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HIGHLIGHTS

» Sedimentary records, inventories and
burdens of DDTs and HCHs were studied.

* The records in estuarine environment
displayed remobilization of aged OCPs
from soil.

* The records in open sea reflected historical
trends of OCP application.

* The Yangtze outflow had a larger influence
on the OCP exposure in the region.

* The Yangtze still delivers relatively high
inputs of OCPs after the official ban.
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ABSTRACT

Four sediment cores were collected along the Yangtze-derived sediment transport pathway in the inner shelf of
the East China Sea (ECS) for OCP analysis. The sediment records of HCHs and DDTs in estuarine environment
reflected remobilization of chemicals from enhanced soil erosion associated to extreme flood events or large
scale land use transformation. The sediment records in the open sea, instead, reflected long-term historical trends
of OCP application in the source region. Unlike the so-called mud wedge distribution of sediment, inventories of
HCHs and DDTs slightly increased from the mouth of Yangtze River alongshore toward south, suggesting the
sediment deposition rate was one of factors on the exposure of chemicals within the inner shelf of the ECS.
Re-suspension and transport of the Yangtze-derived sediment and consequent fractionation in grain size and
TOC were also responsible for the spatial variation of inventories of catchment derived OCPs in a major repository
area of the Yangtze suspended sediment. The total burdens of HCHs and DDTs in the inner shelf of the ECS were
35 tons and 110 tons, respectively. After 1983 (year of the official ban in China), those values were 13 tons and
50 tons, respectively. It appears that the Yangtze still delivers relatively high inputs of DDTs more than
30 years after the official ban. High proportions of DDD + DDE and (3-HCH suggested those OCPs mainly originat-
ed from historical usage in the catchment recent years.
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1. Introduction

The river-derived material (water, sediments and pollutants) enter-
ing the seas has a tremendous ecological and toxicological influence
on the estuaries, coastal zones, and even continental shelf (McKee
et al. 2004; Chu et al. 2009). One of the best examples of the river-
dominated ocean margins is the inner shelf of the East China Sea
(ECS). The modern Yangtze River's annual sediment load has been
about 400 million tons during 2000-2007. This river discharges ~87%
of its annual sediments in the June-October flood season, when the
northward Zhejiang-Fujian coastal current (ZFCC) is weak and the
Taiwan Warm Current (TWW(C) is strong due to the prevailing south-
east monsoon. This leads to the accumulation of the Yangtze-derived
sediments in the estuarine system, forming the Yangtze River Estuary
mud area (YREMA) (Shen and Pan 2001; Su and Huh 2002). Short-
term monthly deposition rates near the river mouth during this period
are about 4.4 cm, in contrast to yearly integrated accumulation rates,
which are an order of magnitude lower, ~1-5 cm/yr. (DeMaster et al.
1985). In winter, strong wind-induced waves readily re-suspend fine
particles of the newly deposited sediments in YREMA which are then
transported southward along the inner shelf by the southward ZFCC.
This material is then constrained by the northward flowing TWWC to
the inner shelf of the ECS. Such complex dynamics underpin the forma-
tion of the Min-Zhe coastal mud area (MZCMA) (Liu et al. 2006, 2007).
Overall, a large amount of terrigenous sediment from the Yangtze River
forms a “mud wedge” extending ~1000 km from the Yangtze mouth to
the Taiwan Strait (Liu et al. 2006, 2007). Other sediment inputs from
small rivers south of the Yangtze River, such as the Qiantang River, the
Ou River and the Min River, and aerosol/dust, only make a relatively
small contribution (<5%) to the mud wedge compared to those originat-
ing from the Yangtze River (Lim et al. 2007).

