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Abstract The residual levels of organochlorine pesti-
cides (OCPs) were examined in soils covering five types
of land use along a salinity gradient on the Yellow River
Delta. The most prominent OCPs were dichlorodiphenyl-
trichloroethane (> DDT, arithmetic mean = 5.11 pg
kg™ "), hexachlorocyclohexane (O_HCH, 1.69 pg kg™
and >_endosulfan (10.4 pg kg™"). The spatial variability
of OCPs composition shifted from y-HCH and o,p’-DDT
dominated pesticides in coastal soils to p,p’-DDE dom-
inated pesticides in inland soils. In different land-use
types, the percentages of B-HCH and p,p’-DDE are
characterized by more recalcitrant components in
decreasing order of vegetable fields, cereal fields, cotton
fields, wetlands and tidal flats with increasing soil
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salinity. However, the less recalcitrant components, -
HCH and o0,p'-DDT, showed an opposite trend. Endo-
sulfan sulfate predominated in all land-use types. Resid-
ual levels of B-HCH were affected by soil organic matter.
The correlations between y-HCH and clay content and
between p,p’-DDE, o,p'-DDT and salinity might associ-
ate with the influence of sediment cotransport by the
Yellow River and the density of anthropogenic activities
in coastal region. Depth distribution of the OCPs in
typical soil profiles also implied that local historical usage
and sediment transport by the Yellow River both affected
the OCPs residual in this region.
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Introduction

Organochlorine pesticides (OCPs) such as
dichlorodiphenyltrichloroethane (DDT) and hexachloro-
cyclohexane (HCH) are characterized by toxicity, stability
and recalcitrance to degradation in natural environments
and are of worldwide concern. They have been found in a
wide range of environmental media throughout the world
since 1960s reported firstly (Iwata et al. 1994). Soil is an
important reservoir for OCPs and plays an important role
in their distribution and environmental fate. Residual levels
and environmental behavior of OCPs in soils are a
complex function of the balance between inputs and losses,
and these were determined by agricultural practices such as
cultivation history and flood irrigation and soil properties
such as pH and organic matter (Boul et al. 1994; Zhang
et al. 2006, 2012a; Gao et al. 2013). Land-use types can
reflect the variation in agricultural activities and soil
conditions and consequently affect the OCP residues in
soils. Munn and Gruber (1997) found that upstream soil
erosion might be an important factor to control the residual
levels of DDTs in the irrigated agricultural soils of
downstream area. Yu et al. (2013) reported that residual
levels of HCHs and DDTs varied spatially with land-use
types due to the variation in soil properties. In coastal
regions, river sediments and salt ions also contribute
greatly to the distribution and degradation of organochlo-
rine pollutants. Lee et al. (2001) found that silt and clay in
sediments of coastal regions were the dominant factors in
the retention of HCHs. Cho and Oh (2005) reported the
inhibition of dechlorination of PCBs in lower Hudson
River sediments in the USA with high sulfate concentra-
tions due to the suppression of the growth of methanogens.

Organochlorine pesticides including DDTs and
HCHs were extensively used in paddy field and cotton
field in China (Wong et al. 2005). Although applica-
tion of technical HCH and DDT has been banned in
China since 1983, their residues were still detected
ubiquitously with a high level in the coastal soils of the
Haihe Plain, the Yangtze River Delta and the Pearl
River Delta (Tao et al. 2008; Zhang et al. 2009; Yu
et al. 2013). Fresh inputs of HCHs and DDTs in soils
were also identified, which were assumed to be
sourced from the usage of lindane, dicofol and DDT-
containing antifouling paints (Qiu et al. 2005; Wei
et al. 2007). Endosulfan, a type of organochlorine
pesticide in use currently, has been applied to control
pests in cotton wheat, tea, tobacco, apple and other
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fruits in China since 1994 (Jia et al. 2009). The
extensive application of endosulfan has contributed to
a high residual level in the soils of the eastern coastal
farmland of China (Jia et al. 2010; Zhang et al. 2012b).

The Yellow River Delta, one of China’s three major
river deltas, was scheduled by the State Council of
China to be developed into a large ecological and
economic region. The delta has been undergoing rapid
development of chemical industry and agriculture,
which could produce large amounts of new organic
pollutants in addition to the residue of formerly
applied chemicals. However, limited studies have
been conducted on organochlorine pollutants in this
area which were mainly connected with residual levels
in the sediments and the birds of the estuary (Da et al.
2013, 2014; Gao et al. 2009). To our knowledge, no
studies have been reported regarding the impact of
land-use type and soil properties such as salinity and
clay content on the residue, distribution and sources of
organochlorine pollutants on such a coastal plain. The
objective of the present study was to examine the
impact of land-use types and soil physicochemical
properties on the residues of soil OCPs on such a large
spatial scale. The study was designed to give a new
insight on the fate and possible sources of organochlo-
rine pollutants on the coastal plain.

