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A B S T R A C T   

The spatial and temporal distributions of polybrominated diphenyl ethers (PBDEs) were investigated in five 
sediment cores from the Yangtze River Delta of Yangtze River in China. The surficial concentrations of nine tri- 
through hepta-BDE congeners (Σ9BDEs) and BDE209 were highest at urban sites S3 and S2, followed by rural site 
S1 and estuary sites S5 and S4, respectively, based on dry sediment weight. Both BDE209 and ∑9BDE con-
centrations exponentially increased between 1990 and 2008. Commercial deca-BDE, penta-BDE, and octa-BDE 
products were likely PBDE sources in the study area. The relative abundances of BDE209 were higher in sedi-
ment cores from estuary than those from urban and rural locations, ascribing to the atmospheric transport from 
the adjacent densely populated northern and eastern coastal regions. This conclusion was further confirmed by 
the higher ratios of BDE47/BDE99 and BDE100/BDE99 in cores from the estuary than those from other loca-
tions.    

Polybrominated diphenyl ethers (PBDEs) have been extensively 
used in polymer matrices as fire retardants and dispersed in the global 
environment since the 1960s (Alonso et al., 2012; Song et al., 2004). 
According to the average degree of bromination, commercial PBDE 
mixtures mainly include penta-, octa-, and deca-BDEs (Betts, 2015). 
Penta- and octa-BDEs were mostly used as flexible polyurethane foam 
materials, while deca-BDEs were primarily used in various electrical 
and electronic products (Rahman et al., 2001). Existing production and 
usage inventory indicated that the cumulative global production of 
PBDE technical products was ca.1.5–1.7 million tons since the 1960s 
and reached a peak in 2003 (~75,000 tons) (Pietroń and Malagocki, 
2017; van et al., 2016). The consumption of penta-, octa-, and deca-BDE 
mixtures peaked in 2003 (~12,000 tons), 1997 (~85,000 tons), and 
2003 (~75,000 tons), respectively (Abbasi et al., 2015; Earnshaw et al., 
2013; Prevedouros et al., 2004; Wang et al., 2007). As of 2018, the 
legacy stocks of commercial BDE209 and other five BDE mixtures (i.e., 
BDE28, BDE47, BDE99, BDE153, and BDE183) in the world were es-
timated to be ~38,000 and ~500,000 tons, respectively (Abbasi et al., 
2019). 

Exposure to PBDEs may cause developmental neurotoxicity, 

endocrine disruption, and thyroid toxicity (Kim et al., 2015; Zeng et al., 
2014). Therefore, PBDEs were withdrawn from the penta-, octa-BDEs, 
and deca-BDEs markets in Europe and the US in 2004 and pre-2010s, 
respectively. In addition, penta-, octa-BDEs, and deca-BDEs were listed 
as persistent organic pollutants in the Stockholm Convention in 2009 
and in 2017, respectively (Luo et al., 2020). China began to produce 
PBDEs (mainly deca-BDEs) in the 1980s and became the world's largest 
manufacturer and supplier in 2000 (Ni et al., 2013). Restrictions on 
penta- and octa-BDE mixtures in China began in 2004, whereas deca- 
BDE mixtures consisting of over 98% of BDE209 is still being produced 
and consumed without any regulatory restrictions. Considerable num-
bers of deca-BDE manufacturing facilities and electronic waste (e- 
waste) recycling factories located in Shandong, Jiangsu, Zhejiang, and 
Guangdong provinces in China (Bi et al., 2007; Tian et al., 2011; Wang 
et al., 2017; Yu et al., 2016). Therefore, PBDEs were widely present in 
various aquatic systems in different areas of China, such as coastal areas 
(e.g., the East China Sea, the Yellow Sea, and the South China Sea) (Sun 
et al., 2017; Zhu et al., 2019a), tributaries of large rivers (e.g., the 
Yellow River, the Yangtze River, and the Pearl River) (Wang et al., 
2016b), and inland lacustrine deposits (e.g., the Taihu Lake and the 
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Chaohu Lake) (Chen et al., 2018; Da et al., 2019a). 
PBDEs can enter the aquatic environment in different ways, such as 

atmospheric deposition, surface/subsurface runoff, and accidental dis-
charges (Chen et al., 2007; Lee et al., 2018). Due to the slow anaerobic 
debromination, sediments with anoxic and light-protected character-
istics are an important sink for PBDEs (Ganci et al., 2019; Han et al., 
2015). Thus, the past contamination of PBDEs could be investigated 
with well-dated and undisturbed sediment cores (Abbasi et al., 2015). 
The occurrence, distribution, and potential health risks of PBDEs have 
been examined in various aquatic systems in China (Chen et al., 2007;  
Mai et al., 2005; Wang et al., 2016a). Investigations of the sedimentary 
forms of PBDEs in China were mainly focused on the costal areas (i.e., 
the Bohai Sea, the Yellow Sea, the East Sea, and the South Sea) (Chen 
et al., 2007; Wu et al., 2017; Zhang et al., 2015). However, less at-
tention has been paid to the sedimentary records of PBDEs in the inland 
river. Our previous studies conducted in the Chaohu Lake and Huaihe 
River in China suggested mixed contamination (industrial point sources 
and distant atmospheric transport) of PBDE technical products in re-
sponse to the local and regional production and household usage (Da 
et al., 2019b,c). The current study further investigate the past changes 
of PBDEs in five sediment cores collected from the Yangtze River Delta 
(YRD) of the Yangtze River in China. The specific objectives include 
investigating historical PBDE input and contamination pathways, ap-
portioning PBDE sources, and establishing correlations between the 
sedimentary histories of PBDEs and regional anthropogenic activities. 

Yangtze River is the longest river in China and the third-longest 
river in the world in terms of water and sediment discharges. It is or-
iented from the Qinghai-Tibet Plateau and drains into the East China 
Sea, with a total distance of approximately 6400 km. The location of 
our study was targeted at the YRD section within the Yangtze River 
(Fig. 1). This district is one of the most industrialized and urbanized 
areas in China, with thousands of electrical, electronic, and plastic in-
dustries and imported e-waste recycling factories located in this area 
(Sun et al., 2016; Zhang et al., 2014). Coastal cities such as Nantong and 
Suzhou in Jiangsu province and Taizhou in Zhejiang province are the 
industrial center for deca-BDE production and e-waste import and re-
cycling, respectively (Zhang and Lu, 2011). Expectable PBDE have 
emitted to air, soil and aqueous achieves due to the improper waste 
management in this district (Chen et al., 2017; Yu et al., 2016; Zhu 
et al., 2019b). 

