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Abstract Soil and groundwater samples were col-

lected from paddy fields in the middle reaches of the

Yangtze River Basin to study the occurrence and the

risks associated with organochlorine pesticides

(OCPs) and organophosphorus pesticides (OPPs) in

soil and groundwater. Results showed that OCPs and

OPPs were widely distributed throughout the study

area. The levels of OCPs and OPPs in the soil were

much lower than those specified by soil quality

standards. However, the levels of four OCPs (hep-

tachlors, aldrin, dieldrin, and c-hexachlorocyclohex-
ane) in groundwater were higher than those permitted

by drinking water standards. The health risk assess-

ment method suggested by the US Environment

Protection Agency was used to evaluate the regional

risks from selected pesticides. Results showed that

there were low health risks from OCPs and OPPs in

soil at the regional scale, but high risks from

heptachlor, aldrin, and endrin in groundwater, sug-

gesting an urgent need for groundwater protection.

There are widespread concerns on dichlorodiphenyl-

trichloroethane and hexachlorocyclohexane, but little

focus on other pesticides in China. However, our

results suggest that the presence of, and risks from,

other pesticides in groundwater should be a focus from

the region aspect.
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Introduction

Historically, chemical pesticides have been heavily

applied to agricultural land (Bidleman and Leone

2004). While most of these pesticides have degraded

over time, their effects still persist and can be found in

the global hydrological cycle and atmospheric circu-

lation (Su et al. 2008; Jamieson et al. 2017). In fact, it

is now indicated that the pesticide pollution status is

worse than previously believed. For example, some

pesticides have been continuously used in some areas

in spite of being banned (Zhang et al. 2013). In the past

decades, many studies have examined pesticide
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contaminants in some soils, sediments, and surface

water, because of their enrichment processes and

effects on the ecological systems (Manz et al. 2001;

Hu et al. 2009; Zhou et al. 2006). However, studies

related to contaminants in groundwater are still in their

early stages worldwide, with the systematic regional

survey of groundwater pollution in China as an

example (Qiu 2010). Till date, the Chinese ground-

water survey has focused on a few types of pollutants,

such as inorganic compounds, heavy metals, and

individual organic compounds (Hu et al. 2011), with

the results indicating that groundwater in China is very

seriously polluted (Zhang et al. 2013). Being a country

with extensive agriculture, non-point source pollution

has a considerable influence on the quality of ground-

water in rural China. In the past few decades, large

quantities of chemical pesticides have been applied to

farmlands (Zhu et al. 2005). The level of chemical

pesticide contamination in soil has varied in different

regions in China (Cai et al. 2008). Compared to the soil

temperature, groundwater temperature is relatively

low and stable, indicating that groundwater provides

the optimal conditions for the long-term retention of

chemical pesticides (Cavalier et al. 1991). As an

important drinking water source in China, enough

concern should be given to the protection of ground-

water resources (Qiu 2010; Zhang et al. 2013). Till

date, however, groundwater pollution from pesticides

has not been paid sufficient attention.

As a special class of organic pesticides, many

organochlorine pesticides (OCPs) persist in the envi-

ronment (Su et al. 2008; Harner et al. 1999;Wang et al.

2007a, b). Therefore, the persistence and pollution risk

of OCPs have been the focus of research for environ-

mental and geological scientists. Since organophos-

phorus pesticides (OPPs) degrade more easily than

OCPs, it is generally believed that OPPs have fewer

negative effects on the environment. However,

because of the intensive annual applications of OPPs

and the enrichment process in the soil environment,

some OPPs continue to persist for a long time

(Edwards 1966; Vollner and Klotz 1997). Moreover,

since they are more easily water-soluble than OCPs,

OPPs can migrate into groundwater more easily under

flooded conditions (Ragnarsdottir 2000). In addition,

OPPs have adverse effects on human health when they

accumulate to certain concentrations (Lee et al. 2013).

Therefore, information about the occurrence and

concentrations of OCPs and OPPs in groundwater is

very important to protect groundwater resources

(Rousis et al. 2016).