Materials and methods

Site description, soil sampling and sample
preparation

The Yellow River Delta, one of three major river
deltas in China, is situated on the south coast of the
Bohai Sea with a temperate, semi-humid continental
monsoon climate. The average annual temperature is
11.7-12.6 °C. The average annual precipitation is
530-630 mm, of which 70 % occurs as rainfall during
summer (May—July), and the average annual evapo-
ration is 1900-2400 mm (Zhang et al. 2011a). The
crop rotation typically consists of cotton to cereals and
then to vegetables. The main soil types are Calcaric
Fluvisols (moisture soil), Salic Fluvisols (moist saline
soils) and Gleyic Solonchaks (coastal moist saline
soils) according to the FAO soil classification (FAO,
TUSS Working Group WRB 2007). The alluvial soil is
mainly developed on loess material of the quaternary
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period carried by Yellow River from the Loess
Plateau. The main crop in the core area of the delta
is cotton with limited areas of winter wheat, maize,
vegetables and rice. The dotted line in Fig. 1 could
divide the delta into newborn land and older land. The
right side of the dotted line named as modern Yellow
River Delta (mYRD) is a newborn land originating
from the shifting of the tail course of the Yellow River
from south to north since 1855. The mYRD starts at
Ninghai, Shandong Province, and stretches from the
Tao’er River in the north to the Zimai River in the
south, 97 % of which is located in Dongying City
(Zhang et al. 2011a). Half of the water derived from
the Yellow River is used for irrigation in the mYRD
(Chen et al. 2007).

The spatial distribution of the sampling sites is
shown in Fig. 1. Details of their coordinates, land-use
types and locations are given in the supplementary ma-
terial (Table 1S). Twenty-eight surface soil samples
(0—10 cm) at 28 locations were collected across the
delta region in November 2012. Approximately 1 kg
samples were taken and mixed from three randomized
points in each location using a sample spacing of 10 m.
All sampling sites are recorded as vegetable field, cereal
field, cotton field, wetland or tidal flat according to
land-use type. Due to more than 70 % of the area in the
YRD was covered by saline soils (Zhang et al. 2011a), a
larger number of cotton as most salt-tolerant crop in this

area were sampled than other fields. Horizon samples
were collected based on pedogenic features of the soil
profile. Twenty-six profile samples from six soil
profiles (Y03, Y06, Y10, Y11, Y16 and Y17) in cotton
field with 4-5 soil segments were selected to investigate
the depth distribution of OCPs. Different profile
segments could be combined into four horizons based
on depth ranges comprising (1) the surface horizon
(020 cm), (2) subsurface horizon (2040 cm), (3)
middle horizon (40-70 cm) and (4) basal horizon
(70-120 cm). About 1 kg samples from each soil
horizon were collected using a clean stainless steel
spade and were placed in 1-1 brown glass vials. The
horizon samples were collected from bottom to the top,
and the spade was washed with deionized water prior to
next sampling. All the samples were transported to the
laboratory and kept at —20 °C in a freezer until further
treatment. Each sample was divided into two equal
parts: one for OCPs analysis (250 g for freeze-drying at
—55 °C for 1 week) and the other for soil properties
analysis (250 g for air-drying at room temperature).
The freeze-dried and air-dried samples were crushed to
pass through a 10-mesh screen and ground to pass
through 60-mesh screen and 100-mesh screen using a
mortar and pestle or an agate mill.

Soil pH (water/soil = 2.5/1), salinity (wa-
ter/soil = 5/1) and clay content (<2 pm, laser particle
analyzer) were determined on the 10-mesh air-dried

Fig. 1 Locations of
sampling sites. The dotted
line region shows the
modern Yellow River Delta
(mYRD). The mYRD is a
newborn land originating
from the shifting of the tail
course of the Yellow River
from south to north since
1855. The mYRD starts at
Ninghai, Shandong
Province, and stretches from
the Tao’er River in the north
to the Zimai River in the
south, 97 % of which is
located in Dongying City.
Half of the water derived
from the Yellow River is
used for irrigation in the
mYRD
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sample. Soil cation exchange capacity (CEC, NaOAc
extraction) and soil organic matter (SOM, K,Cr,0,
oxidation) were estimated on the 60- and 100-mesh
air-dried samples, respectively. Analysis of the soil
properties was based on the methods of Lu (1999).

