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a b s t r a c t

Organochlorine pesticides (OCPs) have been restricted for application for about 30 years in China.
Intertidal zone is a sink for anthropogenic pollutants, and to better understand the current pollution
status of OCPs in China, 324 surface sediment samples collected from 14 typical intertidal zones of China
were analyzed for 22 OCPs. The total concentrations of OCPs ranged from 0.051 to 4141.711 ng/g, with
DDTs and HCHs being the dominant components. Seasonal variations were not significant for most
intertidal zones (p > 0.05), while significant spatial variations (p < 0.05) were found among 14 intertidal
zones, with the highest OCPs concentrations detected in Jiulong Jiang (JLJ). The OCPs concentrations in
intertidal sediments would rarely to frequently cause adverse biological effects and DDTs were the major
threat. Apart from the historical usage of technical DDT and lindane, current usage of technical DDT and
HCH were also implied, especially for intertidal zones such as Beidaihe (BDH) and Yingluo Wan (YLW).
PCA analysis indicated that compounds within the same type of OCPs were from similar source, while
different types of OCPs were generally from different sources and not used together. Our results further
indicated that OCPs together with organic particles entered into the intertidal zones mainly through river
input.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Organochlorine pesticides (OCPs), known for their features of
degradation resistance, bioaccumulation, and biotoxicity (Jones
and de Voogt, 1999; Tolosa et al., 1995), were extensively used in
agriculture to increase the grain output and in public places to
control malaria all over the world (Wong et al., 2005). Thirty years
e by Dr. J€org Rinklebe.
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have passed since the ban of technical dichlorodiphenyltrichloro-
ethanes (DDTs) and hexachlorocyclohexanes (HCHs) (two repre-
sentational OCPs) for agriculture application in China, but studies in
recent 5 years revealed that their concentrations in atmosphere (Yu
et al., 2019), water system (Wang et al., 2018), soil (Li et al., 2018;
Yuan et al., 2017), biota (Zhou et al., 2014a), and sediment (Zhao
et al., 2018) still remained at a high level. Various evidences indi-
cate that there still exist fresh inputs of OCPs in China.

Through land reclamation, soil erosion, storm runoff, river input
and deposition, chemical compounds together with particles finally
enter the coastal environment where the sediment becomes the
ultimate reservoir for contaminations (Huang et al., 2017; Li et al.,
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Fig. 1. Study area and geographical locations of 14 intertidal zones.
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2014). Intertidal zone, as a part of coastal zone, refers to the zone
between the highest tidal level and the lowest tidal level of the
spring tide period (Sun et al., 2018a). Healthy intertidal zone pro-
vides comfortable living conditions for benthic and epibenthic or-
ganisms (CCME, 1995). However, as the buffer zone of land and sea,
intertidal zone has undergone a high frequency of human activities
and suffered from the brunt of contaminations. Large amount of
OCPs from land flew into the coastal environment and were
deposited in the sediment (Lin et al., 2009). Published researches
about OCPs contamination in intertidal sediments were mainly
before 2010 at some densely-populated coastal regions in China
(Chen et al., 2006; Lin et al., 2012; Lin et al., 2009; Qiu et al., 2005;
Wang et al., 2007; Wu et al., 2016), and the information on current
status of OCPs pollution in intertidal sediments were limited.
Furthermore, there are still many coastal regions where OCPs
pollution has rarely or not been investigated and a nation-scale
investigation is thus needed.