Until now, a large number of studies have been made in the ECS to
document the fate of the Yangtze-derived sediment and various geolog-
ical and geochemical materials (Lin et al. 2002; Liu et al. 2010a,b; Xing
etal.2011; Youn and Kim 2011; Xu et al. 2012; Duan et al. 2013a), how-
ever, little is known concerning the fate of Yangtze River-derived persis-
tent organic pollutants (POPs) in this distinct depositional environment.
A few studies were focusing on assessing regional distribution of surface
sediments or vertical distribution of sediment cores only from the
Yangtze Delta (Chen et al. 2002; Li et al. 2012; Duan et al. 2013b). Avail-
able information is however insufficient for understanding redistribu-
tion and fate of POPs in such a complex system.

Due to hydrophobic nature, the transport of POPs is largely linked to
suspended sediment dynamics in the coastal environment (Latimer
et al. 1999; Tsapakis et al. 2006). Analysis of sediment cores systemati-
cally collected along the sediment transport pathway is necessary to
build up a more precise picture of historical pollutant inputs and their
fate in the inner shelf of the ECS. The present work aimed at assessing
levels, time trends and inventories of HCHs and DDTs in four sediment
cores in a major repository area of the Yangtze suspended sediment
plume from the ECS.

2. Materials and methods
2.1 Sample collection

In this study three sediment cores, namely N4 (123°00'E and
30°47'N, 148 cm long core), N6 (122°44'E and 30°30'N, 132 cm long
core) and S5 (122°30'E and 29°00'N, 130 cm long core), were collected
from June to September 2003, and one core (C8, 121°39'E and 27°38'N,
120 cm long core) was collected in April, 2009. The sediment cores
(N4, N6, S5 and C8) located along the mud wedge area in the south-
north direction (Fig. 1). All sediment cores were collected using a gravity
corer deployed from the R/V Dong Fang Hong 2 of the Ocean University
of China. The cores were cut into 1 cm (for core C8) or 2 cm (for cores
N4, N6 and S5) sections along the length using a stainless steel cutter
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Fig. 1. Map of East China Sea showing the locations where sample cores were collected.

in the laboratory. The subsamples were packed in aluminum foil and
stored at — 20 °C until analysis.

2.2 Sample treatment and analytical procedure

The sediment treatment and analytical procedures (including
sediment grain size, sediment dry density, TOC and 2'°Pb activities)
are described in detail in the Supporting Information and previous
papers (Guo et al. 2006, 2007).

2.3 Organic analysis of HCHs and DDTs

The organic analysis was completed for N4, N6 and S5 in 2006, and
for C8 in 2011. As recorded in Table S1, there were 29 for core N4, 18
for core N6, 16 for core S5 and 48 for core C8 subsamples which had
been selected and performed for OCPs analysis. In the laboratory, sedi-
ment samples were freeze-dried for 24 h, pulverized, and sieved
through stainless steel sievers (80-mesh). About 5 g of the treated sam-
ples were extracted in a Soxhlet extractor for 48 h with dichlorometh-
ane (DCM) at a rate of 2-3 cycles/h. A mixture of 2,4,5,6-tetrachloro-
m-xylene (TcmX) and decachlorobiphenyl (PCB209) was added to
each of the samples as surrogate standards prior to extraction. Activated
copper granules were added to the collection flask to remove elemental
sulfur. The extract was concentrated and solvent-exchanged to hexane
and purified using a 8 mm i.d. alumina/silica column packed (from the
bottom to top) with neutral alumina (3 cm, 3% deactivated), neutral
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silica gel (3 cm, 3% deactivated), 50% (on a weight basis) sulfuric acid sil-
ica (2 cm), and anhydrous sodium sulfate. Alumina, silica gel, and anhy-
drous sodium sulfate were Soxhlet extracted for 48 h with DCM, and
then baked for 12 h at 250, 180, and 450 °C before use, respectively.
The column was eluted with 50 mL of dichloromethane/hexane (1:1)
to yield the organochlorine pesticide (OCP) fraction. The fraction was
solvent-exchanged to hexane and concentrated to 0.5 mL under a gentle
nitrogen stream. A known quantity of pentachloronitrobenzene (PCNB)
was added as internal standard prior to gas chromatography-electronic
capture detector (GC-ECD) analysis.

