river water to seawater, suggested
the degradation of DP was occurred. In the steady-state scenario in
sediment (Fig. 4c), water to sediment (including sedimentation and
diffusion) was the major input flux, while degradation and burial to
deep sediment were two major outlets, with contributions of 78.1%
and 12.5%, respectively.

4. Conclusion

This study conducted the first overview of DP distribution, iso-
mers, fluxes, and budget in the BS. The high DP contaminations
were found in 33 river estuaries across more than 2668 km of
China’s coastline. This paper provided regional scale evidences that
DP in river estuary was affected by urbanization and emission of E-
waste. The spatial distribution of DP was impacted by terrigenous
input and hydrodynamic conditions. The fsyn value in various
environmental components suggested the stereoselective degra-
dation of DP during sedimentation and water transport. Total
riverine DP input into the BS was 443 kg yr�1, accounting for ~99%
of the total input of DP into the BS, which dominated the level of DP
in the BS. We estimated the budget of DP in a steady-state scenario
for water and sediment by combining real DP data and a multi-box
mass balance model. The results indicated that degradation and
outflow to the YS are two major outlets for DP in seawater. For
sediments, burial to deep sediment and degradation are two major
outlets for DP. It is note-worthy that therewas inherent uncertainty
in the estimation of DP concentrations and DP degradation
contribution in actual environment resulting from lack of field
measured values of half-life times of DP in actual environment and
continuous measured field data in various environment compo-
nent. This suggested that we should be more focus on more field
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data to refine the model. However, this study also provided a new
method to estimate DP concentration and apportion DP outlets
based on a model in a typical semi-closed sea that will be mean-
ingful in further studies.
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