In this project, 14 typical intertidal zones from north to south of
China, spanning over 11 coastal provinces and municipalities of
China, were selected as targeted research areas. Among the 14
intertidal zones, national nature reserves have been established at
intertidal zones of Dongying (DY), Yancheng (YC), and Chang Jiang
(CJ) to protect the migratory water birds and rare birds, and at
intertidal zones of YingluoWan (YLW) and Dongzhai Gang (DZG) to
protect the abundant mangrove resources (Fu et al., 2018; Li et al.,
2019). And intertidal zones of Beidaihe (BDH) and Hangu (HG),
Jiulong Jiang (JLJ), and Zhu Jiang (ZJ) locate near the famous Beijing-
Tianjin-Hebei urban agglomeration district, Xiamen Economic
Special Zone, and Pearl River Delta, respectively. What’s more, it
will be the first report on the occurrence of OCPs in intertidal zones
including BDH, HG, Dagu He (DGH), YLW and DZG. This study
aimed to present a nation-scale characterization of pollution status,
risks, sources and fate of OCPs in China’s intertidal sediments after
about 30 years’ restriction of typical OCPs and explore the key
factors influencing OCPs distributions.

2. Materials and methods

2.1. Sample collection and analysis

14 typical intertidal zones along the 18,000 km continental
coastline of China were chosen as the targeted area. The general
geographical locations and names of the sampling sites were pre-
sented in Fig. 1, with more detailed information about sampling
sites given in the Supplementary information (Table S1, SI). A total
of 324 surface sediment samples were collected during dry season
(Sept. 2014 to Feb. 2015) and wet season (Jul. to Sept. 2015). All
individual samples were freeze-dried, ground with clean mortar,
and stored at �20 �C after sieving with 75 mesh sieve. Detailed
information for analysis of sediment properties (total organic car-
bon (TOC), total nitrogen (TN) and total phosphorus (TP)) were
given in the SI. For OCPs analysis, after extraction, cleaning up and
concentration, samples were analyzed by gas chromatograph
(Trace 1310, Thermo) equipped with triple quadrupole mass spec-
trometer (TSQ 8000 EVO, Thermo). 22 compounds belonging to five
types of OCPs were targeted (Table 1), and they were identified and
quantified in selective reaction mode (SRM), with two precursor
ion/product ion transition pairs listed in Table S2. Detailed infor-
mation for sample pretreatment and analysis for OCPs were pro-
vide in SI.

2.2. Quality assurance and quality control (QA/QC)

Strict QA/QC procedures were conducted. Each sample was
spiked with recovery surrogates before extraction to indicate the
recoveries of target compounds. The recoveries of all targets ranged
from 62% to 124%. A procedural blank, a spiked blank, a matrix
spike and a duplicate were run for each batch to monitor the whole
process of analysis. OCPs in the procedural blanks were not
detected, indicating no contamination of OCPs in the process.
During the analysis by GC-MS/MS, a mixed OCPs standard was
inserted about every ten practical samples to monitor the stability
of the instrument. The deviation of quantitative results for standard
solutionwas controlled within 20%. S/N ratios�10 were adopted to
calculate the method detection limits (MDLs), and the MDLs for 22
target compounds were between 0.278 and 20.579 pg/g (Table 1).
2.3. Statistical analysis

All statistical analysis in this study were carried out with SPSS
16.0 for windows, and all figures were created by SigmaPlot 12.5.
Spearman correlation analysis was performed to analyze the cor-
relation between 22 compounds. One-way ANOVA analysis was
conducted to compare the concentrations of the targets. P-values
less than 0.05 (two-tailed) were considered to be statistically sig-
nificant. Principal component analysis (PCA) was performed to
identify the sources of OCPs. Values under MDLs were set to zero
during all calculation and statistical analysis process. All concen-
trations mentioned in this study were presented as ng/g dry weight
(dw).
3. Results and discussion

3.1. Concentrations and distributions of OCPs in the sediments

The total concentrations of 22 OCPs in 14 typical intertidal zones
were exhibited in Fig. 2(a). It can be summarized that the OCPs
concentrations among surface sediments of China’s intertidal zones



Table 1
Method detection limits (MDLs), minimum (Min), maximum (Max), median and mean concentrations, detection frequencies and relative abundances of 22 target compounds
in surface sediments.