A series of five gravity sediment cores with 37–45 cm in length were 
collected using a gravity corer from May to July in 2018 (Fig. 1). Site S1 
was located in rural area in Anhui Province and far from large cities. 
Sites S2 and S3 were located in Jiangsu Province and proximity to large 
cities (Nanjing and Changzhou, respectively). Sites S4 and S5 were lo-
cated at the Yangtze River estuary in the nearshore area of Chongming 
Island in Shanghai (Core S4 and core S5 were in the Chongming island 
of the southern sector and northern sector, respectively). The mor-
phometry, hydrology, biology, and geochemistry in this district have 
been well characterized in previous studies since 1980s (Hori and Saito, 
2007; Wang et al., 2018; Yang, 1989). Cores were directly sliced at 1 cm 
intervals after coring. They were then wrapped in pre-baked aluminum 
foil, freeze-dried, pulverized to < 200 mesh, and stored in a brown 
glass bottle at −20 °C until analysis. 

Hexane, acetone, and dichloromethane were HPLC grade and pur-
chased from Fisher Scientific (Pittsburgh, PA). Silica gel and sodium 
sulfate were both analytical reagent grade and purchased from Fisher 
Chemical. Standard mixture of 40 PBDE congeners (i.e. 1, 2, 3, 10, 7, 
11, 8, 13, 12, 15, 30, 32, 17, 25, 28, 33, 35, 37, 75, 49, 71, 47, 66, 77, 
100, 119, 99, 118, 116, 85, 126, 155, 154, 153, 138, 166, 183, 181, 
190, and 209) and internal standards PCB-204 and BDE 190 were from 
AccuStandard (New Haven, CT). Surrogate standards 13C12-labeled 
BDE138 and BDE153 were from Cambridge Isotope Laboratories, Inc. 
(Tewksbury, MA). Copper strips were activated with dilute HCl, rinsed 
with Milli-Q water to neutral PH, and soak in hexane solution for water 
removal. 

Samples were pretreated with 4 M hydrochloric acid to decompose 
inorganic carbon. Then the carbonate-free samples (ca. 5 mg dry 
sample) were analyzed for total organic carbon (TOC) content with a 
Vario EL-III Elemental Analyzer (Elementar Vario EL cube, Germany), 
and was calculated concerning the whole sediment dry weight. The 
precision of duplicate analysis of one sample (n = 5) was ± 0.03 wt%. 
The grain size of the sub-sectioned sediments was measured by sieving 
on mesh sizes in the range of 0.1 to 0.3 mm. The samples were sus-
pended in water (ca.0.2 g for each sample) for 30 s prior to analysis. 
Three fractions were obtained according to their particle sizes: sand 
(< 0.1 mm), small gravel (0.1–0.3 mm), and gravel (> 0.3 mm). 

The samples were analyzed for 210Pb and 137Cs activities with γ- 
spectrometry using Canbettra ultra-low-background germanium detec-
tors. Precisely, 210Pb, 226Ra, and 137Cs were measured from γ-peak at 
46.5 keV, granddaughter 214Pb (peaks at 295 and 352 keV), and the 
peak at 661 keV, respectively. The ages of the sediments yielded from a 
constant rate of supply dating model (Text S1) (Appleby, 2002). The 
ages and dating uncertainties are shown in Fig. S1 and statistical errors 
were better than ± 3%. Information on the five cores including the 
sediment lengths and calculated ages, deposition rates, sedimentary 
fluxes, and focusing factors, are shown in Table 1. The estimation 
methods of focusing factors and sedimentary fluxes are described in 
Text S2. 

PBDEs were extracted following the procedures described in our 
previous studies (Da et al., 2019b,c). Approximately 5 g of freeze-dried 
segmented sediment from individual sediment intervals were spiked 
with 13C12-labeled BDE138 and BDE153 as surrogate standards and 
Soxhlet extracted with a mixture of n-hexane, dichloromethane and 
acetone (2:2:1 in volume). Activate copper strips were added to the 
extraction flasks to remove elemental sulfur from the extracts. Each 
extract was concentrated to approximately 1 mL with a rotary eva-
porator (RV-10, IKA, Germany). The concentrated extracts were pur-
ified on a silica gel column (i.d. = 1.0 cm) packed with 6 cm neutral 
silica (3% H2O deactivated), 12 cm sulfuric acid silica (44% sulfuric 
acid, w/w) and 2 cm anhydrous sodium sulfate from bottom to top. The 
columns were eluted with 30 mL of hexane, then rinsed with 70 mL of 
hexane and dichloromethane mixture (1:1, v/v). The second fraction 
containing PBDEs was then concentrated to 100 μL in hexane and 
spiked with internal standards (PCB204 and BDE190) prior to GC–MS 
analysis. 

Concentrations of nine PBDE congeners (28, 37, 47, 85, 99, 100, 
153, 154, and 183) in freeze-dried sediment were determined using an 
Agilent 7890 Series gas chromatograph (GC) interfaced with an Agilent 
5975C mass spectrometer (MS) in selected ion mode. A DB-5MS ca-
pillary column (30 m × 0.25 mm i.d. with 0.25 μm film thickness) was 
used for chromatographic separation, with temperature program in-
creasing from 60 °C (held for 2 min) to 200 °C at 10 °C min−1, then 
rising at 20 °C min−1 to 300 °C (held for 10 min). Ultra-purity helium 
was used as the carrier gas at a flow rate of 1.0 mL min−1. BDE209 was 
analyzed on a Thermo Trace Ultra gas chromatography and DSQ II mass 
spectrometer, and separated on a DB-5HT capillary column 
(15 m × 0.25 mm i.d. with 0.1 μm film thickness), with temperature 
program increasing from 120 °C (held for 2 min) and increasing at 
20 °C min−1 to 300 °C (held for 12 min). Helium was used as the carrier 
gas at a flow rate of 1.5 mL min−1. Ion source and interface line tem-
peratures were 150 and 280 °C, respectively. Ion fragment monitored 
for BDE209, 13C12-labeled BDE138 and BDE153, PCB204, BDE190 and 
other PBDE congeners were reported in our previous studies (Da et al., 
2019b,c; Yuan et al., 2016). 