The Yangtze Basin is a core area for rice planting in

China. The high humidity and temperature makes it a

breeding ground for agricultural pests and diseases,

because of which chemical pesticides are used

frequently. The unique conditions of high precipita-

tion and a shallow groundwater table in the Yangtze

River Basin suggest that the area is susceptible to

groundwater pollution (Wang et al. 2007a, b). How-

ever, it is difficult to implement counter measures to

protect groundwater resources because of insufficient

information about the composition, levels, and sources

of pesticides in the soil-groundwater systems in the

Yangtze River Basin. Therefore, further studies should

be carried out to support groundwater protection and

pesticide management in the Yangtze River Basin.

We can achieve an understanding of the levels of

pollution by investigating the concentrations of the

pollutants in the environment (Zhang et al. 2013).

However, as the thresholds for human health vary for

different pesticide components, the pollutant concen-

trations cannot be used directly to reflect their impact

on human health. Health risk assessments (HRAs) use

the ratio of the exposure dose to the tolerable dose of

pollutants to assess the effect of pollutants on human

health (Bhanti and Taneja 2007). In general, HRAs

also use the average pollutant concentrations in

environmental media to evaluate the risks. However,

when the average health risk status is used, it is

difficult to accurately reflect the distribution of the

regional risk (Covello andMerkhoher 2013). Regional

risk assessments use concentrations from spatial

monitoring to evaluate the distribution of the degree

of hazard from pollutants (Lawson et al. 1999). It may

be more useful to assess the environmental effects of

pollutants (Wen et al. 2006). Health risk assessment

has been widely used worldwide, and the evaluation

methods and perspectives varied. Li et al. (2014)

assessed the health risks of pollutants in the ground-

water of a park in Northwest China by comparing with

the maximum acceptable level recommended by the

International Commission on Radiologic Protection.

George et al. (2015) analyzed the health risks of

pollutants in the groundwater of a city in India using a

quantitative microbial risk assessment (QMRA)

method. Wu and Sun (2016) carried out a study on

the shallow groundwater health risks in the agricul-

tural and industry area referencing the health risks
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assessment model recommended by the US Environ-

mental Protection Agency (EPA). Li et al. (2016)

studied the non-carcinogenic and carcinogenic health

risks of groundwater in the semi-arid area of North-

west China using the models recommended by the

Ministry of Environmental Protection of China. Khan

et al. (2016) evaluated the toxicological risks of trace

metals in edible vegetables of an area in Pakistan by

comparing with the standard values set by the World

Health Organization (WHO) and the US EPA. In this

study, the HRA of the US EPA was used in combi-

nation with a mosaic chart to evaluate the risks from

pesticides in the soil-groundwater system in an

agricultural area in the middle reaches of the Yangtze

River Basin. By comparing the risks from OCPs and

OPPs in soil and groundwater, priority pollutants can

be identified in soil as well as groundwater.

The main objectives of this study were (1) to

investigate the concentrations and sources of OPPs

and OCPs in soil and groundwater in a paddy field, (2)

to compare the differences in the composition of

pesticides in soil and groundwater, and (3) to reveal

the regional pollution risks from OPPs, OCPs, and

other priority pollutants in the soil and groundwater in

the middle reaches of the Yangtze River Basin.

Materials and methods

Study area and sampling method

The study area was located in Hubei Province, Central

China (30�400N–31�50N, 112�350E–120�600E). It lies
76.54 km north of the Yangtze River, covering an area

of 229.59 km2. This area experiences a northern

subtropical monsoon climate, with an annual mean

precipitation of 1112.4 mm and annual mean temper-

ature of 16.3 �C. Sixty-five percent of the annual

rainfall occurs between April and August. The prin-

cipal crop is rice, while the soil texture is loam with a

soil organic matter content of 16.2 ± 0.8 g kg-1 and a

soil pH of 5.5 to 7.5. The groundwater level depth is

1.0 to 1.5 m. And the fraction of organic carbon in the

aquifer is 3.7 ± 0.2 mg L-1. The shallow groundwa-

ter aquifer lithology in the study area is loose

sediment. The groundwater is easily recharged by

precipitation and irrigation and discharged by evapo-

ration. The recharge and discharge of groundwater are

balance. The groundwater table is relatively stable.

Flood irrigation mode is dominated in the study area.