Compound
name

MDL Min Max Median Mean Detection frequency Relative abundance

pg/g ng/g %

a-HCH 0.364 <MDL 1.756 0.104 0.139 97.7 5.7 ± 7.8
b-HCH 0.529 <MDL 1.846 0.097 0.137 98.1 3.9 ± 3.3
d-HCH 0.739 <MDL 1.135 0.027 0.055 87.7 1.7 ± 2.0
g-HCH 0.574 <MDL 0.327 0.022 0.046 94.8 2.0 ± 2.6
P

HCHs 0.005 5.064 0.249 0.378 99.0 12.9 ± 11.8
p,p’-DDD 0.335 <MDL 1611.322 0.332 6.810 98.1 17.2 ± 11.5
o,p’-DDD 0.361 <MDL 355.025 0.122 1.578 87.1 5.6 ± 3.8
p,p’-DDE 0.352 <MDL 363.997 0.314 2.249 90.6 15.0 ± 10
o,p’-DDE 0.278 <MDL 57.524 0.026 0.327 82.8 1.6 ± 1.9
p,p’-DDT 0.401 <MDL 1554.570 0.415 7.392 98.1 25.6 ± 17.8
o,p’-DDT 0.424 <MDL 235.550 0.139 1.253 95.1 6.7 ± 4.5
P

DDTs 0.033 4140.071 1.558 19.633 100.0 70.2 ± 23.0
a-Chlordane 2.345 <MDL 0.372 <MDL 0.019 50.5 0.8 ± 1.9
g-Chlordane 11.743 <MDL 0.789 <MDL 0.030 45.0 0.9 ± 2.6
Heptachlor 0.790 <MDL 0.163 <MDL 0.024 35.0 1.0 ± 2.3
Heptachlor epoxide 4.382 <MDL 0.216 <MDL 0.012 18.4 0.5 ± 1.5
P

CHLs <MDL 0.947 0.015 0.085 77.7 3.0 ± 6.0
Aldrin 2.730 <MDL 0.149 <MDL 0.005 13.9 0.5 ± 2.6
Dieldrin 5.737 <MDL 0.120 <MDL 0.003 6.5 0.3 ± 2.0
Endrin 8.921 <MDL 0.785 <MDL 0.111 33.0 4.6 ± 10.2
Endrin Aldehyde 12.869 <MDL 2.703 <MDL 0.032 12.9 1.3 ± 5.3
Endrin Ketone 20.579 <MDL 0.174 <MDL 0.012 14.6 0.5 ± 1.7
P

Drins <MDL 12.884 <MDL 0.167 45.1 6.6 ± 12.7
Endosulfan I 2.556 <MDL 0.419 <MDL 0.023 41.4 1.0 ± 2.1
Endosulfan II 3.894 <MDL 0.317 <MDL 0.027 25.9 1.0 ± 3.2
Endosulfan sulfate 1.262 <MDL 0.929 0.019 0.056 87.1 2.6 ± 5.0
P

Ends <MDL 3.212 0.034 0.116 89.0 4.4 ± 7.2
P

OCPs 0.051 4141.711 2.114 20.378

M. Lv et al. / Environmental Pollution 257 (2020) 113634 3
ranged from 0.051 to 4141.711 ng/g, with a median value of
2.114 ng/g (Table 1). DDTs were the major contaminants (between
0.033 and 4140.071 ng/g, with a median value of 1.558 ng/g), fol-
lowed by HCHs (between 0.005 and 5.064 ng/g, with a median
value of 0.249 ng/g). In this study, the mean contributions of DDTs
and HCHs to total OCPs concentrations were 70.2% and 12.9%, and
detection frequencies of DDTs and HCHs were 100.0% and 99.0%,
respectively. For CHLs, Drins, and Ends, their mean contributions to
total OCPs concentrations were 3.0%, 6.6%, and 4.4%, and detection
frequencies were 77.7%, 45.1%, and 89.0%, respectively.