Laboratory quality control was conducted with procedural blank, 
spiked blank, and spiked matrix samples. All glassware was pre-cleaned 
with distilled water, acetone, and methanol, and then was baked at 
450 °C for 5 h before use. One duplicate sample was analyzed for every 
five samples were conducted to check for the repeatability of the ana-
lysis. The relative standard deviation, limits of detection, and recoveries 
of individual PBDE congeners were shown in Table S1. Quantification 

C. Da, et al.   Marine Pollution Bulletin 160 (2020) 111714

2



was made according to internal calibration curves deriving from stan-
dard solutions at seven concentrations with correlation coefficient (R2) 
value at 0.999 or above. The recoveries of the surrogate standards and 

field samples ranged from 67.3% to 117.6% and 62.1% to 113.5%, 
respectively. The relative standard deviation of the duplicate samples 
ranged from 0.8% to 7.9%. Instrumental detection limits (defined as a 

Fig. 1. Sampling locations of the sediment cores in Yangtze River of Yangtze River Delta section.  

Table 1 
Sampling locations, age, deposition rate, sedimentary flux, and focusing factor.          

Cores Length Latitude Longitude Age Deposition rate Sedimentary flux Focusing factor 

(cm) (N) (E) (cm yr−1) (g cm−2 yr−1)  

S1  44 30°44′3.99″ 117°25′15.34″ 1959–2017  0.75  0.052  2.85 
S2  45 32°08′9.98″ 118°45′33.49″ 1961–2016  0.80  0.039  2.02 
S3  42 31°57′59.00″ 120°03′22.40″ 1964–2017  0.78  0.064  2.10 
S4  37 31°24′14.26″ 121°49′28.79″ 1965–2016  0.71  0.061  2.64 
S5  39 31°37′0.30″ 121°50′26.74″ 1966–2017  0.75  0.048  2.21 
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signal-to-noise ratio of 3), which was determined according to the U.S. 
EPA method (U.S. EPA, 2016), ranged from 2.0 pg g−1 to 18 pg g−1. 

Statistical analysis of the data was conducted using SPSS 16.0 
(Chicago, IL, USA). The potential differences in PBDE concentrations 
among different sites were checked by the t-test method. The level of 
significance was set at p = 0.05. PBDE concentrations were calculated 

as pg g−1 dry weight (dw). 
The total concentrations of BDE209 and other BDE congeners (de-

noted as ∑9BDEs) in surface sediments from different locations followed 
the order: S3 (3942 and 1813 pg g−1 dw)  >  S2 (2726 and 1427 pg g−1 

dw)  >  S1 (903 and 663 pg g−1 dw)  >  S5 (842 and 159 pg g−1 

dw)  >  S4 (699 and 179 pg g−1 dw) (Table S2). The total 
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concentrations of PBDEs were higher at S3 and S2 than those at other 
locations were probably because these two locations are near urbanized 
and highly populated cities, thus were probably more contaminated by 
local domestic sewage and industrial effluent. In addition, the surface 
sediments from locations S2 and S3 contained higher contents of total 
organic carbon (5.1% and 4.3%, respectively) and percentages of small 
particles (< 1 mm) (87.1% and 79.5%, respectively) comparing to 
those from other locations (2.6%, 2.6%, and 2.0% for the total organic 
carbon, and 71.1%, 69.8%, and 70.4% for percentages of small particles 
from locations S1, S2, and S3, respectively). These were another in-
fluencing factors which resulted in higher PBDE concentrations in 
surface sediments from locations S2 and S3. Moreover, sites S4 and S5 
locating at the estuary are frequently impacted by the seawater tur-
bulence with the influx of saline water, which can lead to flocculation 
and aggregation of cohesive suspended sediment and consequent for-
mation of large particulates (Droppo and Ongley, 1994; Eisma et al., 
1991). This is probably why the surface sediments from locations S4 
and S5 had the lowest PBDE concentrations. 

The literature values of PBDE concentrations in surface sediments 
from Chinese lakes, rivers, river estuaries and marines were summar-
ized in Table S3. PBDE concentrations in the present study were sig-
nificantly higher than those in marine sediments from Bays of Yellow 
river (Zhen et al., 2016) and lake sediments from Chaohu Lake (He 
et al., 2013), and were comparable to those in marine/river sediments 
from East China Sea (Liu et al., 2015), Yangtze River Delta (Zhu et al., 
2013), East China Sea (Li et al., 2012), Yellow river (Pei et al., 2018), 
and Yellow River estuary (Yuan et al., 2016), but much lower than 
those in lake sediments from Taihu Lake (Chen et al., 2018; Wang et al., 
2016a; Yin et al., 2017; Zhou et al., 2012), marine sediments from city 
river in Qingdao (Wang et al., 2019), and river sediment from Yangtze 
River Delta (Zhu et al., 2013) and Dongjiang River in Pearl River Delta 
(Mai et al., 2005) (Table S3). 

The total concentrations of BDE congeners excluding BDE209 (de-
noted as ∑9BDEs) were detected at low levels in the deep sediment 
layers dated back to the mid-1960s (ca.1964–1966) (Table S2). The 
initial detectable time of BDE209 was ca.10 years later (starting from 
1973 to 1976) than those of ∑9BDEs, coinciding with the beginning of 
production and usage of commercial penta-, octa-, and deca-BDE pro-
ducts (Abdallah and Harrad, 2014). Some trace level congeners (e.g., 
BDE28, BDE37, and BDE85) were detected in the cores prior to the 
initial industrial production of PBDEs (Table S2), which was consistent 
with our previous studies (Da et al., 2019b,c). This could be caused by 
the down-core diffusion of chemicals deriving from resuspension and 
bioturbation, and unavoidable sedimentary vertical mixing (Yang et al., 
2016), as reflected by the 210Pb concentration profiles against the cu-
mulative dry mass of the sediments (Fig. S1). 

The variations in ∑9BDE concentrations across five cores were first 
randomly from the mid-1960s to the mid-1970s, followed by a slow 
increase from the mid-1970s to the post-1980s (Fig. 2). Thereafter, 
∑9BDE concentrations increased dramatically, with trends ranging from 
13.5% to 29.3% per year in the period of ca. 1990–2008, consistent 
with the historical booming period of national production and con-
sumption of household appliances and electronics (Chen et al., 2007; Li 
et al., 2016). The time at which sedimentary PBDE concentrations (ca. 
1990) began to exponentially increase is consistent with that at Pearl 
River estuary in China (early 1990s) (Chen et al., 2007) and Sydney 
estuary in Australia (early 1990s) (Drage et al., 2015), and earlier than 
that at Bohai, Yellow Sea, and East China Sea in China (post-1990s) 
(Fan et al., 2017; Li et al., 2016; Wang et al., 2016a, 2017), but much 
later than that at upper Great Lakes (i.e., Lakes Michigan, Superior, and 
Huron) in the US (early-1970s) (Song et al., 2005; Zhu and Hites, 
2005), seven English lakes in England (mid-1970s) (Yang et al., 2016), 
Svalbard in Norway (late 1970s) (Hermanson et al., 2010), and at Seine 
River basin of Paris Megacity in France (mid-1980s) (Lorgeoux et al., 
2016). 

