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Abstract The levels of hexachlorocyclohexane (HCH)
and dichloro-diphenyl-trichloroethane (DDT) in the wa-
ter, suspended particulate matter (SPM), and sediments
from Lake Small Baiyangdian were measured by gas
chromatograph with a ®*Ni microelectron capture detec-
tor. The residual levels of the total HCHs in the water,
SPM, and sediments were 1.59+2.24 ng L% 2542+
1.72ng g ' dw (dry weight), and 0.86+1.44 ng g ' dw,
respectively. DDTs were not detected in the water sam-
ples. The concentrations of total DDTs were 158.79+
1.67ng g ' dwin SPM and 0.46+1.97 ng g ' dw in the
sediments. Compared to other areas in China and
abroad, the levels of residual HCH and DDT were
relatively low in the water and sediments, but they were
moderate to high in the SPM. Organic carbon partition
coefficient values for HCH in this study were higher
than previously published values and may reflect new
input in this area. The residual HCHs in this area could
be derived from a mixture of technical HCH and lindane
because ongoing lindane use may be occurring. DDT in
the majority of the study area was primarily attributed to
historical discharge, but some regions may be receiv-
ing new input. The ecological risks of y-HCH in the
water were very low according to species sensitivity

Y. Wang - W.-J. Wu - W. He - N. Qin - Q.-S. He -

F.-L. Xu (X))

MOE Laboratory for Earth Surface Process, College of
Urban & Environmental Sciences, Peking University,
Beijing 100871, China

e-mail: xufl@urban.pku.edu.cn

distribution models. The concentrations of HCH and
DDT in the sediments from the study area did not
exceed the sediment quality guidelines, which indi-
cate little risk for benthic organisms.
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Introduction

Hexachlorocyclohexane (HCH) and dichloro-diphenyl-
trichloroethane (DDT), which are the most widely used
organochlorine pesticides in the world, are persistent
organic pollutants and have received considerable atten-
tion due to their global transport and damage to ecosys-
tems and human health (Willett et al. 1998; Jones and
De Voogt 1999). DDT was first listed in the Stockholm
Convention on Persistent Organic Pollutants in 2001
followed by o-HCH, 3-HCH, and y-HCH (lindane) in
2009 (SCPOPs 2009). Although the agricultural appli-
cation of technical HCH and DDT has been officially
banned in China since 1983, and the production of
lindane (99 % y-HCH) ceased in 2000 (Gong et al.
2007), HCH and DDT are extensively detected in the
environment (Li et al. 2007; Tao et al. 2005, 2007,
2008). The freshwater ecosystem is one of the major
sinks for contaminants (Feng et al. 1998; Doong et al.
2002). DDT and HCH pesticide residues are widely
distributed in freshwater bodies, such as ponds, rivers,
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lakes, reservoirs, and estuaries (Janiot et al. 1994; Dua et
al. 1996; Yamashita et al. 2000; Maskaoui et al. 2005;
Tao et al. 2007; Zhou et al. 2008). Therefore, it is
important to investigate the residual levels, distributions,
and potential ecological risks of HCH and DDT in
water—sediment systems.

Lake Baiyangdian, which is located in the triangu-
lar region defined by three large cities, Beijing,
Tianjin, and Baoding (Fig. 1), is the largest freshwater
lake in north China and is regarded as the “Pearl of
North China”. Lake Baiyangdian plays an important
role in maintaining the ecological balance of north
China and in providing domestic, agricultural, and
industrial water sources for the lake catchment. The
Haihe Plain, where Lake Baiyangdian is located, was
an important center for the production of DDT and
HCH pesticides, and was one of the primary agricul-
tural areas where large quantities of DDT and HCH
were applied (Tao et al. 2005). Severe contamination
of agricultural soils and surface water by DDT and
HCH in this area has been demonstrated in places near
Lake Baiyangdian, such as Beijing (Zhang et al. 2005;
Zhu et al. 2005; Li et al. 2006) and Tianjin (Gong et al.
2004; Tao et al. 2005, 2006; Wang et al. 2006).
Studies on DDT and HCH contaminants in Lake
Baiyangdian sediments have been conducted during
the last two decades (Dou and Zhao 1998; Hu et al.
2010). However, little information is available on the
residual HCH and DDT in water and suspended par-
ticulate matter (SPM) in Lake Baiyangdian.

Lake Baiyangdian is composed of 143 small lakes
and ponds, among which Lake Small Baiyangdian is
the largest, with a total area of 13.3 km?. This study of
DDT and HCH in Lake Small Baiyangdian had four
primary objectives: (1) to investigate the residual lev-
els and compositions of DDT and HCH pesticides in
water, SPM, and sediments; (2) to elucidate the parti-
tioning of DDT and HCH in water, SPM, and sedi-
ments; (3) to identify potential sources of DDT and
HCH; and (4) to assess the ecological risks of DDT
and HCH in water and sediments.