Surface runoff and deep percolation easily occur when

rainfall or irrigation happens. DDT and other OCPs

were widely used in the study area before 1980s, while

in the recent years, OPPs are common in use. The

irrigation water mostly comes from the Tianmen

River, which is located to the south of the study area,

flowing from north to south and going into the Yangtze

River.

Sixteen groundwater samples were collected in 1-L

clean, dry, amber glass bottles using a Baylor tube.

Thirty cores of topsoil (0–20 cm) and subsoil

(20–40 cm) were collected using a pre-cleaned stain-

less steel scoop. Once collected, all the samples were

incubated on ice and then preserved at a low temper-

ature (4 �C) before being transported to the laboratory.
Soil and groundwater designations are presented in

Fig. 1.

Extraction and Analysis methods

Soil samples were thawed and then freeze-dried for

24 h on arrival at the laboratory. They were subse-

quently ground and sieved through a 100-mesh

stainless steel sieve, after which they were extracted

using the methods mentioned in previous studies (Li

et al. 2010; Chen et al. 2011). Briefly, a mixture of

surrogate standards (2,4,5,6-tetrachloro-m-xylene for

OCPs and nitrobenzene-d5, 2-fluorobiphenyl, and

4-terphenyl-d14 for OPPs, 30 ng) was added to 15 g

samples, prior to extraction. Then, the samples were

Soxhlet-extracted with dichloromethane (DCM) for

24 h. The extraction solvent was then collected and

concentrated to 0.2 mL under a gentle stream of

nitrogen. Groundwater samples were liquid–liquid

extracted using DCM after adding recovery surro-

gates. Activated copper granules were added to the

collection flasks to remove sulfur. All the extracted

solvents were subjected to column chromatography

through a silica gel/alumina column (Erger et al. 2012)

and were eluted with 70 mL of DCM-hexane (3:7,

v/v). The effluent thus obtained was concentrated to

0.2 mL under a gentle stream of nitrogen, and an

internal standard (penta-chloronitrobenzene) was

added before the detection of OCPs (Zhang et al.

2013).

OCPswere determined by gas chromatographywith

electron capture detection (GC-ECD), following the

method of Zhang et al. (2011). The initial temperature
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of the quartz capillary chromatographic column (Rtx-

CLP II, Restek, US; 30 m 9 0.32 mm 9 0.25 lm)

was 50 �C (equilibrium time = 1 min). The temper-

ature was increased to 180 �C at a rate of 20 �C min-1,

held for 1 min, after which it was further increased to

240 �C at 8 �C min-1 and held for 10 min. Injections

(1 lL) were carried out splitless initially, with the split

being opened after 1 min. The temperatures of the

injector and the ECD were 250 and 280 �C, respec-
tively. The column flow rate was 1.2 mL min-1.

OPPs were determined by the gas chromatography

flame photometric detector (GC-FPD) method, as

followed by Wang and Du (2010). The initial temper-

ature of the quartz capillary chromatographic column

Fig. 1 Sampling sites in the

agricultural area in the

middle reaches of the

Yangtze River, China
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(Rtx-1701, Restek, US; 30 m 9 0.25 mm 9 0.25 lm)

was 50 �C (equilibrium time = 1 min). The tempera-

ture was increased to 250 �C at 20 �C min-1 and held

for 1 min. Injections (1 lL) were carried out splitless

initially, with the split being opened after 1 min. The

injector and FPD temperatures were 250 and 280 �C,
respectively. The column, air, and hydrogen flow rates

were 1.2, 80, and 70 mL min-1, respectively.

Qc/qa

The internal calibration method based on a six-point

calibration curve was used to quantify individual

OCPs/OPPs. Procedural blanks and spiked samples

that contained all the reagents were tested after every

10 samples to check the procedural performance and

matrix effects. A standard solution (0.3 lg mL-1) was

analyzed to calibrate the instrument. The mean

recoveries of the surrogates ranged from 81 to 112%.

The relative standard deviation (RSD) ranged from 2

to 8%. The detection limit was 0.001 ng g-1 for

organochlorines and 0.01 ng g-1 for organophos-

phate pesticides in the soil samples, and 10 ng L-1

for organochlorines and 50 ng L-1 for organophos-

phate pesticides in the groundwater samples.