The concentrations of ∑9BDEs across five cores continued to 

increase until ca. 2007–2010, and significantly decreased toward the 
top layers of the sediment (Fig. 2), ascribing to the voluntary and 
regulatory phase-out of production and/or usage of penta- and octa- 
BDEs products in China since 2004. BDE209 depositions from the mid- 
1970s to post-1980s paralleled the temporal variations of ∑9BDEs. Still, 
they increased faster than the latter ones during the period of 
ca.1990–2008 (Fig. 2), ascribing to the more widespread use of deca- 
BDE technical products than penta- and octa-BDEs (La Guardia et al., 
2006). The continual increase in ∑9BDE concentrations in the period of 
ca.2004–2008 after restrictions of commercial penta- and octa-BDE 
technical products in China suggested the culminated input of ∑9BDEs 
deriving from the usage and circulation of legacy PBDE products 
(Fig. 2). The following declines of BDE209 and ∑9BDE concentrations 
can be associated with the decreasing use of legacy commercial PBDE 
mixtures in recent years (de Wit et al., 2010). 

The gradual decline of PBDE concentrations in sediment cores since 
the mid-1990s from developed countries/regions such as Europe, 
Japan, and the US was recorded by previous studies (Minh et al., 2007;  
Yun et al., 2008). However, the annual global consumption of PBDE 
technical products, particularly for deca-BDE mixtures, continually in-
creased during the same period (Abbasi et al., 2019). Therefore, the 
increasing trends of both BDE209 and ∑9BDEs during the 1990s and 
2000s largely reflected the transferring of PBDE contamination sources 
from the developed countries to China. 

BDE209 was dominant in the five cores with dated years after the 
1970s, contributing to 45.0  ±  23.9%–65.3  ±  26.3% of the total 
PBDEs (Fig. 3). This is because BDE209 was extensively used in deca- 
BDE products (over 97%) (La Guardia et al., 2006), and was still being 
manufactured in China. Sites S4 and S5 are located at the estuary of the 
Yangtze River, frequently influenced by the seasonal variability of East 
Asian monsoons, thus receiving a large amount of aerosol bounded 
organic contaminants (Guo et al., 2006; Zhang et al., 1992). Therefore, 
the contributions of BDE209 in cores S4 (56.7  ±  31.2%) and S5 
(65.3  ±  26.3%) were significantly higher than those in other cores 
(45.0  ±  23.9%–52.6  ±  20.8%) (Fig. 3). Moreover, the adjacent 
northern and eastern coastal regions of locations S4 and S5 have long 
been the brominated flame retardant manufacturing and e-waste re-
cycling center (Zhang and Lu, 2011), which also result in PBDEs input 
through atmospheric transport and sediment disperse to ocean. 

The other dominated BDE congeners in the five cores included 
BDE47, BDE99, and BDE153, with relative contributions of 
11.3  ±  9.6%–16.2  ±  7.9%, 8.0  ±  6.3%–14.1  ±  6.1%, and 
6.1  ±  3.9%–9.4  ±  5.7%, respectively (Fig. 3). This is consistent with 
the compositions of commercial BDE mixtures, which were consisted of 
80% of BDE47, BDE99, and BDE153 for penta-BDEs, 30% of BDE153 
and BDE183 for octa-BDEs, respectively (Abbasi et al., 2019). Other 
BDE congeners included BDE28, BDE37, BDE85, BDE100, and BDE154, 
most of which were the constitutes of penta- and octa-BDE mixtures 
(Sjödin et al., 1998), with concentrations following the order: 
BDE154  >  BDE100  >  BDE85  >  BDE28  >  BDE37 (Fig. 3). The 
temporal variations of BDE47/BDE99 and BDE100/BDE99 tend to de-
crease from bottom to top layers across five cores with two exceptional 
cases of BDE100/BDE99 in cores S3 and S5 (Fig. 4). They were gen-
erally higher than those in penta-BDE mixtures Bromkal 70-5DE (0.96 
and 0.18, respectively) and DE-71 (0.79 and 0.27, respectively) (La 
Guardia et al., 2006). This is ascribed to the stability differences of 
individual BDE congeners in the environment, which follows the order: 
BDE100  >  BDE47  >  BDE99 (Wania and Dugani, 2003). Moreover, 
the ratios of BDE47/BDE99 and BDE100/BDE99 in cores S4 
(1.47  ±  0.29 and 0.37  ±  0.12) and S5 (1.39  ±  0.26 and 
0.35  ±  0.14) were generally higher than those in cores S1 
(1.14  ±  0.15 and 0.22  ±  0.05), S2 (1.12  ±  0.16 and 0.23  ±  0.09), 
and S3 (1.07  ±  0.11 and 0.24  ±  0.08) (Fig. 4). This result further 
confirmed the significant influence of atmospheric deposition and/or 
sediment transport at the estuary of the Yangtze River. 

To conclude, the distribution of surficial PBDE concentration 
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profiles largely reflected the local urban emissions and inputs. The 
dramatic increase of ∑9BDE and BDE209 concentrations in both cores in 
the period of ca. 1990–2008 is consistent with the booming period of 
regional and national production and consumption of household ap-
pliances and electronics. Following declines in BDE209 and ∑9BDE 
concentrations can be associated with the deceasing use of legacy 
commercial PBDE mixtures. Moreover, the increasing trends of both 
BDE209 and ∑9BDEs during the 1990s and 2000s largely reflected the 
transferring of PBDE contamination sources from the developed coun-
tries to China. Higher ratios of BDE209, BDE47/BDE99, and BDE100/ 
BDE99 in cores S4 and S5 than other ones confirmed the significant 
influence of atmospheric deposition and/or sediment transport at 
Yangtze River estuary. 

