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The dissipation and persistence of endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-
6,9-methano-2,4,3-benzodioxathiepin 3-oxide) applied to field-grown tomato (Lycopersicon esculen-
tum) were studied at a vegetable-growing location in Ghana. Plant tissue samples and cropped soil
collected at 2 h-14 days and 8 h-112 days, respectively, after application, were analyzed by gas
chromatography-electron capture detection (63Ni) to determine the content and dissipation rate of
endosulfan isomers (R- and �-endosulfan) and the major metabolite, endosulfan sulfate. After two
foliar applications of commercial endosulfan at 500 g of active ingredient/hectare, the first-order reaction
kinetic was confirmed to describe the dissipation of endosulfan residues in tomato foliage and cropped
soil. However, functions that best fit the experimental data were the biphasic process for foliage and
the monophasic process for cropped soil. Calculated DT50 and DT90 values for endosulfan residues
in cropped soil were not significantly (p < 0.05) different for each of the two isomers.

KEYWORDS: Dissipation; endosulfan; half-life; persistence; soil; tomato (Lycopersicon esculentum)

INTRODUCTION

Chlorinated organic pesticides are one of the major groups
of chemicals responsible for environmental contamination.
Many chlorinated pesticides are highly toxic and considered
to be a potential risk to both human health and the
environment. Technical endosulfan, a mixture of two stereo-
isomers, that is, R- and �-endosulfan (Figure 1a,b) in the
approximate ratio of 7:3 (1, 2), is a chlorinated pesticide for
control of a large spectrum of insect pests on a wide range
of crops (3). It is used in many countries throughout the world
for the control of pests on fruits, vegetables, tea, tobacco,
and cotton (4, 5). Because of such abundant usage, and the
potential for accumulation in the environment (endosulfan
is not readily detoxified by soil microorganisms), residues
are detectable in soils, sediments, and crops at harvest
time (6, 7). Although the metabolites of endosulfan, that is,
sulfate, diol, ether, hydroxy ether, and lactone, have been

shown to occur (8, 9), only the sulfate metabolite (Figure
1c) is significant as a residue (4).

Endosulfan,whichhasbeenfoundinresiduemonitoring(10,12)
and food crops studies (13), is one of the commonly used
chlorinated pesticides on vegetables in Ghana (14). At
Akumadan (1° 57′ W, 7° 24′ N), a prominent vegetable-
farming community in Ghana (11), the pesticide is one of
the predominant active ingredients used for controlling leaf
miners, bollworm, fruit fly, etc., on tomato and has the
potential of environmental contamination because of much
overuse, abuse, and misuse of the pesticide (14). One aspect
of the range of studies needed to assess the environmental
impact of a pesticide is environmental fate studies, and
understanding the persistence and dissipation of the pesticide
is an important step forward.

This research uses field experiments to provide insight into
the persistence and dissipation of endosulfan applied to field-
grown tomato in sandy loam soil under the tropical conditions
of Ghana and to answer the following questions: (1) How is
endosulfan distributed, qualitatively and quantitatively, in a
tomato field following spraying on plant foliage using 1.5
times the labeled rate? (2) Does endosulfan persist in tomato
foliage and fruit as total residues to which consumers and/
or insects may be exposed? (3) Finally, what are the
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persistence and the dissipation rate of endosulfan isomers
and major metabolite in tomato foliage and cropped soil?

MATERIALS AND METHODS

Reagents. Analytical standards of R-endosulfan (96.0% purity),
�-endosulfan (98.0% purity), and endosulfan sulfate (97.5% purity) were
supplied by Dr. Ehrenstorfer GmbH, Augsburg, Germany. Thionex 35
EC/ULV containing 350 g/L active ingredient (ai) of endosulfan (R:�
) 1.96:1) was obtained from Hoechst Agrevo Ltd. through a local
pesticide dealer at Akumadan. Stock solutions of R- and �-endosulfan
and endosulfan sulfate (100 µg/mL) were prepared separately in
n-hexane. All organic solvents used were of GC grade (Sigma, Münich,
Germany; or BDH, VWR International, Poole, U.K.).

Experimental Design and Endosulfan Treatment. The field study
was conducted during February-May 2005 at Akumadan. Prespray
soil samples (about 200 g dry weight) from 0-10, 10–20, 20–30, and
30–40 cm depths of the experimental field were collected with a corer
(5.0 cm diameter) at random and analyzed for water content, pH, organic
matter content, texture (clay, silt, and sand contents), and bulk density.
Conventional soil analyses were carried out using standard methods.
Water content was determined by weight loss after drying in an oven
at 110 °C. Measurement of pH (1:2.5 soil/water) was made using a
Hach model pH-meter. Soil organic matter was determined according
to the Walkley-Black method (15); particle size distribution was
determined by using the pipet method (16) [three sizes were estimated:
<0.002 mm (clay), 0.002–0.02 mm (silt), and >0.02 mm (sand)]; and
bulk density was determined by weight loss over volume of a cylinder
after drying in an oven at 102 °C.