Spatial variations were observed for total concentrations of
OCPs and five specific types of OCPs (Fig. 2 and Table S3). The mean
concentrations of total OCPs for 14 typical intertidal zones were as
follows: JLJ (211.109 ng/g) > HG (11.190 ng/g) > DGH (9.675 ng/
g) > ZJ (7.550 ng/g) > Min Jiang (MJ, 7.159 ng/g) > CJ (5.716 ng/
g) > Daliao He (DLH, 4.410 ng/g) > DZG (4.149 ng/g) > Hangzhou
Wan (HZW, 3.954 ng/g) > Sishili Wan (SSLW, 3.377 ng/g) > YLW
(3.120 ng/g) > DY (0.938 ng/g) > YC (0.932 ng/g) > BDH (0.655 ng/
g). The total OCPs concentrations were highest in JLJ (p < 0.05),
followed by HG and DGH with significantly higher total OCPs
concentrations than DY, YC, and BDH (p < 0.05). No significant
variations (p > 0.05) were found among other 8 intertidal zones.
Since DDTs accounted for 48.0%e91.6% of the total concentrations
of OCPs (Fig. S1), their spatial distribution pattern was almost the
same as total OCPs. For HCHs, accounting for 5.7%e27.3% of the total
OCPs concentrations, the mean concentrations were significant
higher in south China (p < 0.05) with the top 5 intertidal zones
following the order: JLJ (1.372 ng/g) > MJ (0.651 ng/g) > CJ
(0.425 ng/g) > HZW (0.398 ng/g) > ZJ (0.392 ng/g). These results
agreed well with the fact that the technical HCH consumption in
southeastern China was larger than other regions in China (El-
Shahawi et al., 2010; Huang et al., 2018). CHLs, Drins, and Ends
were all detected at low concentrations and frequencies in this
study, which were consistent with previous studies (Wang et al.,
2007; Zhang et al., 2011), and this may be due to their point sour-
ces instead of widespread usage, like pesticide factory and farmland
(Fang et al., 2016; Zhang et al., 2011; Zhao et al., 2013). For CHLs and
Drins, no significant spatial variations were observed (p > 0.05).
While for Ends, their concentrations were higher in MJ compared
with the other 13 intertidal zones (p < 0.05).

Compared with spatial variations, seasonal variations were less
significant (Fig. 2 and Table S4). No significant variations in total
OCPs concentrations and its major components HCHs and DDTs
were observed between dry season and wet season for most
intertidal zones (p > 0.05), while for CHLs and Drins, the seasonal
variations were significant (p < 0.05) for several intertidal zones
including DGH and JLJ, with higher concentrations in dry season
than wet season. For HCHs, DDTs, Ends, and total OCPs concentra-
tions, even though seasonal variations for most intertidal zones
were not significant (p > 0.05), their mean concentrations were
generally higher in dry season, indicating that high temperature
and abundant rainfall in wet season could possibly lead to the
reduction of contamination in sediments (Guo et al., 2009), while
the less significance also indicated that high amount of OCPs could
be transported into the intertidal zones from OCPs-polluted soil
through surface runoff (Li et al., 2014). Hence, seasonal variation is
an important factor that cannot be ignored, and complex factors
might lead to different variations.

Due to their wide usage, HCHs and DDTs have been the mostly
investigated OCPs worldwide (Table S5 and S6). In general, HCHs
concentrations in this study were comparable or lower than those
previously reported in sediments of estuaries and bays in China (Liu
et al., 2013; Tan et al., 2009; Wu et al., 2016; Zhang et al., 2002;
Zhou et al., 2014b), Alexandria Harbor of Egypt (Barakat et al.,
2002), Bengal Bay of India (Rajendran et al., 2005), Ulsan Bay of
Korea (Khim et al., 2001), Lots Sea of Spain (Mohammed et al.,
2011), Guajar�a Bay of Brazil (Neves et al., 2018), Mediterranean
Sea near Egypt (Nemr and Sadaawy, 2016), coast of Singapore (Wurl