CRediT authorship contribution statement 

Ruwei Wang designed research; Chunnian Da, Linlin Xia, and Jiawei 
Cai performed research; Chunnian Da, Jiawei Cai, and Feixuan Cai 
contributed sample sampling and sampling map; Ruwei Wang, Qing 
Huang, and Chongjing Gao analyzed data; and Ruwei Wang, Chunnian 
Da, and Linlin Xia wrote the paper. 

Declaration of competing interest 

The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed as 
a potential conflict of interest. 

Acknowledgements 

This work is sponsored by the National Natural Science Foundation 
of China (41773099, 41807492), Guangdong Key Laboratory of 
Environmental Catalysis and Health Risk Control (No. GKECHRC-09), 
Foundation of Key Laboratory of Yangtze River Water Environment, 
Ministry of Education, China (YRWEF202001), and Natural Science 
Foundation of Guangdong Province (2018A030313190, 
2017A030313061), Anhui Provincial Natural Science Foundation 
(2008085MD119). Special thanks are given to the anonymous reviewer 
for providing useful suggestions and comments. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.marpolbul.2020.111714. 

References 

Abbasi, G., Buser, A.M., Soehl, A., Murray, M.W., Diamond, M.L., 2015. Stocks and flows 
of PBDEs in products from use to waste in the U.S. and Canada from 1970 to 2020. 
Environ. Sci. Technol. 49, 1521–1528. 

Abbasi, G., Li, L., Breivik, K., 2019. Global historical stocks and emissions of PBDEs. 
Environ. Sci. Technol. 53, 6330–6340. 

Abdallah, M.A.E., Harrad, S., 2014. Polybrominated diphenyl ethers in UK human milk: 
implications for infant exposure and relationship to external exposure. Environ. Int. 
63, 130–136. 

Alonso, M.B., Eljarrat, E., Gorga, M., Secchi, E.R., Bassoi, M., Barbosa, L., Bertozzi, C.P., 
Marigo, J., Cremer, M., Domit, C., 2012. Natural and anthropogenically-produced 
brominated compounds in endemic dolphins from Western South Atlantic: another 
risk to a vulnerable species. Environ. Pollut. 170, 152–160. 

Appleby, P.G., 2002. Chronostratigraphic techniques in recent sediments. Tracking en-
vironmental change using lake sediments. Dev Paleoenviron Res 1, 171–203. 

Betts, K.S., 2015. Hand-me-down hazard: flame retardants in discarded foam products. 
Environ. Health Perspect. 123, 56–63. 

Bi, X.H., Thomas, G.O., Jones, K.C., Qu, W.Y., Sheng, G.Y., Martin, F.L., Fu, J.M., 2007. 
Exposure of electronics dismantling workers to polybrominated diphenyl ethers, 
polychlorinated biphenyls, and organochlorine pesticides in South China. Environ. 
Sci. Technol. 41, 5647–5653. 

Chen, S.J., Luo, X.-J., Lin, Z., Luo, Y., Li, K.-C., Peng, X.-Z., Mai, B.-X., Ran, Y., Zeng, E.Y., 
2007. Time trends of polybrominated diphenyl ethers in sediment cores from the 
Pearl River Estuary, South China. Environ. Sci. Technol. 41, 5595–5600. 

Chen, W.X., Wu, X.Y., Zhang, H.Y., Sun, J.T., Liu, W.X., Zhu, L.Z., Li, X.D., Tsang, D.C.W., 

Tao, S., Wang, X.L., 2017. Contamination characteristics and source apportionment 
of methylated PAHs in agricultural soils from Yangtze River Delta, China. Environ. 
Pollut. 230, 927–935. 

Chen, J., Wang, P.F., Wang, C., Liu, J.J., Gao, H., Wang, X., 2018. Spatial distribution and 
diversity of organohalide-respiring bacteria and their relationships with poly-
brominated diphenyl ether concentration in Taihu Lake sediments. Environ. Pollut. 
232, 200–211. 

Da, C.N., Wang, R.W., Ye, J.S., Yang, S.C., 2019a. Sediment records of polybrominated 
diphenyl ethers (PBDEs) in Huaihe River, China: implications for historical produc-
tion and household usage of PBDE-containing products. Environ. Pollut. 254, 
112955. 

Da, C.N., Wang, R.W., Ye, J.S., Yang, S.C., 2019b. Sediment records of polybrominated 
diphenyl ethers (PBDEs) in Huaihe River, China: implications for historical produc-
tion and household usage of PBDE-containing products. Environ. Pollut. 254, 1–9. 

Da, C.N., Wu, K., Ye, J.S., Wang, R.W., Liu, R.Q., Sun, R.Y., 2019c. Temporal trends of 
polybrominated diphenyl ethers in the sediment cores from different areas in China. 
Ecotoxicol. Environ. Saf. 171, 222–230. 

de Wit, C.A., Herzke, D., Vorkamp, K., 2010. Brominated flame retardants in the Arctic 
environment — trends and new candidates. Sci. Total Environ. 408, 2885–2918. 

Drage, D., Mueller, J.F., Birch, G., Eaglesham, G., Harrad, S., 2015. Historical trends of 
PBDEs and HBCDs in sediment cores from Sydney estuary, Australia. Sci. Total 
Environ. 512, 177–184. 

Droppo, I.G., Ongley, E.D., 1994. Flocculation of suspended sediment in rivers of 
southeastern Canada. Water Res. 28, 1799–1809. 

Earnshaw, M.R., Jones, K.C., Sweetman, A.J., 2013. Estimating European historical 
production, consumption and atmospheric emissions of decabromodiphenyl ether. 
Sci. Total Environ. 447, 133–142. 

Eisma, D., Bernard, P., Cadee, G.C., Ittekkot, V., Kalf, J., Laane, R., Martin, J.M., Mook, 
W.G., van Put, A., Schuhmacher, T., 1991. Suspended-matter particle size in some 
West-European estuaries; part II: a review on floc formation and break-up. Neth. J. 
Sea Res. 28, 215–220. 

Fan, Y., Zhao, Z.S., Yu, F.B., Lan, J., 2017. A 21-year record of methoxylated and hy-
droxylated polybrominated diphenyl ethers in sediments from the East China Sea. 
Environ. Chem. Lett. 15, 679–687. 

Ganci, A.P., Vane, C.H., Abdallah, M.A.E., Moehring, T., Harrad, S., 2019. Legacy PBDEs 
and NBFRs in sediments of the tidal River Thames using liquid chromatography 
coupled to a high resolution accurate mass Orbitrap mass spectrometer. Sci. Total 
Environ. 658, 1355–1366. 