Health risk assessment (HRA)

Generally, the risks from pollutants can be evaluated

using environmental quality standards (EQS). How-

ever, EQS in various countries include only a limited

number of pollutants. In fact, the majority of chemical

pesticides are not included in EQS. Therefore, the

pesticide pollution risks should be assessed by the

selection of other methods. The HRA of the US EPA is

often recommended for the evaluation of pollutants on

human health through various exposure pathways

(Reis et al. 2014) and has been frequently used by

scientists worldwide. The greatest merit of this method

is that it can be applied when the reference dose of the

pollutant is unknown. For the ingestion pathway, the

potential non-carcinogenic risk for OCPs and OPPs in

soil and groundwater is expressed in the form of the

hazard quotient (HQ) as follows:

HQ1 ¼
C1 � IR1 � ED1 � EF1

W � AT� RfD
; ð1Þ

where C1 represents the concentration of the contam-

inant in soil (mg kg-1), IR1 is the intake rate of soil

(mg day-1), ED1 is the exposure duration (years), EF1
is the exposure frequency (days year-1), AT is the

average time (days), and the RfD is the oral reference

dose in mg kg-1 day-1.

HQ2 ¼
C2 � IR2 � ED2 � EF2

W � AT� RfD
; ð2Þ

where C2 represents the concentration of the contam-

inant in groundwater (mg L-1), IR2 is the intake rate

of groundwater (L day-1), ED2 is the exposure

duration (years), EF2 is the exposure frequency

(days year-1), AT is the average time (days), and

RfD is the oral reference dose (mg kg-1 day-1).

Results and discussion

Composition and levels of OCPs and OPPs

Information from the soil and water samples is

presented in Table 1. Fourteen OCPs and one OPP

were detected in soil samples, while fifteen OCPs and

four OPPs were detected in groundwater samples. The

detection rates for both
P

OCPs and
P

OPPs were

100%, indicating that OCPs and OPPs were widely

distributed throughout the study area. The concentra-

tion of
P

OCPs in the topsoil, subsoil, and groundwa-

ter ranged from 1.08 to 8.75 lg kg-1 dry weight (dw),

from 2.83 to 10.29 lg kg-1 dw, and from 1835.83 to

11,599.40 lg L-1, with mean concentrations of

3.55 ± 1.64 lg kg-1 dw, 4.51 ± 1.69 lg kg-1 dw,

and 8783.80 ± 2075.67 lg L-1, respectively. The

concentrations of
P

OPPs in the topsoil, subsoil, and

groundwater located between 0.40 and 5.58 lg kg-1 -

dw, 0.54 and 5.33 lg kg-1 dw, and between 1738.80

and 2194.30 lg L-1, with mean concentrations of

1.49 ± 0.86 lg kg-1 dw, 1.04 ± 0.83 lg kg-1 dw,

and 2105.10 ± 111.35 lg L-1, respectively.

The levels of OCPs and OPPs are shown in Fig. 2a.

The main OCP compounds in soil were
P

DDT andP
heptachlor, the values of which accounted for

38.6–46.3% and 25.4–34.2% of
P

OCPs, respectively.

The
P

DDT concentration accounted for the bulk of

the OCPs in soil, which was consistent with results

from other studies undertaken in northern China,

southern China, and northwestern China (Wang et al.

2009; Yang et al. 2013; Zhang et al. 2013). Chlor-

pyrifos, as the most commonly used insect pesticide in

paddy fields, dominated the OPPs in soil in the study
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area. As shown in Fig. 2b, the concentration of OCPs

in groundwater was much higher than that of OPPs.

The mean concentration of heptachlors was

4705.03 ± 1177.33 ng L-1, which was higher than

the concentrations of the other OCPs. The concentra-

tion of OCPs in groundwater was higher than the

concentration of OPPs, indicating that the pesticides in

groundwater were related not only to their water

solubility, but also to their persistence (OCPs have low

water solubility, but high persistence, while it is vice

versa for OPPs). The water solubility and half-life of

OCPs and OPPs are presented in Table S1 (Supple-

mentary Material).