Materials and methods
Reagents and materials

Analytical grade n-hexane and dichloromethane
(DCM) (Beijing Reagent Company, Beijing, China)
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were purified by distillation. An organochlorine pesti-
cide standard mixture stock was prepared by diluting a
commercial mixed standard (AccuStandard Inc., New
Haven, CT, USA) with n-hexane, and the working
standard solution was prepared by diluting the stan-
dard stock in n-hexane. 2,4,5,6-Tetrachloro-m-xylene
(TCMX) and pentachloronitrobenzene (PCNB)
(AccuStandard) were used as a surrogate standard
and an internal standard, respectively. A solid-phase
extraction (SPE) device and C18 SPE cartridges
(ENVI-18, 6 mL, 500 mg) were purchased from
Supelco Co. (Bellefonte, Pennsylvania, USA), and
the methanol (pesticide grade) that was used for the
activation of the SPE columns was purchased from
Tedia Co., Inc. Granular anhydrous sodium sulfate
(Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) was heated at 650 °C in a furnace for 6 h and
then stored in a sealed desiccator until use. All glass-
ware was cleaned in an ultrasonic cleaner (KQ-500B;
Kunshan Ultrasonic Instrument, Kunshan, China) and
heated at 400 °C for 6 h.

Sample collection and pretreatment

Six surface water samples were collected from Lake
Small Baiyangdian on October 8th, 2007. The distri-
bution of sampling sites is shown in Fig. 1. Twenty
liters of water was collected from each sampling site.
After shaking and mixing, a 1-L aliquot of each col-
lected water sample was filtered through a 0.45-pm
glass fiber filter (ashed at 450 °C for 4 h) using a
peristaltic pump (80EL005; Millipore Co., USA) and a
filter plate with a diameter of 142 mm to separate
SPM. Before filtration, 100 ng of TCMX was added
to the water as a surrogate standard. The separated
SPM samples were freeze-dried and stored in alumi-
num foil in desiccators to maintain a constant weight
until extraction. Filtered water samples were collected
using pre-cleaned dark bottles and were stored at 4 °C
until analysis. All of the containers were washed with
deionized water, acetone, and the previous river sam-
ple in sequence to eliminate artifacts.

Surface sediment samples were collected using a
grab sampler. After centrifugation (>3,000 rpm;
Centrifuge TDL-5, China) and freeze drying (EYELA-
FDU-830, Japan), all sediment samples were ground
with a mortar and pestle into a granular powder, sieved
through a 70-mesh sieve, and stored in opaque glass jars
until analysis.
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Sample extraction and cleanup

The pretreated water samples were passed through
SPE cartridges with an octadecylsilane C18 filler.
The cartridges were first cleaned using 10 mL (five
times, 2 mL per wash) of DCM, activated by 6 mL of
methyl alcohol (three times, 2 mL per wash), and
washed using 10 mL of ultrapure water. During the
activation and washing steps, the liquid level was
tangent to the filler to maintain C18 wetness. After
enrichment of the target compound, 10 mL of DCM
(two passes with 3 mL; one pass with 4 mL) was used
to elute the C18 SPE cartridge that was connected to
an anhydrous sodium sulfate (5 g) cartridge. The
extracts were concentrated to approximately 1 mL in
an eggplant-shaped flask using a vacuum rotary evap-
orator (R-201; Shanghai Shen Sheng Technology Co.,
Ltd., Shanghai, China) at a temperature below 38 °C.
PCNB was added to the flask as an internal standard.
The samples were sealed in vials and stored at —20 °C
until analysis.

The freeze-dried filters with SPM were processed
using a Soxhlet extractor in a water bath with anhy-
drous sodium sulfate using 200 mL of dichlorome-
thane for 48 h. Two grams of activated Cu was added
to the extract bottles to remove elemental sulfur. The
extracts were concentrated to approximately 2-3 mL
using a rotary evaporator; next, 10 mL of hexane was

added, and the samples were concentrated again to
approximately 1 mL. The 1-mL extract was purified
using a glass column packed with 12 cm SiO, (top)
and 6 cm Al,Oj3 (bottom). The initial extracts that were
eluted with 15 mL hexane were discarded. The eluents
containing HCHs were collected by eluting with
70 mL of a hexane—dichloromethane solution (2:5,
v/v), concentrated to more than 1 mL by rotary
evaporation and to exactly 1.0 mL under a gentle
stream of purified N,.

Sediment samples (10 g) with activated Cu (2 g)
were extracted by the Dionex Accelerated Solvent
Extraction technique (ASE300 system) using hexane/
dichloromethane (1:1, v/v) at 125 °C for 5 min under
1,500 psi. The static extraction lasted 10 min and was
cycled twice. The extraction pool was 34 mL, and the
eluent was 60 % (V). Nitrogen was purged for 60 s.
The extracts (~60 mL) were concentrated to approxi-
mately 10 mL using a rotary evaporator and were
sulfonated with concentrated sulfuric acid three times
(10 mL, 6 mL, 6 mL) in separatory funnels until the
lower concentrated sulfuric acid layer clarified. The
organic phase was collected and concentrated to 2 mL
by rotary evaporation after eluting twice with 20 mL
of 4 % sodium sulfate. The organic phase was
purified using a glass column that was loaded in
series with 1 cm of anhydrous sodium sulfate, 1 g
activated copper powder, 1 cm of anhydrous sodium

@ Springer



920

Environ Monit Assess (2013) 185:917-929

sulfate, 6 g activated Florisil, and 1 cm of anhydrous
sodium sulfate. The final column elution procedure
was the same as the elution procedure for SPM.