Guo, Z.G., Lin, T., Zhang, G., Yang, Z.S., Fang, M., 2006. High-resolution depositional 
records of polycyclic aromatic hydrocarbons in the central continental shelf mud of 
the East China Sea. Environ. Sci. Technol. 40, 5304–5311. 

Han, Y.M., Wei, C., Bandowe, B.A.M., Wilcke, W., Cao, J.J., Xu, B.Q., Gao, S.P., Tie, X.X., 
Li, G.H., Jin, Z.D., An, Z.S., 2015. Elemental carbon and polycyclic aromatic com-
pounds in a 150-year sediment core from Lake Qinghai, Tibetan Plateau, China: in-
fluence of regional and local sources and transport pathways. Environ. Sci. Technol. 
(7), 4176–4183. 

He, W., Qin, N., Kong, X.Z., Liu, W.X., He, Q.S., Ouyang, H.L., Wang, Q.M., Yang, B., 
Yang, C., Jiang, Y.J., 2013. Polybrominated diphenyl ethers (PBDEs) in the surface 
sediments and suspended particulate matter (SPM) from Lake Chaohu, a large 
shallow Chinese lake. Sci. Total Environ. 463, 1163–1173. 

Hermanson, M.H., Isaksson, E., Forsstrom, S., Teixeira, C., Muir, D.C.G., Pohjola, V.A., 
van de Wal, R.S.V., 2010. Deposition history of brominated flame retardant com-
pounds in an ice core from Holtedahlfonna, Svalbard, Norway. Environ. Sci. Technol. 
44, 7405–7410. 

Hori, K., Saito, Y., 2007. An early Holocene sea-level jump and delta initiation. Geophys. 
Res. Lett. 34, L18401. 

Kim, S.M., Park, J., Kim, H.J., Lee, J.J., Choi, G., Choi, S., Kim, S., Kim, S.Y., Moon, H.B., 
Kim, S., 2015. Association between several persistent organic pollutants and thyroid 
hormone levels in serum among the pregnant women of Korea. Environ. Int. 59, 
442–448. 

La Guardia, M.J., Hale, R.C., Harvey, E., 2006. Detailed polybrominated diphenyl ether 
(PBDE) congener composition of the widely used penta-, octa-, and deca-PBDE 
technical flame-retardant mixtures. Environ. Sci. Technol. 40, 6247–6254. 

Lee, H.J., Jeong, H.J., Jang, Y.L., Kim, G.B., 2018. Distribution, accumulation, and po-
tential risk of polybrominated diphenyl ethers in the marine environment receiving 
effluents from a sewage treatment plant. Mar. Pollut. Bull. 129, 364–369. 

Li, Y.Y., Lin, T., Chen, Y.J., Hu, L.M., Guo, Z.G., Zhang, G., 2012. Polybrominated di-
phenyl ethers (PBDEs) in sediments of the coastal East China Sea: occurrence, dis-
tribution and mass inventory. Environ. Pollut. 171, 155–161. 

Li, Y.Y., Lin, T., Hu, L.M., Feng, J.L., Guo, Z.G., 2016. Time trends of polybrominated 
diphenyl ethers in East China Seas: response to the booming of PBDE pollution in-
dustry in China. Environ. Int. 92-93, 507–514. 

Liu, L., Li, H., Wang, Z., Liu, R., Zhang, Y., Lin, K., 2015. Insights into spatially and 
temporally co-occurring polybrominated diphenyl ethers in sediments of the East 
China Sea. Chemosphere 123, 55–63. 

Lorgeoux, C., Moilleron, R., Gasperi, J., Ayrault, S., Bonté, P., Lefèvre, I., Tassin, B., 2016. 
Temporal trends of persistent organic pollutants in dated sediment cores: chemical 
fingerprinting of the anthropogenic impacts in the Seine River basin, Paris. Sci. Total 
Environ. 541, 1355–1363. 

Luo, J.M., Han, Y.M., Zhao, Y., Huang, Y.F., Liu, X.R., Tao, S., Liu, J.F., Huang, T., Wang, 
L.F., Chen, K.J., Ma, J.M., 2020. Effect of northern boreal forest fires on PAH fluc-
tuations across the arctic. Environ. Pollut. 261, 114186. 

Mai, B.X., Chen, S.J., Luo, L.G., Yang, Q.S., Sheng, G.Y., Peng, P.A., Fu, J.M., Zeng, E.Y., 
2005. Distribution of polybrominated diphenyl ethers in sediments of the Pearl River 
Delta and adjacent South China Sea. Environ. Sci. Technol. 39, 3521–3527. 

Minh, N.H., Isobe, T., Ueno, D., Matsumoto, K., Mine, M., Kajiwara, N., Takahashi, S., 

C. Da, et al.   Marine Pollution Bulletin 160 (2020) 111714

6

https://doi.org/10.1016/j.marpolbul.2020.111714
https://doi.org/10.1016/j.marpolbul.2020.111714
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0005
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0005
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0005
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0010
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0010
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0015
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0015
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0015
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0020
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0020
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0020
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0020
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0025
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0025
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0030
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0030
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0035
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0035
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0035
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0035
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0040
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0040
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0040
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0045
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0045
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0045
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0045
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0050
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0050
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0050
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0050
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0055
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0055
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0055
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0055
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0060
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0060
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0060
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0065
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0065
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0065
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0270
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0270
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0070
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0070
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0070
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0075
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0075
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0080
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0080
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0080
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0085
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0085
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0085
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0085
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0090
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0090
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0090
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0095
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0095
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0095
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0095
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0100
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0100
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0100
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0105
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0105
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0105
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0105
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0105
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0110
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0110
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0110
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0110
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0115
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0115
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0115
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0115
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0120
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0120
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0125
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0125
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0125
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0125
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0130
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0130
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0130
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0135
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0135
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0135
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0140
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0140
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0140
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0145
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0145
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0145
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0150
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0150
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0150
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0155
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0155
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0155
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0155
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0160
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0160
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0160
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0165
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0165
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0165
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0170


Tanabe, S., 2007. Spatial distribution and vertical profile of polybrominated diphenyl 
ethers and hexabromocyclododecanes in sediment core from Tokyo Bay, Japan. 
Environ. Pollut. 148, 409–417. 

Ni, K., Lu, Y.L., Wang, T.Y., Shi, Y.J., Kannan, K., Xu, L., Li, Q.S., Liu, S.J., 2013. 
Polybrominated diphenyl ethers (PBDEs) in China: policies and recommendations for 
sound management of plastics from electronic wastes. J. Environ. Manag. 115, 
114–123. 