Sample extraction and OCP analysis

All analytical grade solvents (dichloromethane, n-hex-
ane and acetone) used were obtained from Sinopharm
Chemical Reagent Co., Shanghai, and distilled prior to
use. The anhydrous sodium sulfate (400 °C for 4 h),
6 % deactivated neutral alumina (300 mesh, 450 °C
for 16 h) and 3.3 % deactivated silica gel (300 mesh,
130 °C for 16 h) were transferred into a column (mass
ratio of anhydrous sodium sulfate/neutral alumina/
silica gel 3:3:2) to purify the extract. Standard
mixtures of HCB, «-HCH, B-HCH, y-HCH, &-HCH,
p.,p’-DDD, p,p'-DDE, p,p’-DDT, 0,p’-DDD, 0,p’-DDE,
o,p'-DDT, a-endosulfan, B-endosulfan, methoxychlor,
mirex, heptachlor, heptachlor epoxide, chlordane,
dieldrin, endrin and aldrin together with the single
standard of endosulfan sulfate were purchased from
AccuStandard (New Haven, CT).

Five grams of freeze-dried soil sample (<250 pm)
was transferred to a pre-extracted glass centrifuge tube
and spiked with a recovery standard containing
2,2'.4,4',6,6'-hexachlorobiphenyl (PCB 155, AccuS-
tandard, New Haven, CT). Samples were ultrasonic
extracted using 20 ml mixed solvent of acetone/n-
hexane (1:1 v/v) for 15 min. The mixture was
centrifuged, and the extract was collected. The
procedure was then repeated twice, and the extracts
were combined. The extracts were concentrated to
1 ml by rotary evaporation and solvent-exchanged
into n-hexane. The concentrated extracts were cleaned
up on the sodium sulfate/neutral alumina/silica gel
column (pre-washed with n-hexane) eluting with
30 ml of dichloromethane/n-hexane (v/v 1:1). The
effluent was blown down to I ml under a gentle stream
of nitrogen.

Samples were analyzed with an HP Gas Chro-
matograph 5890 equipped with an electron capture
detector (ECD). A DB35-MS column (30 m, i.d.
0.25 mm, film thickness 0.25 um) was used. High-
purity nitrogen was used as carrier gas at 1.0 ml min~".
The oven temperature program was as follows: injector
and detector temperatures were 240 and 300 °C,
respectively, initial run temperature was set at 80 °C
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and held for 0.5 min, ramped at 20 °C min~" to 200 °C
and held for 1 min, and ramped at 5 °C min~' to
280 °C and held for 8 min. Peak identification was
conducted by comparison with the retention time of
each standard (£0.05 min).

Quality assurance/quality control

Table 1 presents parameters of QA and QC in the
analysis of OCPs. The calibration standard solution
contained 22 individual OCPs and decachlorobiphenyl
(PCB 209) as the internal standard. Six levels of
calibration standards (2.0, 5.0, 10, 25 and 50 ng ml~!
and PCB 209 at a fixed concentration of 25 ng ml~")
were used to prepare the calibration curves. The
correlation coefficients (r) of calibration curves of
OCPs were all higher than 0.99. The method detection
limits (MDL) for the OCPs were determined by 3:1
signal versus noise value (S/N). For every set of ten
samples, procedural blanks, spiked blanks and repli-
cate samples were run to check for interference and
cross-contamination. In addition, a surrogate standard
was added to each of the samples to monitor proce-
dural performance and matrix effects. The recoveries
of surrogate (PCB 155) with which soil samples were
spiked ranged from 80.1 to 113.4 %, and the relative
standard deviation (RSD) values were <15 %.

Statistical analysis

All statistical analysis was carried out using the SPSS
20.0 for Windows. Concentrations of OCPs in soils
were summarized using arithmetic means. The corre-
lations of organochlorines with various soil parame-
ters were analyzed by the Pearson correlation
coefficient. A p value of <0.05 (two tail) was
considered to be statistically significant. Log-trans-
formed data were used to perform normal distribution.

Results and discussion
Soil properties in the study area

The soil properties are given in Table 2. The nature of
the soils in the delta is sandy, saline and alkaline. The
soil salinity sequence was: vegetable fields < cereal
fields < cotton fields < wetlands < tidal flats. For
agricultural production, the crop cultivation in the
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Table 1 Recovery and method detection limits for the analysis of organochlorine pesticides