OCPs were measured by GC-ECD (Agilent-6890 GC system, Hewlett-
Packard, USA). Target analytes included 8 compounds: a-HCH, 3-HCH,
v-HCH, 6-HCH, p,p’-DDT, o,p’-DDT, p,p’-DDE, p,p’-DDD in this study. A
CP-Sil 8 CB capillary column (50 m, 0.25 mm, 0.25 pm; DB-5MS, Agilent,
USA) was used, with helium as carrier gas at 1.2 mL min—! under con-
stant flow mode. Helium was filtered with moisture, hydrocarbon, and
oxygen traps before entering the GC-ECD system. The oven tempera-
ture began at 60 °C for 1 min and increased to 290 °C (10 min hold
time) at a rate of 4 °C min™". Splitless injection of a 1 pL sample was
performed with a 5 min solvent delay time. Injector temperature was
250 °C.

2.4 Quality control

All data were subject to strict quality control procedures, including
the analysis of blanks and spiked blank samples. Seven method blanks,
seven duplicate samples, and seven spiked blanks were analyzed
(one every ten real samples). The average surrogate recoveries were
73.2 4+ 10.1% and 94.9 4 10.3% for TcmX and PCB209, respectively.
The reported concentrations of HCHs and DDTs were not corrected for
surrogate recoveries.

3. Results and discussion
3.1 Grain size distribution and sedimentation rates

Sediments near the Yangtze River Mouth (Cores N4 and N6) were
dominated by clay (26%) and silt (62-70%), with a smaller fraction of
sand (7%) (Figure S1). Xu et al. (2009) found that on average clay, silt
and sand from the lower reaches of the Yangtze River were 18%, 72%
and 9%. Concerning the vertical profile of grain composition, some
anomalous values in the sand fraction were observed in several
sediment samples in the cores N4 and N6 (Figure S1). The variation of
the percentage of sand was explained by the inter-annual variation of
water and sediment discharge, as well as the Yangtze River flood or
ocean storm yearly (Wang et al. 2008). Sand fractions as low as 1%
were detected in the sediments in the cores S5 and C8 collected from
the MZCMA. These results confirm expectation regarding lower poten-
tial for re-suspension and long-range transport of coarse particles. In
addition, constant clay/silt ratio in Cores S5 and C8 indicates a stable
dynamic sedimentary environment in this area (Figure S1).

In general, sedimentation rates calculated from gradients of excess
210pp are valid only if the sediment column is not disturbed and the
distribution of 2'°Pb is at steady state. However, this ideal condition is
not common, especially in a dynamic environment like the inner
shelf of the ECS. Because of this it is more conservative to refer to the
210ph_hased sedimentation rates determined here as apparent values.
Cores N4 and N6 located in the YREMA displayed the highest apparent
sedimentation rates, averaging 2.47 cm/yr. and 1.89 cm/yr., respectively
(Figure S2). The average sedimentation rates for Core S5 and C8 (northern
and middle part of the MZCMA) were about 1.0 cm/yr. (Figure S2). Depth
distribution of excess 2!°Pb in Core S5 and C8 (R? > 0.8) suggested the
source of the sediments and sedimentation condition were stable over
time (Figure S2).

Sedimentation rates and grain size distribution patterns obtained in
this study are in agreement with previous reports (DeMaster et al. 1985;

Huh and Su 1999). The highest sedimentation rates (>2.0 cm/yr) are
found in the estuary of the Yangtze River from which is the largest
source of sediments in the ECS. There exists a general decrease of
sedimentation rates from the mouth of Yangtze River alongshore
toward south, meanwhile partial fine-grained sediments from the
Yangtze River were transported and later re-deposited southward
along the inner shelf (Liu et al. 2006; Wang et al. 2007b).