Sample analysis and quality assurance

The samples were analyzed using an Agilent 6890 gas
chromatograph equipped with a ®*Ni microelectronic
capture detector and an HP-5 column (30 mx0.32 mm
inside diameter, 0.25 pum film thickness). The samples
were injected using an autosampler at 50 °C in split-
less mode with a venting time of 0.75 min. The oven
temperature was programmed to increase from 50 °C
to 150 °C at 10 °C min "', then increase to 240 °C at
3 °C min ', and finally maintain 240 °C for 15 min.
Nitrogen was used as both the carrier (1 mL min ")
and makeup gas (60 mL min '). The injector and
detector temperatures were 220 °C and 280 °C,
respectively.

A mixed working standard was used for calibration.
The average recoveries of x-HCH, 3-HCH, y-HCH,
and 0-HCH in water samples by this method were
101 %, 91 %, 110 %, and 87 %, respectively; average
recoveries of o,p'-DDT, p,p'-DDT, o,p'-DDD, p,p'-
DDD, o,p'-DDE, and p,p’-DDE were 40 %, 75 %,
78 %, 80 %, 41 %, and 74 %, respectively. The
recovery of these compounds in SPM and sediment
samples ranged from 73 % to 97 %. The detection
limits for the water samples were 0.5 ng L™" for p,p'-
DDT and o,p’-DDE; 0.3 ng L™ for p,p’-DDD;

0.1 ng L™" for p,p’-DDE; 0.05 ng L™" for «-HCH, -
HCH, 5-HCH, and 0,p'-DDD; and 0.01 ng L™" for 8-
HCH and o,p"-DDT. Two procedural blank samples
were analyzed to check for solvent and glassware
contamination. All samples were extracted and ana-
lyzed in duplicate.

Other analyses

A small amount of filtered water was used to detect
dissolved organic carbon using a total organic carbon
(TOC) analyzer (TOC-5000A; Shimadzu Corp.,
Japan). Dried SPM was divided into two parts to
determine the total carbon and inorganic carbon using
a TOC solid sampler (SSM-5000A) to obtain TOC
levels. TOC levels in pre-treated sediments were
detected using the same method as that used for the
SPM samples.

Results and discussion
Residual levels of HCH and DDT

The levels of residual HCH and DDT in the water,
SPM, and sediments from Lake Small Baiyangdian
and comparisons with other studies are presented in
Tables 1 and 2, respectively.

Four HCH isomers were detectable in all three
media at six sampling sites (Table 1). Concentrations

Table 1 HCH and DDT contents in the water, suspended particulate matter (SPM), and sediments from Lake Small Baiyangdian

Pesticides Water (ng-L™") SPM (ng-g ', dw) Sediments (ng-g ', dw)

Range Mean + SD Range Mean + SD Range Mean + SD
«-HCH 0.08-0.77 0.21 +£2.02 N.D.-9.32 1.30 £ 1.91 N.D.-0.75 0.09 £2.23
B-HCH N.D.-1.26 0.30 £2.42 N.D.-27.99 6.98 +£2.65 N.D.-1.01 0.20 +3.34
v-HCH 0.19-1.05 0.58 +1.77 N.D.-41.97 8.59 +4.02 N.D.-0.92 0.09 +£2.81
5-HCH 0.08-3.74 0.35+3.92 N.D.—82.88 9.78 +£2.34 0.02-2.23 0.35+1.61
> HCHs 0.53-6.81 1.59 +£2.24 N.D.—-104.35 2542 +£1.72 0.15-3.11 0.86 + 1.44
o,p'-DDE N.D. N.D. N.D. N.D. 0.002-0.16 0.04 +3.76
p.p'-DDE N.D. N.D. N.D.-35.62 15.99 £ 1.40 N.D.-0.48 0.05 £ 10.20
o,p-DDD N.D. N.D. N.D.-300.59 90.04 + 1.86 N.D.-0.15 0.04 +2.80
p.,p-DDD N.D. N.D. N.D.-147.69 39.68 £1.95 0.001-0.17 0.05 £2.40
o,p'-DDT N.D. N.D. N.D. N.D. N.D.-0.33 0.04 £2.37
p,p'-DDT N.D. N.D. N.D.-25.90 6.49 +1.80 0.006-0.96 0.10 +2.40
>DDTs N.D. N.D. 60.49-319.95 158.79 = 1.67 0.03-1.41 0.46 +£1.97
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Table 2 Comparisons of HCH and DDT contents in the water, SPM, and sediments from Lake Small Baiyangdian with those from

other regions worldwide

Sampling area

> HCHs

SDDTs

Water (ng'L ™)