The value of
P

DDT (1.73 ng g-1) in paddy soils

was lower than those found in other areas in the

Yangtze River Basin, such as Wuhan City

(151.6 ng g-1; Zhou et al. 2013), Shanghai City

(21.41 ng g-1; Jiang et al. 2009), Taihu Lake Region

(60.2 ng g-1; Gao et al. 2005), Yangtze River Delta

(73.0 ng g-1; Sun et al. 2016) and other parts of China

(Wang et al. 2007a, b; Gao et al. 2013). It was also

much lower than that in India (Mishra et al. 2012),

Table 1 Summary of OCP and OPP concentrations in the soil-groundwater system of the study area (units for soil samples are

ng g-1 dw, and for water samples are ng L-1)

Compounds Topsoil Subsoil Groundwater

Range Mean SDa Range Mean SD Range Mean SD

a-HCH 0.14–0.50 0.26 0.07 0.17–0.34 0.22 0.04 100.09–406.34 317.07 73.80

b-HCH BLD-0.52 0.04 0.10 BLD-0.21 0.01 0.04 126.50–160.38 150.99 8.53

c-HCH BLD-1.83 0.21 0.40 BLD-1.15 0.15 0.20 152.08–847.47 645.62 166.47

d-HCH \BLD – – BLD-0.11 0.01 0.02 BLD-579.74 421.88 147.30
P

HCH 0.17–2.17 0.51 0.42 0.17–1.42 0.39 0.22 378.67–1993.93 1535.55 351.53

p,p0-DDD BLD-0.89 0.15 0.16 BLD-3.34 0.75 0.59 BLD-55.65 45.60 14.04

p,p0-DDE 0.07–4.01 1.22 0.63 BLD-3.66 1.34 0.73 BLD-229.02 154.80 52.20
P

DDT 0.07–4.01 1.37 0.68 0.87–7.00 2.09 1.13 BLD-284.68 200.40 63.70

a-endosulfan BLD-0.16 0.05 0.05 BLD-1.19 0.26 0.20 BLD-254.76 180.74 57.57

b-endosulfan BLD-0.38 0.02 0.07 \BLD – – BLD-80.87 63.70 19.72

Endosulfan sulfate BLD-2.11 0.12 0.39 BLD-0.59 0.08 0.15 \BLD – –
P

Endosulfan BLD-2.11 0.19 0.38 BLD-1.61 0.34 0.28 BLD-335.63 244.44 72.65

Heptachlor BLD-2.17 0.90 0.51 0.89–2.72 1.44 0.41 1112.32–5841.07 4478.39 1132.08

Heptachlor epoxide BLD-0.10 0.01 0.02 BLD-0.22 0.11 0.05 30.13–309.48 226.65 65.51
P

Heptachlor BLD-2.17 0.90 0.51 1.00–2.89 1.54 0.45 1142.44–6150.55 4705.03 1177.33

cis-chlordane \BLD – – \BLD – – BLD-424.82 323.25 104.57

trans-chlordane \BLD – – \BLD – – 45.20–332.75 240.72 69.40
P

Chlordane \BLD – – \BLD – – 45.20–757.57 563.97 162.20

Aldrin BLD-0.11 0.01 0.02 \BLD – – BLD-981.95 683.31 241.41

Dieldrin BLD-1.52 0.10 0.28 BLD-1.29 0.13 0.24 BLD-267.90 196.01 71.25

Endrin \BLD – – \BLD – – 269.51–827.21 655.10 124.70

Endrin aldehyde BLD-1.45 0.47 0.36 BLD-0.36 0.02 0.06 \BLD – –
P

OCPs 1.08–8.75 3.55 1.64 2.83–10.29 4.51 1.69 1835.83–11,599.40 8783.80 2075.67

Chlorpyrifos 0.40–5.58 1.49 0.86 0.54–5.33 1.04 0.83 309.67–336.92 329.49 6.67

Parathion \BLD – – \BLD – – 321.21–380.94 364.20 14.13

Dimethylvinphos \BLD – – \BLD – – 426.61–676.72 611.10 63.61

Chlorfenvinphos \BLD – – \BLD – – 594.32–883.67 800.28 68.66
P

OPPs 0.40–5.58 1.49 0.86 0.54–5.33 1.04 0.83 1738.8–2194.3 2105.1 111.35

BLD below detection limit
a SD standard deviation
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while being similar to that in Chulla North Province of

South Korea (Kim and Smith 2001). The comparison

of the OCP residues to those found in other agricul-

tural areas showed that the level of DDT residue in

paddy soils in the study area was much lower than

those in wheat, corn, vegetable, and orchard fields

(Gaw et al. 2006; Tao et al. 2008; Wang et al. 2009),

which suggested a lower OCP pollution than that in the

other areas.