Organochlorine MDL Recovery RSD Organochlorine MDL Recovery RSD
pesticide (ng kgfl) (%) (%) pesticide (ng kgf') (%) (%)
HCB 0.20 87.3 7.0 a-Endosulfan 0.13 93.3 4.2
a-HCH 0.12 95.7 10.2 B-Endosulfan 0.26 93.2 8.5
B-HCH 0.16 81.6 13.5 Endosulfan sulfate 0.11 84.0 10.1
v-HCH 0.20 78.4 7.6 Methoxychlor 0.08 88.0 2.8
5-HCH 0.13 89.5 4.4 Mirex 0.28 92.5 9.2
p,p'-DDD 0.12 81.6 43 Heptachlor 0.16 82.6 59
p,p'-DDE 0.20 86.5 10.4 Heptachlor epoxide 0.22 71.7 8.4
p,p'-DDT 0.26 86.8 8.9 Chlordane 0.18 88.1 6.3
o,p'-DDD 0.15 80.9 5.7 Dieldrin 0.18 75.4 12.2
o,p'-DDE 0.17 94.0 5.4 Endrin 0.17 76.0 9.2
o,p/-DDT 0.22 102.3 6.5
Table 2 Main properties of soils in the Yellow River Delta
Land-use type Salinity (g kg™") CEC (cmol kg™ SOM (%) Clay (<2 pm, %) pH

Mean Range Mean Range Mean Range Mean Range Mean Range
Vegetable fields (5) 097 0.17-3.66  8.59 4.26-158 1.54 1.08-2.37 6.85 3.24-9.04 8.03 7.77-8.22
Cereal fields (4) 1.63  0.084.02 9.32 4.16-17.7 149 0.59-2.63  8.66 492-146 791 7.62-8.16
Cotton fields (13) 3.18 0.31-838 7.72 3.77-13.3  1.17 0.57-2.09 6.98 4.41-10.1  8.00 7.80-8.24
Wetlands (4) 13.1 2.60-20.0 9.40 5.46-19.3  2.20 0.77-6.01 643 421-8.22 798 7.90-8.05
Tidal flats (2) 18.1 10.6-25.5 5.28 3.71-6.58 1.11 0.82-1.40  5.06 4.49-5.63  8.26 8.14-8.38

CEC cation exchange capacity, SOM soil organic matter

YRD has experienced three stages. First, large areas of
grassland and wilderness with high soil salinity were
cultivated with salt-tolerant crops such as cotton, then
cereal crops such as maize and rice after soil
desalination, and finally vegetables with increasing
soil fertility. Therefore, the salinity gradient along
with the change in land-use type from vegetable fields
to tidal flats corresponds to long-term cultivated soil to
newly deposited natural sediments. The SOM content
was higher in vegetable fields and wetlands, repre-
senting anthropogenic and naturally induced carbon
stocks.

Residuals of OCPs in the surface soils
A summary description of mean and range values and

detection frequencies for individual OCPs in the
surface soils of different land types is presented in

Table 3. The total OCP concentrations ranged from
136 to 200.1 pgkg™' with a mean value of
22.7 ug kg~'. DDTs and endosulfans were the two
most frequent classes of compound followed by HCB
and HCHs. The concentrations of DDTs and HCHs
were all below the standard value (50 pgkg™')
determined by the State Environmental Protection
Administration of China (SEPA 1995). However, 17
soil samples have the DDT level (4.2-17.6 pg kg™")
higher than the ecological screening value for soil
(2.5 pg kg~ ") recommended by Environmental Pro-
tection Agency of the United States (US EPA)
(USEPA 2001), and three of these samples
(11.1-17.6 ug kg~ ") even exceed the Dutch target
value (10 pg kg™") (NMH 2000). The concentrations
of endosulfans in most samples were higher than the
Dutch target value for unpolluted soil (0.01 pug kg™ "),
but much lower than the Dutch intervention values
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Table 3 Summary of OCPs in surface soils of different land-use types in the Yellow River Delta (ug kg~ ' dry weight)

OCP Vegetable fields (n = 5) Cereal fields (n = 4) Cotton fields (n = 13)