SPM (ng'g”", dw)

Sediment
(ngg™, dw)

Water (ng-L™")

SPM (ng'g !, dw) Sediment

(ngg ', dw)

This study (2007)

Nanjing section of Yangtze River,
China (1998.5)"

Wuhan section of Yangtze River,
China (2005)°

Lake Baiyangdian, China
(1994-1995)°

Lake Baiyangdian, China
(2007-2008)¢

Tianjin, China (2002)°

Pearl River, China (2001.8)"

Qiantang River, China (2005.7)®

Huaihe River, China
(2002-2003)" ‘
Haihe River, China (2007.8)!

Tonghui River, China (2002.4)

Guanting reservoir, China
(2000.10)¢
Ebro River, Spain (1995-1996)'

Northern Lakes, Greece
(1996-1998)™

Gomti River, India (1996-1999)"

Kucuk Menderes River, Turkey
(2000-2002)°

Bahlui River, Romania
(2006-2007)?

Lake Baikal, Russia (1992.5)%"

Ulsan Bay, Korea (1999)°

0.53-6.81 (1.59)
9.27-10.51

0.55-28.07 (6.66)

5.8-20.6
0.79-202.8 (37.26)
1.10-7.50

70.12-992.6
(356.38)
5.9-16.2 (9.10)

0.22-28.58 (3.38)
N.D.-421

0.02-4846.0
187-337

0.056-0.96

N.D.-104.35
(25.42)
11.3-21.87

0.2-34.72 (5.30)"

0.15-3.11 (0.86)

0.69-2.26

9.8-12.8 (11.6)

9.23-120.2 (34.70)

0.997-1620 (547)
0.06-0.38 (0.17)

0.001-0.026 (0.007)

0.1-1650.0

0.4-3

0.019-0.12
0.02-4.55 (0.64)

N.D.
1.57-1.79

0-16.71 (1.48)

59

0.52-1.13
0.80-97.54 (10.57)
4.45-78.87

18.79-663.3 (91.81)
3.10

1.97-6.77 (3.10)
N.D.-143

N.D.-4,578.0
N.D.-120

N.D.-0.015

60.49-319.95
(158.79)
14.63-20.72

0.46-2.72 (1.19)"

2,690

0.03-1.41 (0.46)

0.56-2.16
2.2-3.1 (2.6)

340

4.47-95.77 (23.10)

N.D.-155 (18.5)
0.11-3.78 (1.14)

0.85-9.03 (3.08)

N.D.-509.0

0.18-18

0.014-2.7
0.02-4.91 (3.34)

# Jiang et al. 2000

° Tang et al. 2008
“Dou and Zhao 1998
9Hu et al. 2010

®Tao et al. 2007
"Yang et al. 2004

€ Zhou et al. 2006

"Yu et al. 2004

Zhao et al. 2010

I Zhang et al. 2004
KWang et al. 2003
!Fernandez et al. 1999
™ Golfinopoulos et al. 2003
" Singh et al. 2005

° Turgut 2003
PNeamtu et al. 2009
9Twata et al. 1995

" Tsydenova et al. 2003
*Khim et al. 2001
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of total HCH ranged from 0.53 to 6.81 ng L™ (mean
1.59 ng L") for water, 0.05 to 104.35 ng g ' dw
(mean 25.42 ng g ' dw) for SPM, and 0.15 to
3.11 ng g ' dw (mean 0.86 ng g ' dw) for sediments.
The levels of DDT and its metabolites (DDD and
DDE) in the water and o,p"-DDT and o,p’-DDE in
the SPM were below the detection limits. The mean
concentrations of p,p’-DDT, p,p"-DDE, o,p"-DDD, and
p,p’-DDD in SPM were 6.49, 15.99, 90.04, and
39.68 ng g ' dw, respectively. The total DDT contents
in sediments ranged between 0.03 ng g ' dw and
1.41 ng g ' dw with a mean value of 0.46 ng g ' dw.
The highest concentrations of both HCH and DDT were
found in the SPM.