Fig. 2. Spatial and seasonal distributions of total concentrations of OCPs and five subordinate types of OCPs in 14 typical intertidal zones (Dots and upward solid lines represent the
mean concentrations and the corresponding standard deviations).
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and Obbard, 2005), Naples and Salerno Gulfs of Italy (Qu et al.,
2018), while higher than Gulf of Aden (Mostafa et al., 2007) and
Casco Bay of USA (Kennicutt et al., 1994). As for DDTs, one sample
with extremely high DDTs concentrationwas detected in this study,
which was 2e2000 times higher than those reported in previous
studies (Table S5 and S6). Generally, DDTs concentrations in this
study were comparable or higher than those reported in sediments
of harbors, bays, and estuaries in Africa, Europe, North and South
America, and Asia (Table S5 and S6).

To the best of our knowledge, this is the first report of OCPs
occurrence in intertidal zones including BDH, HG, DGH, YLW and
DZG. Special attention should be paid to HG and DGH, due to the
existence of high OCPs concentrations, especially DDTs in these
areas. Most previous studies in China focused on areas including
DLH, CJ, MJ, JLJ and ZJ, and most of these studies were conducted
before 2010, which allowed us to evaluate the occurrence of HCHs
and DDTs in the environment in a long time view after they were
officially banned (Table S5). Interestingly, varied trends were
observed for HCHs and DDTs. For HCHs, a general declining trend
was found since 1990s, indicating that the ban of technical HCH
after 1983 efficiently decreased the discharge of HCHs into the
environment. In contrast, DDTs concentrations were comparable or
even higher than those reported decades before. For example, DDTs
concentrations in JLJ in this study were 10.868e4140.071 ng/g, with
a mean concentration of 209.228 ng/g, which were higher than
those reported in year 2009 (Wu et al., 2016) and 1999 (Yuan et al.,
2001), indicating that new emissions of DDTs into the environment
existed.

3.2. Risk assessment of OCPs in intertidal sediments

In order to evaluate the potential adverse biological effects of
OCPs in intertidal sediments of China, sediment quality guidelines
(SQGs) for the protection of aquatic life in marine environment
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(including estuary) proposed by the Canadian Council of Ministers
of the Environment (CCME) and SQGs proposed by the US National
Oceanic and Atmospheric Administration (NOAA) were both
adopted in this study. According to CCME, interim sediment quality
guideline (ISQG) and probable effect level (PEL) are set, and con-
centrations below ISQG, between ISQG and PEL and above PEL in-
dicates adverse biological effects rarely (fewer than 25%),
occasionally (25%e50%) and frequently (more than 50%) occurred,
respectively. Accordingly, effect range-low (ERL) and effect range-
median (ERM) in NOAA have similar meanings with ISQG and
PEL, respectively.

According to CCME, 99.7%, 100.0%, 100.0%, 100.0%, and 99.7% of
the surface sediments had concentrations below the ISQGs for g-
HCH, heptachlor epoxide, chlordane, dieldrin, and endrin, respec-
tively, while only 76.6%, 88.0%, 67.5%, and 70.1% of the surface
sediments had concentrations below the ISQGs for p,p’-DDD, p,p’-
DDE, p,p’-DDT and total DDTs, respectively (Fig. 3, Table S7 and S8).
Notably, 3.9%, 0.0%, 11.7%, and 1.6% of the surface sediments had
concentrations above the PELs for p,p’-DDD, p,p’-DDE, p,p’-DDT and
total DDTs, respectively, indicating that DDTs were the main threat.
According to NOAA, higher risks of DDTs were also indicated, with
concentrations in 80.8%, 88.6%, 65.9%, and 50.0% of the surface
sediments below the ERLs for p,p’-DDD, p,p’-DDE, p,p’-DDTand total
DDTs, respectively, while concentrations in 1.0%, 0.6%, 8.1%, and
1.6% of the surface sediments above the ERMs. Hence, with DDTs as
the main threat, 11.4%e50.0% of intertidal sediments in this study
would occasionally or frequently face adverse biological effects.