Mean Range DF (%) Mean Range DF (%) Mean Range DF (%)
HCB 0.70 BDL-1.54 80.0 1.55 BDL-2.16 75.0 1.02 BDL-3.08 76.9
o-HCH BDL BDL BDL
B-HCH 0.95 BDL-4.76 20.0 0.44 BDL-1.67 25.0 0.75 BDL-2.69 46.2
v-HCH 0.28 BDL-1.32 20.0 0.43 BDL-1.73 25.0 1.62 BDL-5.81 69.2
6-HCH BDL BDL BDL
> HCH 1.23 BDL-6.09 20.0 0.87 BDL-3.40 25.0 2.37 BDL-7.11 69.2
p.p'-DDE 3.10 BDL-6.66 60.0 1.88 BDL-5.16 50.0 1.61 BDL-8.49 61.5
p.p-DDT 1.91 0.46-3.49 100 1.64 0.51-5.07 100 1.48 BDL-8.84 92.3
o,p/-DDT 0.91 BDL-2.05 80.0 2.48 BDL-5.15 75.0 2.35 BDL-6.71 69.2
o,p’-DDD BDL BDL 0.15 BDL-1.99 7.7
> DDT 591 0.46-11.1 100 6.02 0.61-10.8 100 5.60 0.60-17.6 100
o-Endosulfan BDL BDL 1.54 BDL-19.9 15.4
B-Endosulfan 0.16 BDL-0.71 20.0 0.16 BDL-0.63 25.0 5.47 BDL-60.5 69.2
Endosulfate 0.61 BDL-2.04 80.0 5.21 0.54-18.4 100 12.8 0.12-80.7 100
> Endosulfan 0.77 0.13-2.04 100 5.37 0.57-18.4 100 19.8 0.40-161.1 100
Methoxychlor 0.37 BDL-1.84 20.0 1.19 BDL-1.84 75.0 2.27 BDL-11.0 53.8
Heptachlor 0.15 BDL-0.76 20.0 0.27 BDL-1.07 25.0 0.01 BDL-0.16 7.7
Chlordane BDL BDL 0.86 BDL-9.26 23.1
Dieldrin 0.13 BDL-0.67 20.0 0.08 BDL-0.32 25.0 0.31 BDL-2.41 30.8
Endrin BDL 3.22 BDL-12.9 25.0 1.60 BDL-8.30 23.1
OCP Wetlands (n = 4) Tidal flats (n = 2) All sites (n = 28)

Mean Range DF (%) Mean Range DF (%) Mean Range DF (%)
HCB 0.38 BDL-0.73 75.0 2.07 BDL-4.09 50.0 0.99 BDL-4.09 75.0
o-HCH BDL BDL BDL
B-HCH BDL 0.22 BDL-0.44 50.0 0.59 BDL-4.76 32.1
vy-HCH 0.98 BDL-1.99 50.0 1.86 1.38-2.33 100 1.10 BDL-5.81 53.6
5-HCH BDL BDL BDL
> HCH 0.98 BDL-1.99 50.0 2.08 1.38-2.78 100 1.69 BDL-7.11 53.6
p.p'-DDE 0.66 BDL-1.71 50.0 BDL 1.61 BDL-8.49 53.6
p.,p-DDT 0.25 BDL-0.60 75.0 0.11 BDL-0.23 50.0 1.28 BDL-8.84 89.3
o,p/-DDT 3.70 BDL-8.85 50.0 1.30 BDL-2.60 50.0 2.15 BDL-8.85 67.9
o,p’-DDD 0.01 BDL BDL 0.07 BDL-1.99 3.57
>"DDT 4.62 BDL-10.4 75.0 1.42 0.23-2.62 100 5.11 BDL-17.6 96.4
o-Endosulfan 0.38 BDL-1.53 25.0 BDL 0.74 BDL-19.9 10.7
B-Endosulfan 0.44 BDL-1.70 25.0 BDL 2.56 BDL-60.5 429
Endosulfate 3.44 BDL-11.9 75.0 BDL 7.04 BDL-80.7 85.7
> Endosulfan 4.26 BDL-15.1 75.0 BDL 10.4 BDL-161.1 89.3
Methoxychlor 2.04 BDL-7.72 50.0 BDL 1.53 BDL-11.0 46.4
Heptachlor 0.90 BDL-2.99 50.0 BDL 0.19 BDL-2.99 17.9
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Table 3 continued

OCP Wetlands (n = 4) Tidal flats (n = 2) All sites (n = 28)

Mean Range DF (%) Mean Range DF (%) Mean Range DF (%)
Chlordane 2.94 BDL-11.75 25.0 BDL 0.79 BDL-11.8 14.3
Dieldrin 1.15 BDL-4.61 25.0 BDL 0.33 BDL-4.61 25.0
Endrin 4.13 BDL-16.5 25.0 BDL 1.73 BDL-16.5 17.9

BDL below detection limit, DF detection frequency (Percentage of samples containing OCPs at a concentration above the detection

limit)

(4000 pg kg_l) (NMH 2000). In addition, concentra-
tions of other measured OCPs (including HCB,
dieldrin and endrin) were basically lower than the
corresponding ecological screening values of the US
EPA (USEPA 2001). Therefore, the soils in this region
are unpolluted or slightly polluted by OCPs and
suitable for agricultural production.