Table 2 shows that the HCH concentrations in Lake
Small Baiyangdian water were comparable to the
Huaihe River and the Wuhan section of the Yangtze
River. The levels of residual HCH were one or two
orders of magnitude lower than those in the Nanjing
section of the Yangtze River, Pearl River, and
Qiantang River, but higher than those in Lake Baikal
in Russia. The levels of HCH and DDT in the SPM
were relatively high, and both were one or two orders
of magnitude higher than the levels of the Nanjing and
Wuhan sections of the Yangtze River. However, the
DDT concentrations were lower than those in six
different rivers in Tianjin. In the sediments from
Lake Small Baiyangdian, the HCH levels were similar
to those of the Bahlui River of Romania and the
Ulsan Bay of Korea and were slightly higher than
those of Lake Baikal. However, the HCH levels

(a) HCHs

100%

80%

60%

40%

20%

0% 4
Sediments
Du-HCH

Water SPM
®3HCH syHCH sp-HCH

Environmental Media

were considerably lower than those in the Qiantang
River and Haihe River. The DDT concentrations were
generally one or two orders of magnitude higher than
those that have been reported for the other arcas men-
tioned here. Relative to other studies of Lake
Baiyangdian, the results of this study were comparable
to data that were acquired in the 1990s but were lower
than the results of another survey that was performed
during 2007 and 2008. These differences may be due to
variations in sampling areas and indicate that pollution
in Lake Small Baiyangdian was less severe than in other
areas in Lake Baiyangdian.

Composition of HCH and DDT

The compositional profile of HCH isomers in the
water, SPM, and sediments is shown in Fig. 2a. y-
HCH and 6-HCH were the predominant isomers in
water and accounted for 40.5 % and 24.4 % of total
HCH, respectively. Analyses of the SPM showed sim-
ilar results with 0-HCH and y-HCH and together
accounted for more than 68 % of total HCH. In the
sediments, 6-HCH accounted for the most abundant
fraction at 47.7 % of total HCH, followed by 3-HCH
(22.3 %), y-HCH (15.6 %), and o-HCH (13.7 %)).
Figure 2b illustrates that in SPM, DDD contributed to
more than 85 % of the total DDT: 59.2 % was derived
from o,p’-DDD and 26.1 % was derived from p,p'-
DDD. Low levels of p,p’-DDE and p,p’-DDD were also
observed. A study of SPM from Deep Bay, South China
by Qiu et al. (2009) showed similar results. In

(b) DDTs
100%

80%
60%
40%

0%

SPM Sediments
#p,p-DDT So,p"DDT Bp,p"-DDD Do,pDDD Bp,p-DDE Bo,p'-DDE

Environmental Media

Fig. 2 Compositions of HCH and DDT in the water, suspended particulate matter (SPM), and sediments from Lake Small Baiyangdian
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sediments, the proportions of individual DDT isomers
were almost the same with the exception of p,p’-DDT
(31.7 %). These proportions were consistent with stud-
ies of DDT in sediments from the Qiantang River and
Bohai Sea in which p,p’-DDT was the predominant
DDT compound (Zhou et al. 2008; Hu et al. 2010).

Partitioning of HCH and DDT in water, SPM,
and sediments

To obtain a better understanding of the distributions of
HCH and DDT between water, SPM, and sediments, the
potential influence of certain parameters on the parti-
tioning of these compounds requires further discussion.
Unlike each isomer’s proportion in one phase, which
should be decided by the relative contents of all HCH or
DDT isomers, an isomer’s K, value relates only to its
own concentrations in different media. The partitioning
of each isomer between water and SPM or sediments
was assessed qualitatively using the organic carbon
partition coefficient K., which can be expressed as,

Koo = Ka/foc (1)

where K4 represents the adsorption coefficient and £, is
the organic carbon fraction (%) in sediments or SPM. Ky
is defined as the ratio between the solid-phase or
particulate-phase concentration (Cy, ng kg ') and
aqueous-phase concentration (Cy, ng L") when dynam-
ic sorption and desorption have reached chemical
equilibrium.

a Sediments-Water

7
Max

75 % quantile
Mean x
Median

6 L 25% quantile
Min

s L %l 382

log Koc
w

o-HCH p-HCH 7-HCH §-HCH

As shown in Fig. 3a, the calculated logK,. values
for the sediment—water system in our study were gen-
erally greater than those in previous publications
(IPCS 2001; New York State Department of
Environmental Conservation 2004). The mean logK,,.
values for -, -, v-, and 5-HCH were 4.22, 5.36,
4.75, and 5.56, respectively. A similar situation was
observed for the SPM—water system. The mean logK,,.
values for «-, 3-, v-, and 8-HCH in the SPM—water
system were 4.20, 4.83, 4.67, and 4.99, respectively
(Fig. 3b). One possible explanation for these differ-
ences is that previously published logK’ .. values were
calculated based on soil-water partitioning. Li et al.
(1995) noted that one difference between sediments
and soil is the extent of water saturation. With higher
polarity, the dissolution of organics in water leads to a
lower polarity of organic matter in sediments than in
soil. Because organic matter polarity has a substantial
effect on organic carbon partitioning of non-ionic pes-
ticides in sediments and soil, a lower polarity relates
directly to a higher K,. value (Li et al. 1995).
Furthermore, logK’,. was measured in a laboratory
after dynamic sorption and desorption reached
chemical equilibrium conditions, which cannot be
guaranteed in the field. From the observed logK,.
values, it is likely that the partitioning of HCHs
was not in equilibrium between the solid and aque-
ous phase in Lake Small Baiyangdian, and there-
fore, a portion of HCHs may partition into the
aqueous phase (Tan et al. 2009).