The concentrations of Rheptachlor, RDDT, RHCH,
and endrin in groundwater in the study area were

between 1 and 3 times higher than those in other areas

of China (Hu et al. 2011; Zhang et al. 2013) and 1 to 2

times higher than the concentrations in other areas

abroad (Sankararamakrishnan et al. 2005; Shukla et al.

2006; Gonçalves et al. 2007; Ghose et al. 2009). The

concentration of OPPs in groundwater was also very

high. The heavy pesticide pollution in groundwater in

the study area could be related to heavy rainfall, flood

irrigation, paddy environment, and shallow ground-

water table. The concentration of heptachlor in

groundwater was also high, despite its low migration

ability (log Koc 4.38; water solubility 0.18 mg L-1)

(US EPA 1996). This indicated that the groundwater

could also be polluted by pesticides with low migra-

tion ability.

Health risk assessment for OCPs and OPPs

in the soil and groundwater environment

The levels of pesticides in soils were much lower than

the Class 1 level, which is the baseline concentration

according to the Chinese Soil Environmental Quality

Standards (50 lg kg-1 dw; PRC EPA 1995). This

indicated that there was minimal risk from the soil

environment.

Although groundwater is not used for drinking in

the study area, it should still be protected. The mean

concentration of heptachlor (4478.39 ng L-1) in the

groundwater was about 10 times higher than the

American drinking water standard (400 ng L-1; US

EPA 2008) and 100 times higher than the drinking

water standard of the World Health Organization

(WHO 2011; 30 ng L-1). The mean concentrations of

aldrin (683.31 ng L-1) and dieldrin (196.01 ng L-1)

were much higher than the WHO drinking water

standard (30 ng L-1). The mean concentration of c-
HCH (645.62 ng L-1) was higher than that of the

American drinking water standard (200 ng L-1; US

EPA 2008). However, these four OCPs were not

included in the current Chinese groundwater quality

standards (PRC EPA 1993). The highest concentra-

tions of RDDT and RHCH in groundwater were lower

than the Chinese drinking water standard

(1000 ng L-1; PRC EPA 2006). The mean concen-

trations of OPPs in groundwater were all higher than

300 ng L-1. These results showed that groundwater in

the middle reaches of the Yangtze River Basin was

highly polluted by pesticides. Moreover, the pollution

due to OCPs is more serious than that due to OPPs.

Therefore, there was an urgent need to take measures

against the OCP pollution in groundwater.

A comprehensive evaluation of the health risk to

humans from OCPs and OPPs was carried out in soil

and groundwater. Seven pesticides were detected in

A

B

Fig. 2 Concentrations of selected OCPs and OPPs in a soil and
b groundwater in the agricultural area in the middle reaches of

the Yangtze River Basin
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soil, while 12 pesticides detected in groundwater,

using formulas (1) and (2). The RfD of selected

pesticides is shown in Table 2. Since the accept-

able daily intake (ADI) was available for all the

pesticides in Table 2, while RfD was not available for

some pesticides. Therefore, ADI was used to evaluate

the health risks for the pesticides in this study. The

assessment for pesticides in soil is illustrated in

Fig. 3a, b. As shown in Table 1, even though the

concentration of RDDT in soil was high, the health

risk associated with soil was low. There were higher

risks to health due to Rheptachlor in both, topsoil and

subsoil, compared to the other pesticides. There was a

higher risk to health due to chlorpyrifos in subsoil,

although the risk was lower in topsoil. Therefore,

heptachlor and chlorpyrifos were the priority pollu-

tants. As shown in Fig. 3c, the risks to health due to

pesticides were much higher in groundwater than in

soil. Heptachlor, aldrin, and endrin, with HQ values of

more than 0.1, were the priority pollutants in ground-

water. This indicated that the pesticides in groundwa-

ter posed higher risks to human health than those

present in soil.