The highest residual levels of HCHs, DDTs and
endosulfans were all found in the samples from cotton
fields. The y-HCH, o0,p'-DDT and endosulfan sulfate
predominated the HCH isomer, DDT and endosulfan
metabolites, respectively. This is much different to the
results reported in other areas. Zhang et al. (2009)
found that B-HCH and p,p’-DDE were the most
abundant components of HCHs and DDTs in soils of
the Yangtze River Delta and were mainly derived from
the historical residue. The YRD is a coastal region
with irrigation mainly from the Yellow River which
contains a higher proportion of sediment (Chen et al.
2007). The Yellow River sediment is mainly sourced
from soil erosion in the farmland of upstream region
(such as in the Loss Plateau); therefore, the
organochlorine pesticides might be transported and
deposited into the estuarine regions of the YRD by
river (Munn and Gruber 1997; Wei et al. 2007).
Heptachlor, chlordane, dieldrin and endrin were found
at lower detection frequencies, and the highest values
were detected in the wetlands. The high concentration
of OCPs in the wetland could be caused by river
transport as well as the retention of soil organic matter
(Gao et al. 2013). Higher organic matter was detected
in the soils of wetland (Table 2), which might
contribute a lot to the retention of these four OCP
species due to their relatively high hydrophobic
properties (log K., ranged from 5 to 6) (Shoeib and
Harner 2002). However, no significant (p > 0.05)
difference of the OCPs mean concentrations was
found between agricultural lands and wetlands.

Compared with previous investigations in culti-
vated soils from coastal regions (Table 4), the
residual levels of DDTs and HCHs in this study
were both lower than those in the Yangtze River
Delta and the Pearl River Delta, the two main river
deltas in China (Zhang et al. 2009; Yu et al. 2013).
HCH concentrations in the soils were comparable to
the data reported in the Xinghua Bay and the Indo-
Gangetic Plain, but slightly higher than on the
Liaohe River Plain, three alluvial plains with a long-
term history of human cultivation (Zhang et al.
2011b; Teng et al. 2013; Singh et al. 2007). It
should be noticed that current levels of endosulfans
were much higher than those in Zhejiang and
Shanghai agricultural soils and comparable to those
in Mexico and Spain (Zhang et al. 2012a, b; Jiang
et al. 2009; Cantu-Soto et al. 2011; Plaza-Bolafios
et al. 2012).

Possible sources of OCPs
Spatial distribution

The spatial distribution of major fractions of DDTs,
HCHs and endosulfans in surface soil of the Yellow
River Delta is presented in Fig. 2. HCHs dominated by
-HCH and y-HCH showed a wide distribution in soils
of the mYRD (Fig. 2a). Da et al. (2013) also observed
an elevated level of HCHs in sediments of the Yellow
River Estuary. In the case of DDTs, it was noticeable
that p,p’-DDE and o0,p’-DDT presented a contrasting
spatial distribution in this region (Fig. 2b). It seems
that a higher proportion of o0,p'-DDT was detected
mainly inside the mYRD, while a higher proportion of
p.,p'-DDE was found outside the mYRD. Dongying
City as the core area of the mYRD had not undergone
large-scale development until it was founded in 1983
when the use of technical DDT had been banned in
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Table 4 Comparison of OCP residual levels in agricultural surface soils of the Yellow River Delta with the reported levels in other

regions (Ug kg_1 dry weight)

Region Sampling year HCHs DDTs Endosulfans References

Yellow River Delta 2012, 2013 BDL-7.11 BDL-17.6 BDL-161.1 This study

Yangtze River Delta 2003 0.28-17.93 0.46-484.2 - Zhang et al. (2009)
Pearl River Delta 2006 BDL-62 BDL-110 - Yu et al. (2013)
Zhejiang 2006, 2007 4.0-529 BDL-42 Zhang et al. (2012a, b)
Shanghai 2007 BDL-10.4 0.44-247.5 BDL-4.1 Jiang et al. (2009)
Xinghua Bay 2009 1.22-7.47 0.91-27.9 0.32-11.6 Zhang et al. (2011b)
Liaohe River Plain 2010 0.70-2.61 1.60-21.6 - Teng et al. (2013)
Indo-Gangetic plain 2003 0.08-7.25 BDL-74.1 BDL-13.1 Singh et al. (2007)

Red River Delta 2006, 2007 - 1.57-25.4 - Nishina et al. (2010)
Southern Sonora, Mexico 2007 - BDL-184.3 BDL-124 Cantu-Soto et al. (2011)
Almeria, Spain 2011 - 15-174 39-222 Plaza-Bolaiios et al. (2012)

BDL below detection limit

China. In contrast, the outer areas of the mYRD, e.g.,
Binzhou, Zibo and Weifang cities, had longer culti-
vation histories. The spatial variation between p,p’-
DDE in the delta might indicate the time variation in
cultivation development in this area. Moreover, the
agricultural runoff and antifouling paints with dicofol-
type DDT might induce the higher detection of o,p’-
DDT in the coastal area (Hu et al. 2009). Endosulfan is
currently extensively used in agriculture around the
world including some food and nonfood crops and has
been applied in China to control pests in cotton since
1994 and in wheat, tea, tobacco, apples and other fruits
since 1998 (Jia et al. 2009). Accordingly, the highest
concentration of endosulfan was detected in the
mYRD along the Yellow River dominated by cotton
cultivation and was much higher than HCH and DDT
concentrations (Fig. 2c).