b SPM-Water
7

Max
él 75 % quantile
Mean
Median
6k 25% quantile
Min I
8
=
gst o
l
; J
' (N N A I, < L
""""" 358 ----------3158
3 3.03
o-HCH p-HCH 7-HCH 5-HCH

Fig. 3 The organic carbon adsorption equilibrium constants (logK,.s) of HCH in water, SPM, and sediments (*logK,. values in

literatures)
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Identification of HCH sources

Technical HCH consists of 60-70 % «-HCH, 5-12 %
3-HCH, 10-15 % y-HCH, and a minor proportion of
5-HCH with an «-/y-HCH ratio of approximately 4—7.
For lindane, which is primarily y-HCH, the -/y-
HCH ratio is less than 0.1. Because of their high vapor
pressures, x-HCH and y-HCH are the main isomers in
the gaseous phase and could be transported over long
distances in air. Therefore, the «-/y-HCH ratio in the
gaseous phase is greater than the ratio for industrial
sources of HCH, e.g., «-/y-HCH >7, which can be
used to identify an atmospheric source of HCH (Iwata
et al. 1993, 1995).

The o-/y-HCH ratios (Fig. 4) in Lake Small
Baiyangdian ranged from 0.23 to 0.73 for water, 0 to
1.38 for SPM, and 1.41 to 2.55 for sediments, which
suggested a mixture of technical HCH and lindane
sources. Ongoing lindane use may have occurred as
indicated by the low «-/y-HCH ratios in water. The
a-/y-HCH ratios for sediments were relatively high
compared to those in SPM and water. One possible
explanation is that water and SPM are more sensitive
to recent in the surrounding areas. After their appli-
cation to soil, pesticides readily leach into water
through rain and runoff, which has a direct influence
on HCH concentrations in water. For SPM, the con-
tribution from contaminated soil particles washed by
rain and runoff cannot be undervalued (Gomez-
Gutierrez et al. 2006). Sediments typically accumulate
over many years and are mainly indicative of historical
contamination conditions.
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Fig. 4 Source identification of HCH in Lake Small Baiyangdian
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Identification of DDT sources

DDT sources can be identified on the basis of their
composition and metabolic products. Technical DDT
that is produced for manufacturing contains 15 % o,p'-
DDT and 85 % p,p’-DDT, but 1 kg of dicofol contains
approximately 11 % o,p’-DDT and less than 2 % p,p'-
DDT. Therefore, the o,p'-/p,p’-DDT ratios for techni-
cal DDT and dicofol are approximately 0.2 and 7,
respectively. When o,p’-/p,p’-DDT is >7, dicofol can
be assumed to be the main DDT source; an o,p-/p,p'-
DDT ratio of approximately 0.2 indicates a technical
DDT source. The relative proportions of DDT metabolic
products are indicative of whether DDT was derived
from new inputs or historical use. DDT (o,p'-DDT and
p,p'-DDT) can be degraded to DDD (o,p"-DDD and p,p
'-DDD) and DDE (o,p"-DDE and p,p'-DDE). If the
(DDE+DDD)/~DDT (sum of DDE, DDD, DDT) ratio
is more than 0.5, DDT is present due to historical input
and vice versa (Hitch and Day 1992).

In this study, DDT was undetectable in water, and
therefore, only the sources of DDT in SPM and sedi-
ments were analyzed. Usually, sediment resuspension
and terrigenous source are two essential sources for
SPM (Gomez-Gutierrez et al. 2006). The significant
differences in compositions between the SPM and
sediments in Lake Small Baiyangdian suggested that
DDT in SPM more likely came from soil remobiliza-
tion during agricultural activities than the sediments.
Moreover, the overwhelming predominance of o,p’-
DDD in the SPM (60 %) suggested that DDT should
have been degraded in anaerobic soil for some time
and that dicofol had primarily contributed to the soil
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Fig. 5 Source identification of DDT in Lake Small Baiyangdian
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Table 3 Species sensitivity dis-

tribution (SSD) parameters Curve type Parameter and its value

of y-HCH calculated by

BurrliOZ All species Burrlll 2.519(b) 0.515(¢c) 6.043(k)
Vertebrates Burrlll 58.638(b) 0.708(c) 2.259(k)
Invertebrates ReWeibull 5.450(a) 0.456(b)
Fishes Burrlll 57.899(b) 0.784(c) 2.085(k)
Crustaceans ReWeibull 6.430(a) 0.526(b)
Insects and spiders Burrlll 1.560(b) 0.780(c) 6.655(k)

contamination. For sediments, the o,p’-/p,p’-DDT ra-
tios were between 0.2 and 0.9 (Fig. 5), which indicated
that technical DDT was the main source of DDT.
Assuming that there were only two dominant types
of DDT sources (technical DDT and dicofol) in the
environment, the contributions of technical DDT and
dicofol were 85.6 % and 14.4 %, respectively, accord-
ing to the formula proposed by Liu et al. (2009).