Considering that pesticides in the environment exist in mixture,
sediment quality guideline quotient (SQGQ) was further adopted to
evaluate the overall ecotoxicological risks for 14 typical intertidal
zones using the above 8 pesticides with known PELs (Table S9). The
lower the value of SQGQ is, the lighter the pollution is. Three levels
of biological effects can be grouped according to the values of
SQGQ: (1) no adverse biological effects (SQGQ < 0.1); (2) moderate
adverse biological effects (0.1 � SQGQ < 1); and (3) high adverse
biological effects (SQGQ �1) (Costa et al., 2011; MacDonald et al.,
2004). For BDH, DY, and YC, where 100% of sediments samples
had concentrations below the ISQGs (Fig. 3 and Table S8), their
SQGQ values were all below 0.1 (Table S9). For DLH, SSLW, CJ, HZW,
YLW and DZG, where more than 65% of sediment samples had
concentrations below ISQGs and less than 25% of sediment samples
had concentrations above the PELs (Fig. 3 and Table S8), more than
75% of their sediment samples had SQGQ values below 0.1 and no
sediment samples had values above 1.0 (Table S9). For HG, DGH, MJ,
and ZJ, where percentages of samples with concentrations below
ISQGs were lower and above PELs were higher, the percentages of
samples with SQGQ values below 0.1 and above 1.0 were 34%e88%
and 0%e4%, respectively. For JLJ, where less than 10% of sediment
samples had concentrations below ISQGs, all samples had SQGQ
values above 0.1, with 9% above 1.0.

The results using the above two methods for risk assessment
were consistent, with OCPs concentrations in 9 intertidal zones
including DLH, BDH, DY, SSLW, YC, CJ, HZW, YLW and DZG showing
no or low risks, while the other 5 intertidal zones were faced with
moderate to high risks from OCPs. Special attention should be paid
to JLJ, where all samples showed moderate to high risks. Consid-
ering that DDTs concentrations in JLJ were higher in this study
compared with previous reports, future and continuous investiga-
tion should be conducted in this area.

3.3. Sources and fate analysis

Technical DDT has been widely used in China between 1950s
and 1980s (Wong et al., 2005), which has caused severe soil
contamination and become the main sources of DDT and its
metabolites in the environment through land reclamation and
rainfall erosion (Lin et al., 2009; Liu et al., 2016). 250 tons of DDT
have been used for yearly for producing antifouling paints to pro-
tect the body of boat from 1950s to 2005 in China (Yu et al., 2011)
and antifouling paints were reported to be an important source of
DDTs in fishing harbors of China (Zhou et al., 2014b). The usage of
technical DDT in agriculture and as additives of antifouling paints
was officially banned in 1983 and 2014, respectively in China, but it
is still permitted for emergency vector control and dicofol pro-
duction (Fujii et al., 2011). Dicofol, one of the organochlorine in-
secticides extensively used in modern agriculture and animal
husbandry, is synthesizedwith DDTand contains high levels of DDT
impurity (Qiu et al., 2005; Turgut et al., 2009). To date, there are
mainly four sources of DDTs: historical technical DDTs contami-
nated soil, direct usage of technical DDT for disease transmission
control, antifouling paints containing technical DDT, and dicofol.