The concentrations of HCHs and DDTs in the surface sediments gen-
erally increased southward along the mud wedge area (Fig. 2), possibly
reflecting the decrease of sediment deposition rates, increase propor-
tion of fine-grain sediments and increase TOC (Zhu et al. 2011; Lin
et al. 2013). These findings are in good agreement with the gradual in-
crease of the PAH concentrations in surface sediment reported in earlier
work (Lin et al. 2013). Although the YRE and its adjacent YREMA serve
as main sink for the fluvial-derived sediments, sediment re-suspension
and transport play an effective role in remobilizing and consequently
“diluting” the concentration levels over a broader area.

3.2 Vertical variation of HCHs and DDTs in sediment cores in the ECS

In Core S5 and C8 collected from the MZCMA, eight targeted com-
pounds were detected in all samples. Differently, 5-HCH had detection
frequencies of 83% (24/29) and 44% (8/18) in core N4 and N6, respec-
tively (Table S1). The vertical variations of HCH and DDT concentrations
in sediment cores are shown in Fig. 2. Although the Yangtze outflow is
expected to be the predominant HCH and DDT source in the mud
wedge area, with expectedly no significant contribution from other
sources, sedimentary records varied considerably site-by-site along
the monitored transect (Fig. 2). Substantial site-by-site differences of
deposition rate along the sediment distribution pathway, and accompa-
nying sediment re-suspension and transport have clearly played a
crucial role in altering source signal from Yangtze River, and are the
most likely behaviors responsible for such a spatial variability in time
trend in the major repository area.

A considerable fluctuation of HCH and DDT concentrations along
with core depth was the most obvious feature of Core N4 in proximity
to the estuary. In this core, there is no identifiable general trend in dis-
tribution, presumably due to mixed effects of varied sedimentation
rates, shallow water depth (<20 m) and strong re-suspension. In spite
of this, the periods of the higher Yangtze sediment loading (associated
with extraordinary flooding) coincided with those of the higher concen-
trations of HCHs or DDTs (e.g. 1971, 1991 and 1998, especially of DDTs)
(Daiand Lu 2010). The accumulation of these pollutants in the sediment
bed was sensitive to enhanced outflow due to the fact that sediment and
associated pollutants were deposited rapidly and well-preserved in the
estuary mud area during flooding. A sudden increase of pesticide con-
centrations was observed during the late 1980s and the 1990s (being
this behavior more visible in Core N6). HCHs and DDTs were widely
used in China between 1950s and 1980s, and they were officially
banned in 1983. Since these contaminants are effectively retained in
soils, the contaminated agricultural areas can behave as secondary
source for many years after the ban. The sedimentary records of samples
N4 and N6 at the estuary of the Yangtze confirms that soil erosion is a
significant process affecting remobilization of OCPs as previously
hypothesized by Zhang et al. (2002). Furthermore, the enhanced soil
erosion associated with large scale land use change and other forms of
disturbance can promote such a remobilization. The lower Yangtze
region experienced a dramatic transformation from an agricultural
economy to an industrial one after the middle 1980s and until year
2000, with an intense conversion of lands from agriculture to residential
or industrial which may have caused a significant increase in soil
erosion. Such a large scale transformation could have resulted in signif-
icant remobilization of persistent contaminants from agricultural soils
(Figure S3). After year 2000 the rate of land use change significantly
declined in this area (Figure S3). Notably this trend is reflected by a con-
comitant decline of OCP concentrations in the sediments (Fig. 2).
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Fig. 2. Time trends of HCH and DDT concentrations in sediment cores N4, N6, S5 and C8.
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Present result represents an evidence of the link between intense land
use change and increased remobilization of OCPs from soils over a
vast geographical area. The vertical profiles of DDT metabolite signature
in core N4 and N6, appear to confirm this link. DDE and DDD propor-
tionally increased (relatively to DDTs) upward in the cores, suggesting
catchment-derived aged DDT previously stored in soils was the princi-
pal source of sediment exposure (Li et al. 2006) (Fig. 3).