Pei, J., Yao, H., Wang, H., Li, H.Y., Lu, S., Zhang, X., Xiang, X.X., 2018. Polybrominated 
diphenyl ethers (PBDEs) in water, surface sediment, and suspended particulate 
matter from the Yellow River, China: levels, spatial and seasonal distribution, and 
source contribution. Mar. Pollut. Bull. 129, 106–113. 

Pietroń, W.J., Malagocki, P., 2017. Quantification of polybrominated diphenyl ethers 
(PBDEs) in food. A review. Talanta 167, 411–427. 

Prevedouros, K., Jones, K.C., Sweetman, A.J., 2004. Estimation of the production, con-
sumption, and atmospheric emissions of pentabrominated diphenyl ether in Europe 
between 1970 and 2000. Environ. Sci. Technol. 38, 3224–3231. 

Rahman, F., Langford, K.H., Scrimshaw, M.D., Lester, J.N., 2001. Polybrominated di-
phenyl ether (PBDE) flame retardants. Sci. Total Environ. 275, 1–17. 

Sjödin, A., Jakobsson, E., Kierkegaard, A., Marsh, G., Sellström, U., 1998. Gas chroma-
tographic identification and quantification of polybrominated diphenyl ethers in a 
commercial product, Bromkal 70-5DE. J. Chromatogr. 822, 83–89. 

Song, W.L., Ford, J.C., Li, A., Mills, W.J., Buckley, D.R., Rockne, K.J., 2004. 
Polybrominated diphlenyl ethers in the sediments of the great lakes. 1. Lake superior. 
Environ. Sci. Technol. 38, 3286–3293. 

Song, W.L., Li, A., Ford, J.C., Sturchio, N.C., Rockne, K.J., Buckley, D.R., Mills, W.J., 
2005. Polybrominated diphenyl ethers in the sediments of the Great Lakes. 2. Lakes 
Michigan and Huron. Environ. Sci. Technol. 39, 3474–3479. 

Sun, J.T., Pan, L.L., Zhan, Y., Lu, H.N., Tsang, D.C.W., Liu, W.X., Wang, X.L., Li, X.D., Zhu, 
L.Z., 2016. Contamination of phthalate esters, organochlorine pesticides and poly-
brominated diphenyl ethers in agricultural soils from the Yangtze River Delta of 
China. Sci. Total Environ. 544, 670–676. 

Sun, Y.X., Hu, Y.X., Zhang, Z.W., Xu, X.R., Li, H.X., Zuo, L.Z., Zhong, Y., Sun, H., Xian, 
M.B., 2017. Halogenated organic pollutants in marine biota from the Xuande Atoll, 
South China Sea: levels, biomagnification and dietary exposure. Mar. Pollut. Bull. 
118, 413–419. 

Tian, M., Chen, S.J., Wang, J., Zheng, X.B., Luo, X.J., Mai, B.X., 2011. Brominated flame 
retardants in the atmosphere of e-waste and rural sites in Southern China: seasonal 
variation, temperature dependence, and gas-particle partitioning. Environ. Sci. 
Technol. 45, 8819–8825. 

U.S. EPA, 2016. Definition and Procedure for the Determination of the Method Detection 
Limit. Revision 2 Google Scholar. 

van, L.M., Gaus, C., Leonards, P.E.G., de Boer, J., 2016. Chlorinated paraffins in the en-
vironment: a review on their production, fate, levels and trends between 2010 and 
2015. Chemosphere 155, 415–428. 

Wang, Y.W., Jiang, G.B., Lam, P.K.S., Li, A., 2007. Polybrominated diphenyl ether in the 
East Asian environment: a critical review. Environ. Int. 33, 963–973. 

Wang, G.G., Peng, J.L., Zhang, D.H., Li, X.G., 2016a. Characterizing distributions, com-
position profiles, sources and potential health risk of polybrominated diphenyl ethers 
(PBDEs) in the coastal sediments from East China Sea. Environ. Pollut. 213, 468–481. 

Wang, P., Shang, H.T., Li, H.H., Wang, Y.W., Li, Y.M., Zhang, H.D., Zhang, Q.H., Liang, Y., 
Jiang, G.B., 2016b. PBDEs, PCBs and PCDD/Fs in the sediments from seven major 
river basins in China: occurrence, congener profile and spatial tendency. 
Chemosphere 144, 13–20. 

Wang, G.G., Feng, L.J., Qi, J.S., Li, X.G., 2017. Influence of human activities and organic 
matters on occurrence of polybrominated diphenyl ethers in marine sediment core: a 
case study in the Southern Yellow Sea, China. Chemosphere 189, 104–114. 

Wang, Z.H., Saito, Y., Zhan, Q., Nian, X., Pan, D.D., Wang, L., Chen, T., Xie, J.L., Li, X., 
Jiang, X.Z., 2018. Three-dimensional evolution of the Yangtze River mouth, China 
during the Holocene: impacts of sea level, climate and human activity. Earth-Sci. Rev. 
185, 938–955. 

Wang, G.G., Liu, Y., Tao, W., Zhao, X.D., Li, X.G., 2019. Reflection of concentrations of 
polybrominated diphenyl ethers in health risk assessment: a case study in sediments 
from the metropolitan river, North China. Environ. Pollut. 247, 80–88. 

Wania, F., Dugani, C.B., 2003. Assessing the long-range transport potential of poly-
brominated diphenyl ethers: a comparison of four multimedia models. Environ. 
Toxicol. Chem. 22, 1252–1261. 

Wu, Q.H., Liu, X.C., Liang, C.Z., Leung, J.Y.S., Li, H.S., Chen, S.J., Mai, B.X., Miao, S.Y., 
Chen, Y.H., Wu, Z.F., 2017. Historical trends and ecological risks of polybrominated 
diphenyl ethers (PBDEs) and alternative halogenated flame retardants (AHFRs) in a 
mangrove in South China. Sci. Total Environ. 599–600, 181–187. 

Yang, C.S., 1989. Active, moribund and buried tidal sand ridges in the East China Sea and 
the Southern Yellow Sea. Mar. Geol. 88, 97–116. 

Yang, C.Q., Rose, N.L., Turner, S.D., Yang, H.D., Goldsmith, B., Losada, S., Barber, J.L., 
Harrad, S., 2016. Hexabromocyclododecanes, polybrominated diphenyl ethers, and 
polychlorinated biphenyls in radiometrically dated sediment cores from English 
lakes, similar to 1950–present. Sci. Total Environ. 541, 721–728. 