Technical DDT generally consists of 15e20% o,p’-DDT and
80e85% p,p’-DDT (Metcalf, 1973), while dicofol contains higher o,p’-
DDT content. Hence, DDTs sources can be speculated by the ratio of
o,p’-DDT/p,p’-DDT, with ratios of 0.2e0.3 and 4.8e9.2 indicating the
source of technical DDT and the source of dicofol, respectively (Liu
et al., 2008b; Qiu et al., 2005). DDD and DDE are the major me-
tabolites of DDT under the environment of anaerobic and aerobic,
respectively. The ratio of (DDEþDDD)/DDT can be utilized to judge
degradation degree of DDT, and the value 1.0 is regarded as the
critical value, with high value indicating a long-term weathered
DDT source, while low value indicating a current DDT input (Hong
et al., 1999; Liu et al., 2015). Degradation environment for DDT can
be judged by the ratio of DDD/DDE, with values above 1.0 and
below 1.0 indicating an anaerobic dominant environment and an
aerobic dominant environment, respectively. As shown in Fig. S2(a),
the ratios of o,p’-DDT/p,p’-DDT ranged from 0.0 to 0.9, indicating
that the contamination was mainly from technical DDT with rarely
dicofol sources. This was consistent with a previous study that
technical DDT contributed 95% of the DDT source while dicofol
contributed 5% in 37 Chinese cities in 2005 (Liu et al., 2009). The
ratios of (DDEþDDD)/DDT ranged from 0.0 to 21.4 with a median
value of 1.1 (Fig. S2(b)), implying a multisource of history
contamination and recent usage, and history contamination was
the dominant source after taking into account DDT’s slow degra-
dation rate (Liu et al., 2015). (DDEþDDD)/DDT was further plotted
with o,p’-DDT/p,p’-DDT (Fig. S3(a)), and the ratios of o,p’-DDT/p,p’-
DDT for samples with (DDEþDDD)/DDT lower than 1.0 ranged from
0.0 to 0.9 (with amedian value of 0.2), further demonstrating that it
was technical DDT rather than dicofol that contributed to recent
DDT contamination in this study. The values of DDD/DDE ranged
from 0.2 to 7.8 with a median value of 1.3, indicating an anaerobic
degradation dominant behavior of DDT for most intertidal zones
(Fig. S2(c)), which likely implied oxygen depletion in these areas.
However, a dominance of aerobic degradation other than anaerobic
degradation was observed at CJ (Fig. S2(c)), which was inconsistent
with previous reports (Liu et al., 2008a), implying a different
environment of CJ intertidal zone from its adjacent estuaries and
seas or a changed environment during the past years. To sum up,
technical DDT mainly from historical usage was the main source of
DDTs in China’s intertidal zones. Also, recent usage of technical DDT
either in antifouling paints or for disease transmission control also
contributed to DDTs contamination, which was further verified by
the above observation that DDTs concentrations in this study were
comparable or even higher than those reported decades ago (Yuan
et al., 2001). For surface sediments in most intertidal zones in
China, anaerobic degradation is the dominant degradation mech-
anism of DDT.

Technical HCH, widely used during 1960s and 1970s, banned in
1983 and substituted by lindane from 1990s, was composed of a-



Fig. 3. Risk assessment of 8 OCPs (p,p’-DDD, p,p’-DDE, p,p’-DDT, DDTs, g-HCH, heptachlor epoxide, chlordane and endrin) in sediments of 14 typical intertidal zones (Green and red
long dashes represent ISQGs and PELs, while purple and blue long dashes represent ERLs and ERMs, respectively). (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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HCH (65e70%), b-HCH (5e6%), g-HCH (13%) and d-HCH (6%),
whereas lindane was composed of g-HCH (>99%) (Li et al., 1998).
HCHs contamination sources could thus be speculated by the ratio
of a-HCH/g-HCH, with values of 3.0e7.0 indicating the source of
technical HCH and values below 3.0 indicating the source of lindane
(Li et al., 1998; Wang et al., 2018). b-HCH is the most anti-
biodegradation and stable isomer among all HCH isomers, and
other isomers like g-HCH and a-HCH are relatively easy to be
transformed into the more stable b-HCH isomer (Feng et al., 2011).
Hence, the degradation degree of HCHs evaluated by b-HCH/HCHs
could be used to discriminate the historical usage of HCHs and fresh
input of HCHs (Li et al., 2018). In this study, the ratios of a-HCH/g-
HCH ranged from 0.0 to 6.0 (Fig. S2(d)), implying a multisource of
technical HCH and lindane. Besides, the values of b-HCH/HCHs
ranged from 0 to 0.9, with a median value of 0.4 (Fig. S2(e)), indi-
cating that most HCHs were from historical usage. Notably, for BDH
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and YLW, their samples in wet season were clustered together and
separated from other samples (Fig. S3(b)), and the ratios of a-HCH
were more than 65% in wet season, demonstrating that fresh input
of technical HCHwas themain source of HCHs for the two intertidal
zones in wet season.