In Core S5 and C8 collected from the MZCMA, an initial increase in
HCHs and DDTs levels was observed during the period 1960-1980.
These corresponded to the period of most intensive use of HCHs and
DDTs in China (Wang et al. 2005, Figure S4). The dramatic decline of
HCHs immediately observed after the 1980s in these cores can be attrib-
uted to regulatory restrictions and ban in the agricultural usage (Lin
et al. 2012a, Figure S4). The ratio of B-HCH/HCHs consistently increased
after 1980 in core C8, also suggesting there was no fresh HCH input after
the ban (Fig. 3). Similarly, a constant and higher ratio of (DDD + DDE)/
DDTs (>0.6) can be observed following the 1980s, suggesting DDTs
were mainly derived from secondary source. However, in the same
cores there is no evidence of declining trend in DDTs following its ban
in China in 1983. DDTs had lower volatilities compared with HCHs,
and the DDT residues in agricultural soil should be more persistent
than HCHs after the ban. Besides, although the general trend of DDTs
in the sediment cores suggest aged DDTs stored in soils as the main
source, on-going inputs of fresh DDTs from the Yangtze catchment to
the inner shelf of the ECS cannot be excluded. After technical DDT was
banned in agriculture, technical DDT was used for more than additional
twenty years for other purposes, (e.g. DDT-activated antifouling paint
and public health). This may help to partially explain the observed
high p,p'-DDT levels in the sedimentary record of the inner shelf of the
ECS after the ban (Lin et al. 2009, 2012b).

Since the Yangtze-derived HCHs and DDTs are deposited quickly
with high sediment deposition rates in YREMA, the signal of soil erosion
controlled by intra-annual variation of water and sediment discharge by
the Yangtze can be well preserved as shown in sedimentary records of
HCHs and DDTs in the estuarine environment. As a consequence, sedi-
ment deposition rate was key factor in determining sediment records
of HCHs and DDTs in the estuarine environment. In contrast, expected
diminishing signal of short term extreme events in sedimentary record
was observed with sediment re-suspension and transport as it appears
from the cores collected in the southern inner shelf of the ECS. A number
of processes can play a role in determining observed variability during
the sediment re-suspension and transport. These possibly include
physical dispersion of sediments carrying different contaminant signa-
tures and subsequent mixing in the water column, re-equilibration of
contaminants between suspended sediments and the water phase,
and contaminant degradation. Considering the time lag for the transport
of sediment re-suspended from the estuarine environment by the ZFCC
and TWWC toward their stable depositional environment, the redistri-
bution between sediment and water tended to be in approximate
balance in water column. As a result, sediment cores (e.g. C8) collected
in the distal mud area in the southern inner shelf of the ECS, reflected
the overall trend of OCP input into the ECS, which show sedimentary
records fitting more with available data of historical application before
the ban as well as significant rebound driven by enhanced soil erosion
from the late 80s.

3.3 Mass inventories
The fluxes (F, ng/cm? yr) and inventories (I, ng/cm?, 1950-2003) of
HCHs and DDTs were calculated for each core according to the following

equations (Egs. (1)-(2)):

Fi = CipiRi (1)

=3 F (2)

where Ci (ng/g) is the concentration of HCHs or DDTs in sedi-
ment, pi (g/cm?) is the dry sediment density, and Ri is sedimentation
rate cm/yr. Since pesticide concentration was not measured in all the
core sections representing individual years, linear interpolation was
used to estimate flux data of the non-analyzed sections (Fig. 4,
Table S2).

Although the OCP concentrations within the inner shelf of the ECS
varied considerably across locations (factor of 3-5) (Fig. 3), invento-
ries only ranged between 32 and 47 ng/cm? for HCHs and 86-
144 ng/cm? for DDTs (Fig. 5). Unlike concentrations, the HCH and
DDT fluxes and inventories remained relative constant in the sedi-
ment transport direction as a result of different sedimentation
rates, re-distribution/release of OCPs across and from suspended
sediments along the transport path.