However, o,p'-DDT is metabolized more quickly
than p,p’-DDT (Martijn et al. 1993) in the environ-
ment, and this effect may also result in observed o,p’-/
p,p'-DDT ratios that are lower than those of the prod-
uct formulas. However, the ratios of (DDE+DDD)/
>:DDT were all above 0.5 except for the values from
sampling sites 2 and 3; these ratios suggested that
DDTs in the majority of the study area may be attrib-
uted to historical discharge, but that some regions may
be receiving new input.

Ecological risks of HCH and DDT in water

A species sensitivity distribution (SSD) model was
applied to evaluate the ecological risks of HCH and
DDT to different species. An SSD describes the cu-
mulative distribution of eco-toxicity and exposure data
(Posthuma et al. 2002; Wang et al. 2009). Toxicity
data were collected from the EPA ECOTOX database

(http://ctpub.epa.gov/ecotox/) using search criteria
that included the type of freshwater body, LCs, end-
points, exposure duration of less than 10 days, and
laboratory tests. Vertebrate and invertebrate species
were considered in the distribution. Fish were the
representative vertebrates, and invertebrates included
crustaceans, insects, and spiders. The BurrliOZ tool,
which was designed by Australia’s Commonwealth
Scientific and Industrial Research Organization
(CSIRO) (CSIRO 2008), was employed to calculate
the relevant SSD parameters (Table 3). The potentially
affected fraction (PAF) is the cumulative probabilities
on the SSD curve corresponding to a given concentra-
tion, which is a measure of the percentages of species
being affected under this concentration accounting for
all species. PAF can reflect the actual toxic risk prob-
ability of pollutants on species. By calculating the PAF
values of different species, the relative damage can
also be obtained, providing an in-depth understanding
of the ecological risks of Lake Small Baiyangdian. In
this study, PAF was obtained using the Burrlll (Eq. 2),
ReWeibull (Eq. 3), or Repareto (Eq. 4) equations,
where x is the pollutant concentration (ug L") and
b, ¢, and k are the parameters fitted by the BurrliOZ
tool using toxicity data.

PAF(x) = 1 / [+ (b/x) " 2)

Table 4 Ecological risks of y-HCH in the water at six sampling sites

Sampling sites All species Vertebrates Invertebrates Fishes Crustaceans Insects and spiders
1 1.377E—11 1.723E-60 1.792E—-08 1.789E—-116 1.063E—17 1.235E—-08
2 1.279E—-12 8.894E—-86 5.201E—09 1.287E—174 1.932E-19 3.488E—-09
3 2.110E—-13 9.462E—112 2.043E-09 3.368E—237 9.334E-21 1.342E-09
4 1.164E—11 5.286E—62 1.642E—08 7.342E—120 8.006E—18 1.129E-08
5 1.176E—11 6.583E—-62 1.651E—08 1.201E—119 8.149E—18 1.136E—08
6 1.479E—11 7.405E—60 1.860E—08 4.638E—115 1.200E—17 1.283E-08
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Table 5 Sediment quality guidelines (SQGs) of HCH and DDT in sediments in Lake Small Baiyangdian (unit g-g ', dw)

Compounds TEC PEC This study
TEL? LEL ERL CB-TEC PEL SEL ERM CB-PEC
«-HCH NA 6 NA NA NA NA NA NA 0.094
v-HCH 1 3 0.5 2.37 1.38 10 6 4.99 0.090
DDE 1.42 5 2 3.16 6.75 190 15 31.3 0.095
DDD 3.54 8 2 4.88 8.51 60 20 28.0 0.088
DDT NA 8 1 4.16 NA 710 7 62.9 0.136
>'DDTs 7 7 3 5.28 4,450 120 46.1 572 0.456

4 TEC threshold-effect concentration, PEC probable-effect concentration, TEL threshold-effect level, PEL probable-effect level, LEL
lowest-effect level, SEL severe-effect level, ERL effect range low, ERM effect range median, CB-TEC consensus-based TEC, CB-PEC

consensus-based PEC, N4 not available

PAF(x) = exp (—b/x°) (3)

PAF(x) = (x/b)" (4)

In the present study, the DDT contents in water
were below detection limits, and there was no suffi-
cient toxicity data to construct SSD curves for -, 3-,
and 6-HCH. Only the ecological risks of y-HCH in
terms of the PAF could be evaluated using the SSD
model. Table 4 shows that the ecological risks of -
HCH were very low with PAF values of less than 107"
The ecological risk probability of y-HCH for all of the
species varied from 2.11x107 "% to 1.479x107"". The
ecological risks of y-HCH for vertebrates (e.g., fish;
3.368x 10 %*7—4.638x10"""%) were much lower than
those for invertebrates (e.g., insects and spiders;
1.342x10°-1.283x10"®). The sensitivity of species
to y-HCH was ranked as follows: insects and spiders >
crustaceans > fish.