Composition of OCPs

The B-HCH and p,p’-DDE are more persistent in the
environment, and they may accumulate relative to
other components in aged technical HCH and DDT; vy-
HCH and o,p/-DDT have relatively higher water
solubility and have tendency to partition faster from
the gas phase into the water phase than other
components (Shoeib and Harner 2002). Therefore,
percentages of HCH isomers and DDT metabolites can
be an indicator of OCPs source in the environment.

@ Springer

The compositions of HCHs and DDTs were variable
among the different land-use types. Percentages of -
HCH and p,p/-DDE clearly decreased in order:
vegetable fields > cereal fields > cotton fields > wet-
lands > tidal flats (except B-HCH in tidal flats,
Fig. 3a). Previous studies have found that B-HCH
and p,p’-DDE could be the main residues in farmland
soil with longer cultivation history due to the trans-
formation of HCH and DDT into their stable isomer
and metabolite (Zhang et al. 2006; Hu et al. 2010; Gao
etal. 2013; Yu et al. 2013). The accumulation of the B-
HCH and p,p’-DDE in the cereal and vegetable fields
probably resulted from the longer cultivation history
of these fields with lower soil salinity. The distribution
trend of B-HCH and p,p’-DDE was consistent with the
crop land reclamation in the delta.

Correspondingly, the percentages of y-HCH and
o,p'-DDT increased in the order: vegetable
fields < cereal fields < cotton fields < wetlands < ti-
dal flats (except y-HCH in tidal flats, Fig. 3b), along
with increasing soil salinity. For HCH isomers, recent
studies have showed an elevated level of y-HCH
dominated HCH isomers in water and sediments in the
upstream and downstream of the Yellow River Basin
(Wang et al. 2010; Gao et al. 2008; Zhong et al. 2011).
For DDT metabolites, high o,p’-DDT/p,p’-DDT ratios
have also been reported in river sediments at coastal
region of the Bohai Sea, which could be ascribed to the
input of dicofol-type DDTs (Da et al. 2014; Wang
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Fig. 2 Spatial distributions of a B-HCH and y-HCH, b o,p'-
DDT and p,p’-DDE and ¢ B-endosulfan and endosulfan sulfate
in surface soils of the Yellow River Delta

et al. 2013). The low residual levels of HCHs and
DDTs detected in the delta coupled with the relatively
high concentrations of y-HCH and o,p’-DDT in the
water and sediments of upstream and coastal region
suggested that the extensively distributed two species
(especially y-HCH) in the mYRD might be derived
from upstream sediments and anthropogenic activities
in coastal region. Moreover, a relatively higher level
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Fig. 3 Composition of individual components of a HCHs,
b DDTs and ¢ endosulfans in different land-use types.
Endosulfans were not detected in the tidal flats

of y-HCH and dicofol than other HCH isomers and
DDT metabolites in air of the Bohai Sea was reported
by Zhong et al. (2014). Therefore, the atmospheric
deposition might also contribute to a portion of OCPs
in soils of the YRD.

Endosulfan sulfate was the dominant fraction of
endosulfan in the YRD soils, accounting for
59-100 % of the total endosulfan in the samples,
followed by B-endosulfan. None of the endosulfans
was detected in tidal flats. The higher frequencies of
endosulfan sulfate observed in the samples and the
significant correlation between endosulfan sulfate and
its parent isomers (p < 0.05) implied endosulfan
sulfate mainly originated from its parent isomers.
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The higher concentrations of endosulfan observed in
cotton fields and wetland sites close to the coast might
be mainly influenced by the cotton production and
agricultural runoff.

Influence of soil properties

Soil properties (SOM, clay content and salinity) play
an important role in the distribution and composition
of OCPs. SOM is usually assumed to have the greatest
effect on the adsorption of OCPs in natural soils
because of their hydrophobicity (Gao et al. 2013).
Kannan et al. (2003) reported that residual levels of
OCPs were proportional to SOM for a soil-air system
in equilibrium. The positive correlation between [-
HCH and SOM suggested that the f-HCH approached
the adsorption equilibrium status with SOM (Fig. 4a).
Clay content was positively correlated with y-HCH
(Fig. 4b). Cotransport of the organochlorine chemi-
cals with suspended sediments or eroded soils from
upstream to downstream in a river basin has been
reported by numerous previous studies (Herrmann and

Thomas 1984; Lee et al. 2001; Munn and Gruber
1997). The y-HCH as dominated HCH isomer in the
upstream of Yellow River with a low concentration in
the YRD soil implied the sediment input from Yellow
River might be the main source of the OCPs in the
delta compared to the anthropogenic activity (Wang
et al. 2010; Gao et al. 2008).