Inventories estimated here are lower than those previously reported
for estuaries or coastal environments of heavily polluted areas such as
the Pearl River (36.6-1109.5 ng/cm? for DDTs and 11.2-226.3 ng/cm?
for HCHs with a span of 30-50 years (Zhang et al. 2002)). However,
the Yangtze OCP outflow was estimated to be higher (of a factor
of ~6) compared to that of the Pearl River (Wang et al. 2007a; Chen
et al. 2006). This result suggests that a large amount of the Yangtze
River-derived OCP is deposited over a much larger areas resulting in
lower local inventories in individual point.

3.4 Total burdens in the ECS

The calculated inventories of HCHs and DDTs in the sediment
cores were used to provide a first rough estimate of the total burdens
of HCHs and DDTs in the inner shelf of the ECS (Fig. 5). The deposi-
tional area covers a surface of approximately 100,000 km? within
the inner shelf of the ECS. Burdens were calculated in each area
(eight areas divided every 0.5° latitude from 27°N to 31°N) by as-
suming the mean value of inventory correlated with TOC and sedi-
ment rate across all the area (Fig. 5). This resolution is clearly
insufficient for providing a detailed picture of burdens for such a
large surface. Its result however can provide useful information on
the magnitude of the sediment compartment as storage and poten-
tial secondary source for the aquatic environment. The total sedi-
ment burdens of HCHs and DDTs in the inner shelf of the ECS were
estimated to be 35 tons and 110 tons, respectively. After 1983, the
total sediment burdens of HCHs and DDTs in the inner shelf of the
ECS were 13 tons and 50 tons, equivalent to one third and one half
of the total, respectively. It appears therefore that the Yangtze
still delivers relatively high inputs of DDTs more than 30 years
after the official ban. Besides, this is important since this shallow
water area routinely experiences extreme meteorological events as-
sociated to the monsoon regime, which can lead to sediment distur-
bance, resuspension and continuous upward re-mobilization of old
OCPs.

Historical data on OCP production in China (Wei et al. 2007) report a
total production of technical HCH (4.9 million tons) much higher than
technical DDT (0.4 million tons). In contrast, the observed mean ratio
of sedimentary burdens of HCHs and DDTs was 1:3 in the inner shelf
of the ECS. From the source-to-sink point, the relative inventory/burden
of HCHs compared to that of DDTs consistently declined. This is clearly
due to differences in physicochemical and biochemical properties, as
the HCHs have higher water solubility, vapor pressure and biodegrad-
ability, and consequently lower affinity to sediments and lower persis-
tence compared to the DDTs (Shen and Wania 2005). Thus, HCHs can
transport and disperse more widely than DDTs, while DDTs is more
restrained in sediment/soil near the source regions. In addition, com-
pared with its original components (both Technical HCH and Lindane),
-HCH was the most abundant one among the four isomers of HCHs
(with a mean percentage of over 40%, Fig. 3) in all sediment
cores, suggesting sediment is still the major sink of 3-HCHs in the
environment.
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Fig. 4. Down-core variations of HCH and DDT fluxes in sediment cores in the ECS.

4. Conclusions

This study documented the influence of riverine input from catch-
ment in defining sedimentary records over a very large receptor area
in the continental shelf. The aged OCP remobilization associated to
enhanced soil erosion in the Yangtze catchment are very well represent-
ed in the sedimentary records in the estuarine environment. Consider-
ing the time lag for the transport of sediment re-suspended from the
Yangtze estuarine environment, direct influence of the Yangtze River
sediment discharge was decreasing along the mud area. The sediment
records from the distal mud area along the coast gave expected time
trend of their regional application history.

Unlike the so-called mud wedge distribution of sediment, the HCH
and DDT fluxes and inventories remained relative constant in the sedi-
ment transport direction, suggesting Yangtze River outflow had a large

0 02 04 06 0.

influence on the exposure over the ECS associated with re-suspension
and transport of the sediment in the estuary. After OCPs official ban in
China (1983), the total sediment burdens of DDTs still represented a
large fraction of the total sediment burden, showing an on-going high
input from the catchment associated with the enhanced soil erosion
and new usage.
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