Source analysis

The composition of isomers and metabolites of

pesticides in the soil environment was often used to

identify the source and the residue time (Kim and

Smith 2001; Wang et al. 2007a, b; Jiang et al. 2009;

Mishra et al. 2012). DDT in the environment was

mainly derived from technical DDT and technical

dicofol. These compounds were mainly comprised of

p,p0-DDT (65–80%) and o,p0-DDT (C80%), respec-

tively (Qiu and Zhu 2010). o,p0-DDT was not detected

in the study area, which indicated that technical DDT

was the main source of DDT residue in the paddy

environment. DDT could be broken down into DDD

and DDE in the environment (Mishra et al. 2012). It

would take more than 20 years for the DDT in the soil

environment to degrade completely (Harner et al.

1999). In the study area, DDT in the soil was mainly in

the form of p,p0-DDD and p,p0-DDE, which indicated

that there were no new inputs of technical DDT in the

recent past. As shown in Fig. 4a, the ratio of DDE/

DDTs in the topsoil at most of the sampling sites was

greater than 0.8. However, it was lower than 0.7 in the

subsoil. DDT was often degraded to DDE under

aerobic conditions by dehydrodechlorination, while it

was transformed to DDD in an anoxic environment

with reductive dechlorination, either microbially or

chemically (Zoro et al. 1974; Baxter 1990). Therefore,

the DDE/DDT ratio was higher in topsoil than in

subsoil. Moreover, as shown in Fig. 4a, the DDE/DDT

ratio in groundwater was mainly between 0.7 and 0.8,

which indicates that the DDT in groundwater

degraded more slowly than in topsoil, but more

quickly than in subsoil.

Technical HCH, including several isomers, com-

prises 60–70, 10–12, and 5–12% of a-HCH, b-HCH,
and c-HCH, respectively. Another commercial HCH,

lindane, comprises almost 100% of c-HCH (Wang

et al. 2009). The vapor pressure of c-HCH was much

higher than that of b-HCH, while its half-life is much

shorter (Table S1, Supplementary Material), which

indicated that c-HCH will degrade more easily in the

soil environment. As shown in Fig. 4b, the ratio of c-
HCH/HCHs in soil and groundwater was mainly

located between 0.3 and 0.5, which was significantly

higher than that in technical HCH, suggesting that the

HCH residue in the environment mainly originated

from the use of lindane. The ratio of c-HCH/HCHs
was greater than 0.8 in the topsoil and subsoil at some

sampling sites, which suggested recent inputs of

lindane. However, our investigations indicated that

there had been no recent applications of lindane.

Therefore, the high concentrations of c-HCH in soil

may be attributed to long-range atmospheric transport

Table 2 Human health exposure risk reference dose for

selected OCPs and OPPs

Compounds RfDa/mg (kg d)-1 ADIb/mg (kg d)-1

c-HCH (Lindane) 0.0003 0.005
P

DDT 0.0005 0.01
P

Endosulfan 0.006 0.006
P

Heptachlor 0.0005 0.0001
P

Chlordane 0.0005 0.0005

Aldrin 0.00002 0.0001

Dieldrin 0.00005 0.0001

Endrin 0.0003 0.0002

Chlorpyrifos – 0.01

Parathion – 0.004

Dimethylvinphos – 0.0005

Chlorfenvinphos – 0.0005

a RfD = reference dose for chronic oral exposure (U.S. EPA

Integrated Risk Information System data base);
b ADI = acceptable daily intake (JMPR 1991)
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(LRAT). The log Koc and water solubility values of b-
HCH were much higher than those of their isomers

(Manz et al. 2001). In addition, a-/c-HCH can be

transformed to b-HCH (Walker et al. 1999). Further-

more, the symmetrical arrangement of chlorine atoms

in the molecular structure of b-HCH was supposed to

be more resistant to microbial degradation in soil than

the other isomers of HCH (Kalbitz et al. 1997). These

properties resulted in the accumulation of b-HCH in

the soil environment. However, the ratio of b-HCH/(b-
HCH ? a-HCH) in soil was mainly between 0 and

0.1, indicating that high levels of a-HCH may be

transported by LRAT. The ratio of b-HCH/(b-
HCH ? a-HCH) was much higher in groundwater

than in soil (Fig. 4b). This can be mainly attributed to

the limited influence of LRAT on the presence of a-
HCH in groundwater.