Hu et al. (2009) reported agricultural dicofol
application, chemical plants effluent and the usage of
DDT for antifouling paints together lead to the
elevated DDT concentrations in sediments at coastal
area of Bohai Sea. Salinity was positively correlated
with o0,p’-DDT (Fig. 4¢). The higher contents of o,p’-
DDT toward estuary area with higher soil salinity were
likely associated with the agricultural runoff from
dicofol application and usage of DDT-containing
antifouling paints. However, a significantly negative
correlation was found between p,p’-DDE and salinity
in the region (Fig. 4d). The agro-labor population
density mapped by Zhang et al. (2011a) decreased
from inland to coast in the YRD. The lower level of
agricultural activities in the area with higher soil

Fig. 4 Relationship a 10 b
between soil properties and R? = 05108
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salinity might thus be a determinant for the p,p’-DDE
decrease toward the coast. Previous studies have
reported that high salinity either partially or com-
pletely inhibits microbial methanogenesis and aryl
dechlorination of organochlorine compounds (Allard
et al. 1992; Cho and Oh 2005; Rinzema et al. 1988).
The inhibition of microbial degradation of DDTs in
the coastal soils might be another potential factor
contributed to DDTs residues, but further experiments
would be needed to prove that.

Depth distributions of OCPs in cotton fields

Soil profile samples are capable of providing infor-
mation on the historical deposition of organic pollu-
tants. Six soil profiles in cotton fields were chosen to
explain the depth distribution and source of HCHs,
DDTs and endosulfans (Fig. 5). Mean concentrations
of >"HCH, > DDT and > endosulfan were all below
3.0 pg kg_1 in the soil profiles, indicating there was
not obviously fresh application of OCPs into these
soils. y-HCH predominated in the soil profiles and also
showed a positive correlation (p < 0.05, data not
show) with the clay content. The results might further
confirm the cotransport of the OCPs with the Yellow
River sediment. B-HCH increased slightly with depth
from the topsoil to the basal soil horizon, indicating
historical application of HCHs. DDT metabolites
showed a homogeneous composition in the topsoil,
while 0,p’-DDT and p,p’-DDT dominated the horizons
beneath. Previous studies also reported elevated levels
of 0,p/-DDT and p,p’-DDT in sediments of the Old
Yellow River Estuary and Laizhou Bay, respectively

Content (ug kg'1)

HCH patterns (%)
0 20 40 60 80 100

(Daetal. 2014; Zhong et al. 2011). The high o,p’-DDT
and p,p’-DDT percentage in the YRD soil profiles
might indicate the residue of technical DDTs and
dicofol DDTs mixture. Endosulfan sulfate was the
major transformation product of endosulfan under
aerobic conditions (Martens 1977). B-Endosulfan
predominated in the deeper soil horizons though
endosulfan sulfate was the most frequently detected
metabolite in topsoil, and this might imply a lower
transformation rate of endosulfan in basal soil hori-
zons and a longer application history of endosulfan.

Conclusions

The present study has provided the first report on the
residual levels of OCPs in the soils of the Yellow River
Delta region and shows low levels of OCP residues in
the soils together with elevated endosulfan concentra-
tions in some cotton fields. HCHs, DDTs, endosulfans
and HCB were detected in most of the soil samples with
a concentration sequence of endosul-
fans > DDTs > HCHs > HCB. The spatial distribu-
tion and composition of HCHs and DDTs were variable,
particularly with land-use types along a salinity gradi-
ent. In the case of HCH isomers and DDT metabolites,
the percentages of y-HCH and o,p’-DDT increased with
soil salinity. These two species that distributed widely
in the coastal area had a high affinity with clay content
and salinity, respectively. Residues of B-HCH had a
positive relationship with the contents of SOM. In
addition, soil salinity was supposed to be a major factor
to influence the fate of DDT and DDE in the delta soils.

DDT patterns (%) Endosulfan patterns (%)

0 20 40 60 80 100

0 20 40 60 80 100

(I S-endosulfan

I > HCH >DDT M y-HCH B-HCH

I .o -DDE 777 0,0-DDT M B-endosulfan
E= o,p-DDD [[[[I[] p,p-DDT ) endosulfan sulfate

Fig. 5 Concentrations of Y HCH, > DDT and ) endosulfan and distribution patterns of their components in soil profiles from cotton

fields
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Depth distribution of the OCPs in some typical soil
profiles further confirmed their possible sources in the
YRD, which could be mainly attributed to the parent
OCPs residue with lower transformation rate and
sediment cotransport by the Yellow River.
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