PCA was also performed in this study to further identify the
OCPs sources. Six principal components with eigenvalues over 1
were extracted, with PC1, PC2, PC3, PC4, PC5, and PC6 accounting
for 24.3%, 17.8%, 13.7%, 10.2%, 5.6% and 4.7% of the total variance,
respectively (Table S10). Interestingly, regardless of PC4ePC6which
were associated with low frequently detected Drins, PC1ePC3 were
correlated well with DDTs, HCHs, and CHLs and Ends, respectively,
implying that the compounds within the same type of OCPs were
from the same source, and CHLs and Ends were of similar source
and probably used together. The results also indicated that CHLs
and Ends have different sources with DDTs and HCHs. Consistent
results were observed by correlation analysis for the 22 OCPs, with
compounds within the same type significantly correlatedwith each
other (Table S11). Since DDTs, HCHs, and CHLs and Ends were all
mixtures of parent compounds and their metabolites (Da et al.,
2014; Fang et al., 2016; Niu et al., 2017; Rahman et al., 2018; Sun
et al., 2018b), the above results further verified that the main
sources of them were of historical usage.

Further correlation analysis revealed that OCPs were generally
significantly and positively correlated with sediment properties
(TN, TP and TOC) and riverine based anthropogenic parameters,
while significantly and negatively correlated with province based
parameters (Table S12). The opposite correlations of OCPs con-
centrations with riverine based and province based pesticide con-
sumptions indicated that OCPs in intertidal sediments were mainly
from riverine input rather than local areas. Considering that
pesticide consumption was clustered with population and GDP
(Fig. 4), the relative variation in pesticide consumption could to
some extent represent the situation in the past decades. Besides,
since TOC was significantly and positively correlated with riverine
based anthropogenic parameters (Table S13), the strong and posi-
tive correlations of OCPs with TOC, TN and TP further implied that
through soil erosion, storm runoff and river input, OCPs
Fig. 4. PCA analysis of OCPs, sediment properties, riverine based and province based
anthropogenic parameters.
continuously entered into the intertidal zones together with
organic particles.

4. Conclusions

This study will be the first systematic nation-scale investigation
on the occurrence, distributions, fate and influential factors of OCPs
in sediments of China’s intertidal zones. The results showed that
OCPs concentrations ranged from 0.051 to 4141.711 ng/g in inter-
tidal sediments of China, indicating that OCPs still remained at a
high level, especially for DDTs which accounted for around 70% of
the total OCPs. By comparison with previous studies, HCHs con-
centrations in intertidal sediments presented a decreasing ten-
dency, while DDTs showed no sign of decrease for most intertidal
zones. Particularly, strikingly high levels of DDTs were observed in
JLJ, where all samples showed moderate to high risks. The high
concentrations of OCPs were not only attributed to their higher
historical inputs, but also because of the existence of recent usage
of technical DDT and technical HCH. Notably, an anaerobic domi-
nant degradation was observed for DDT in most intertidal zones,
and further studies are needed to investigate how much the
dominant degradation pathway of DDT in the environment has
been influenced by human activities. PCA analysis showed that
compounds within the same type were significantly correlated
(p < 0.05) and compounds from different types were separated
from each other, indicating that compounds within the same type
were likely from similar source. Further analysis implied that OCPs
continuously entered into the intertidal zones through runoff and
river input. Overall, the results indicated that further and contin-
uous attention should be paid to OCPs pollution.
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