Heptachlor can be transformed to heptachlor epox-

ide in the soil environment with a DT50 of 250 days

(FAO 2000). The average heptachlor/Rheptachlor
ratios in the topsoil and subsoil were 0.83 ± 0.38

and 0.93 ± 0.03, respectively. These values indicated

Fig. 3 Mosaic chart of the human health risk evaluation for selected OCPs and OPPs in a topsoil, b subsoil, and c groundwater in the
agricultural area in the middle reaches of the Yangtze River Basin
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that heptachlor was slightly degraded in the soil

environment. Moreover, the heptachlor residue in the

study area mainly came from recent inputs. The

heptachlor/Rheptachlor ratio (0.95 ± 0.01) was also

high in groundwater, suggesting that heptachlor inputs

came from recent applications in paddy fields, rather

than from LRAT.

The fate of pesticides in the environment is

influenced by a series of factors, such as biodegrada-

tion, volatilization, and leaching (Li et al. 2015;

Regnery et al. 2011). On the one hand, as seen from

Table S1, which shows the physical and chemical

properties of OCPs and OPPs, the OPPs, such as

parathion and chlorfenvinphos, have greater solubility

than OCPs. Therefore, it could be easier for these

OPPs to migrate into groundwater. However, the level

of OCPs was higher than that of OPPs in the

groundwater. The reason is more complex. Due to

the greater Henry constant for chlorpyrifos, parathion,

and chlorfenvinphos than that for OCPs, the OPPs

were more easily volatile. However, as the local

groundwater depth is shallow (1.0–1.5 m), even with

the lower solubility of OCPs, a large amount of them

could infiltrate into groundwater, since their migration

path into the groundwater is shorter. In addition, as

most of the OCPs were persistent organic matter, they

were also more likely to remain in the groundwater.

Comprehensively considering the above-mentioned

factors, the level of OCPs in groundwater could be

higher than OPPs. Accordingly, they would pose a

higher health risk. In this study, low levels of OCPs

were detected in the soil because the OCP residues in

soil undergo long-term biochemical degradation and

volatilization. It also suggested that OCPs had not

been used for a long time in the study area, which was

consistent with the fact that OCPs have been forbidden

for many years in the area. Table S1 also shows that

the half-life of parathion was only about one week. A

high concentration of parathion in the groundwater

illustrated that it was still in use at present in the study

area. Other researchers, such as Li et al. (2015),

Regnery et al. (2011), did not find OPPs in the

groundwater, suggesting that both, the rapid degrada-

tion and volatility of OPPs were the most important

factors that prevent it from entering groundwater.

However, this study also suggests that the groundwa-

ter depth may be another key factor influencing the

presence of OPPs in the groundwater.

Conclusions

The OCP concentration in groundwater was higher

than that recommended by the drinking water quality

standard, while that in soil was much lower than that in

the soil quality standard, suggesting a seriously

polluted groundwater in the paddy fields in the middle

reaches of the Yangtze River Basin. A regional HRA

showed that the health risks due to OCPs and OPPs

were much higher in groundwater than in soil. The

priority pollutants in groundwater—heptachlor,

aldrin, and endrin—were at dangerous levels. More

attention should be given to groundwater pollution

Fig. 4 Relationships between selected OCPs and the metabo-

lites/isomers in soil and groundwater in the agricultural area of

the middle reaches of the Yangtze River Basin. a DDT (p,p0-
DDT) and its metabolites (p,p0-DDE) and bHCH and its isomers

1842 Environ Geochem Health (2019) 41:1833–1845
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through pesticides in the middle reaches of the

Yangtze Basin. Source analysis indicated that there

were no recent inputs of technical DDT. High levels of

a-HCH may be transported by LRAT. Heptachlor

inputs came from recent applications, rather than from

LRAT. High levels of OCPs detected in the ground-

water were mainly due to the shallow groundwater

depth and the persistent of OCPs.
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