SSD curve represents the cumulative probabilities
of species being affected; more species were affected
when the concentration went higher. Usually, the con-
centration corresponding to 5 % cumulative probabil-
ity in an SSD curve (HC5) was used to evaluate
ecological risk. HCS5 represents the hazardous concen-
tration for 5 % of species being adversely affected in
an ecosystem. A lower HC5 value indicates species
were harmed at a lower pollutant concentration,
suggesting a greater ecological risk. In the present
study, the HCS values of y-HCH for vertebrates,
invertebrates, fish, crustaceans, and insects and spi-
ders were 13.937, 3.715, 13.101, 4.271, and 3.217
ug L', respectively. These results implied that the
ecological risks of y-HCH were higher for inverte-
brates than for vertebrates. The ecological risks of
v-HCH to insects and spiders were the highest
followed by the risks to crustaceans and fish. This
ranking was the same as the rankings that were
based on the PAF evaluation.

Table 6 LCsgs and toxicity units (TU) of HCH and DDT to C. fentans and H. azteca in Lake Small Baiyangdian

Sample sites C. tentans H. azteca
v-HCH DDE DDD DDT v-HCH DDE DDD DDT
TU 1 2.13E-03  2.23E-06  2.49E-05 1.81E-06  2.83E—03 1.72E-06  5.74E-06  2.16E—05
2 9.26E—04  3.02E-08 6.57E-06 1.26E—-06 1.23E-03  2.33E-08 1.52E-06  1.51E-05
3 1.38E-02  4.68E—07 8.19E-06  1.08E—05 1.84E-02 3.61E-07 1.89E-06 1.29E-04
4 6.11E-03 1.14E-06  1.15E-05 2.18E-06 8.12E—-03  8.78E—07 2.64E-06  2.60E—05
5 1.51E-02  9.03E-07 1.35E-05 839E-07 2.00E-02 6.96E—-07 3.11E-06 1.00E—-05
6 3.14E-03 1.45E-06 1.42E-05 4.30E-07 4.17E-03 1.12E-06  3.28E-06  5.12E—-06
LCso (ug'g ', oc) 0.73 6,400 300 3,100 0.55 8,300 1,300 260
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Ecological risks of HCH and DDT in sediments

There is no uniform standard for risk assessment in sedi-
ments. In the present study, the ecological risks of HCH
and DDT in sediments were compared to published
numerical sediment quality guidelines (SQGs) (Hu et al.
2010; MacDonald et al. 2000; Qiu et al. 2009; Tang et al.
2007; Long et al. 1995). However, these published SQG
values may not accurately represent the actual ecological
risks. In the absence of other criteria, SQGs can be used
as a reference to indicate relative potential risks. Table 5
presents several HCH and DDT SQG values that were
collected from the literature, including threshold-effect
concentrations (TECs) and probable-effect concentra-
tions (PECs). The residual levels of HCHs and DDTs in
sediments that were measured here were much lower
than these guidelines, which suggest that there was little
ecological risk from HCH and DDT in the sediments in
Lake Small Baiyangdian.

Toxicity tests are widely used in the derivation of
SQGs, and toxicity unit (TU) is an important approach
to identify potentially toxicity to organisms brought by
pollutants (Hoke et al. 1997; Pedersen et al. 1998;
McCready et al. 2006). TU was calculated as the ob-
served pollutant concentration divided by the LCs, both
on an organic carbon (oc) normalized basis. Usually,
following the protocols of the U.S. Environmental
Protection Agency, 7-10-day-old Hyalella azteca and
10-day-old larvae of Chironomus tentans are the testing
species (Weston et al. 2004). In this study, due to labo-
ratory limitations, no sediment toxicity testing was con-
ducted on sediment samples collected in Small
Baiyangdian. However, sediment LCs, values for both
species were collected from related publication and TU
values at each sampling sites were calculated for refer-
ence, both listed in Table 6. According to Weston et al.
(2004), 0.5 TU was chosen to be the threshold above
which there were great probabilities that the pollutant
made potential contribution to the mortality of testing
species. For both the cases of H. azteca and C. tentans,
the TU values of y-HCH and DDT isomers were much
lower than 0.5, indicating that pollutants were unlikely
to account for potential toxicity in Small Baiyangdian.

Conclusions

The present study investigated the extent of HCH and
DDT contamination in the water, SPM, and sediments

of Lake Small Baiyangdian. HCH and DDT were
found throughout his area. Compared to other areas
in China and abroad, residual levels in the water and
sediments were relatively low, but those in the SPM
were higher. The HCH K|, values that were calculated
in this study were higher than those provided in the
literature possibly due to new input in this area. The
origin of HCH in the study area was a mixture of
technical HCH and lindane, and new input of lindane
may have occurred. The DDT in sediments may be
present due to the historical application of technical
DDT. The potential risks posed by y-HCH in water
were small. The concentrations of HCH and DDT in
Lake Small Baiyangdian did not exceed the guideline
values and, therefore, were of little concern.
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