Yin, G., Zhou, Y.H., Strid, A., Zheng, Z.Y., Bignert, A., Ma, T.W., Athanassiadis, L., Qiu, 
Y.L., 2017. Spatial distribution and bioaccumulation of polychlorinated biphenyls 
(PCBs) and polybrominated diphenyl ethers (PBDEs) in snails (Bellamya aeruginosa) 
and sediments from Taihu Lake area, China. Environ. Sci. Pollut. Res. 24, 7740–7751. 

Yu, G., Bu, Q.W., Cao, Z.G., Du, X.M., Xia, J., Wu, M., Huang, J., 2016. Brominated flame 
retardants (BFRs): a review on environmental contamination in China. Chemosphere 
150, 479–490. 

Yuan, Z.J., Liu, G.J., Lam, M.H.W., Liu, H.Q., Da, C.N., 2016. Occurrence and levels of 
polybrominated diphenyl ethers in surface sediments from the Yellow River Estuary, 
China. Environ. Pollut. 212, 147–154. 

Yun, S.H., Addink, R., McCabe, J.M., Ostaszewski, A., Mackenzie-Taylor, D., Taylor, A.B., 
Kannan, K., 2008. Polybrominated diphenyl ethers and polybrominated biphenyls in 
sediment and floodplain soils of the Saginaw River watershed, Michigan, USA. Arch. 
Environ. Contam. Toxicol. 55, 1–10. 

Zeng, W.H., Wang, Y., Liu, Z.C., Khanniche, A., Hu, Q.L., Feng, Y., Ye, W., Yang, J.L., 
Wang, S.J., Zhou, L., Shen, H., Wang, Y., 2014. Long-term exposure to deca-
brominated diphenyl ether impairs CD8 T-cell function in adult mice. Cell. Mol. 
Immunol. 11, 367–376. 

Zhang, X.Y., Lu, Q.Y., 2011. Production status and developing prospects of flame re-
tardants. China Plastics Industry 4, 2. 

Zhang, J., Huang, W.W., Liu, S.M., Liu, M.G., Yu, Q., Wang, J.H., 1992. Transport of 
particulate heavy metals towards the China Sea: a preliminary study and comparison. 
Mar. Chem. 40, 161–178. 

Zhang, X.S., Qin, L., Qu, R.J., Feng, M.B., Wang, Z.Y., 2014. Occurrence of poly-
chlorinated diphenyl sulfides (PCDPSs) in surface sediments and surface water from 
the Nanjing section of the Yangtze River. Environ. Sci. Technol. 48. 

Zhang, Z.W., Sun, Y.X., Sun, K.F., Xu, X.R., Yu, S., Zheng, T.L., Luo, X.J., Tian, Y., Hu, 
Y.X., Diao, Z.H., 2015. Brominated flame retardants in mangrove sediments of the 
Pearl River Estuary, South China: spatial distribution, temporal trend and mass in-
ventory. Chemosphere 123, 26–32. 

Zhen, X.M., Tang, J.H., Xie, Z.Y., Wang, R.M., Huang, G.P., Zheng, Q., Zhang, K., Sun, 
Y.G., Tian, C.G., Pan, X.H., 2016. Polybrominated diphenyl ethers (PBDEs) and al-
ternative brominated flame retardants (aBFRs) in sediments from four bays of the 
Yellow Sea, North China. Environ. Pollut. 213, 386–394. 

Zhou, P., Lin, K.F., Zhou, X.Y., Zhang, W., Huang, K., Liu, L.L., Guo, J., Xu, F., 2012. 
Distribution of polybrominated diphenyl ethers in the surface sediments of the Taihu 
Lake, China. Chemosphere 88, 1375–1382. 

Zhu, L.Y., Hites, R.A., 2005. Brominated flame retardants in sediment cores from Lakes 
Michigan and Erie. Environ. Sci. Technol 39, 3488–3494. 

Zhu, B.Q., Lam, J.C.W., Yang, S.Y., Lam, P.K.S., 2013. Conventional and emerging ha-
logenated flame retardants (HFRs) in sediment of Yangtze River Delta (YRD) region, 
East China. Chemosphere 93, 555–560. 

Zhu, Y., Tao, S., Sun, J.T., Wang, X.L., Li, X.D., Tsang, D., Zhu, L.Z., Shen, G.F., Huang, 
H.J., Cai, C.Y., Liu, W.X., 2019b. Multimedia modeling of the PAH concentration and 
distribution in the Yangtze River Delta and human health risk assessment. Sci. Total 
Environ. 647, 962–972. 

Zhu, X.F., Zhong, Y., Wang, H.L., Li, D., Deng, Y.R., Peng, P.A., 2019a. New insights into 
the anaerobic microbial degradation of decabrominated diphenyl ether (BDE-209) in 
coastal marine sediments. Environ. Pollut. 255, 113151.  

C. Da, et al.   Marine Pollution Bulletin 160 (2020) 111714

7

http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0170
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0170
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0170
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0175
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0175
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0175
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0175
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0180
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0180
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0180
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0180
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0185
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0185
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0190
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0190
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0190
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0195
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0195
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0200
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0200
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0200
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0205
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0205
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0205
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0210
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0210
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0210
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0215
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0215
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0215
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0215
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0220
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0220
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0220
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0220
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0225
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0225
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0225
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0225
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0230
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0230
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0365
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0365
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0365
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0235
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0235
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0240
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0240
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0240
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0245
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0245
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0245
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0245
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0250
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0250
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0250
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0255
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0255
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0255
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0255
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0260
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0260
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0260
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0265
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0265
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0265
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0275
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0275
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0275
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0275
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0280
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0280
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0285
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0285
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0285
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0285
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0290
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0290
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0290
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0290
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0295
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0295
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0295
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0300
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0300
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0300
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0305
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0305
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0305
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0305
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0310
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0310
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0310
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0310
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0315
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0315
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0320
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0320
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0320
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0325
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0325
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0325
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0330
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0330
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0330
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0330
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0335
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0335
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0335
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0335
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0340
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0340
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0340
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0345
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0345
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0350
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0350
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0350
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0360
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0360
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0360
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0360
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0355
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0355
http://refhub.elsevier.com/S0025-326X(20)30832-8/rf0355

	Sediment records of polybrominated diphenyl ethers (PBDEs) in Yangtze River Delta of Yangtze River in China
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References