The soil was a sandy loam having 68.5% sand (>0.02 mm), 21.6%
silt (0.002–0.02 mm), and 9.9% clay (<0.002 mm); pH 6.5; organic
matter of 1.3%; water content of 9.5%; and bulk density of 1.52 g/cm3

for all segments. Of about 4000 m2 area prepared for field studies (no
endosulfan had been sprayed on the field for over 2 years since
September 2002), nine plots each measuring 15 × 15 m were
demarcated in a 3 × 3 randomized complete block design for two
treatments (T1 and T2) and a control treatment (TC), leaving a border
area of about 2.5 m around the plots. Each treatment was replicated
three times. On February 9, 2005, 14-day-old tomato seedlings were
transplanted at 75 cm apart in rows (row to row distance of 60 cm;
450 plants per plot). On March 12, 2005 (i.e., 31 days after transplant-
ing), endosulfan (Thionex 35 EC/ULV; labeled rate is 2.1 L/ha) was
applied on T1 plots from a height of 20–25 cm above the plant canopy
at a rate of 3 L/ha (500 g of ai/ha) in 215 L of water on tomato
(Lycopersicon esculentum var. Power), using a portable backpack
sprayer [Knapsack CP 15 L equipped with one conical nozzle operated
at 40 psi (275 kPa)]. Before use, the spraying device was calibrated
with respect to homogeneity of the spray beam and pumping volume
per time unit. The application of pesticide to the plots was executed
bandwise and in a criss-cross pattern to ensure a uniform distribution.
On March 12 and April 9, 2005 (i.e., 31 and 59 days after transplanting,
respectively), the above endosulfan treatment was applied on T2 plots.
The second spraying was done at the time of about 50% fruit formation.
TC plots were kept as the untreated controls.

Throughout the experiment, the plots were kept free of weeds by
hand hoeing, taking care not to disturb the upper layer of soil. The
plots were irrigated four times (furrow irrigation). Water was pumped
from a reservoir into a head ditch from where the water flowed by
gravitation into furrows running across the field. The irrigation water
was crosschecked for endosulfan residues. The first irrigation was given

on the day of transplanting and thereafter at 21 day intervals. During
the experimental period, there was a single rainfall event on April 11,
2005, estimated at 11 mm. Mean relative humidity was 71%; maximum
and minimum temperatures averaged 30 and 25 °C, respectively, with
a mean of 27 °C during the experimental period.

Sampling for Endosulfan Residues Analysis. After treatment T1,
samples of leaves (10 g of fresh weight each) were drawn from each
replicate plot at intervals of 0 (2 h after spray), 1, 2, 6, and 14 days.
Triplicate tomato leaf samples were collected randomly from the
midcanopy of plants from each replicate plot. In addition, whole fruit,
root, and stem samples (100–200 g of fresh weight each), and leaf (10

Figure 1. Endosulfan isomers and its sulfate metabolite: (a) R-endosulfan;
(b) �-endosulfan; (c) endosulfan sulfate.

Table 1. Levels and Distribution of Endosulfan (R-Endosulfan,
�-Endosulfan, Endosulfan Sulfate, and Sum) in Tomato Plant Parts
(Treatment T2)

residuea (mg/kg)

sample timeb (days) R � sulfate sumc

control 0 <0.001d <0.001 <0.001 <0.001

leaves 0 1.110 0.702 0.039 1.851
1 0.122 0.362 0.086 0.570
2 0.050 0.085 0.103 0.238
6 0.017 0.016 0.116 0.149

14 0.008 0.006 0.020 0.034

fruits 0 0.446 0.428 0.030 0.904
1 0.297 0.291 0.052 0.647
2 0.210 0.173 0.266 0.642
6 0.062 0.037 0.091 0.190

14 0.031 0.022 0.050 0.103

stems 0 0.126 0.124 0.010 0.260
1 0.059 0.056 0.055 0.170
2 0.031 0.026 0.073 0.130
6 0.006 0.004 0.071 0.081

14 0.003 <0.001 0.027 0.030

roots 0 0.064 0.047 <0.001 0.111
1 0.027 0.043 <0.001 0.070
2 0.015 0.035 <0.001 0.050
6 <0.001 0.010 0.020 0.030

14 <0.001 0.003 0.007 0.010

soil 0 0.574 0.221 <0.001 0.795
1 0.527 0.204 <0.001 0.731
2 0.527 0.199 <0.001 0.726
6 0.213 0.067 0.161 0.441

14 0.057 0.042 0.027 0.126

a Mean of triplicate analyses from three replicates. b Reference to the second
application for T2. c R-Endosulfan + �-endosulfan + endosulfan sulfate. d Limit
of quantification.

Figure 2. Dissipation of R- and �-endosulfan and endosulfan sulfate in
leaves. Maximum concentration of endosulfan sulfate was measured on
day 6, which was about 6% of the initial amount of total endosulfan.
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g fresh weight) samples were taken randomly at the same time intervals
from treatment T2 plots.

Soil samples were drawn at time intervals of 0 (8 h after spray), 1,
2, 6, 14, 28, 56, and 112 days after application from four different
levels (0–10, 10–20, 20–30, and 30–40 cm depths) from treatment T1
plots and additionally from the surface (0–10 cm) of treatment T2 plots
at intervals of 0 (2 h after spray), 1, 2, 6, and 14 days. One-meter-
sided squares were delimited randomly in the 15 × 15 m subplot. In
each square, soil cores were taken from the specified soil depths. Thus,
within a 15 × 15 m subplot, variable numbers of soil samples (3-10)
were taken at the specified times above. All core samples of different
depths and treatments were homogenized separately. Each soil sample
was a composite of 36 cores (5.0 cm diameter) from 0-10, 10–20,
20–30, and 30–40 cm depths (T1 plots) and 0–10 cm depth (T2 plots).
Three replicate samples, about 50 g each, were drawn from each
composite.

Sorted samples of soil, leaf, fruit, stem, and root were wrapped in
aluminum foil, packed in polythene bags, and transported to the CSIR
Water Research Institute Laboratory in Accra (a distance of 349 km)
within 24-48 h on ice in clean ice chests. Upon arrival at the laboratory,
leaf, fruit, stem, and root samples (peel and flesh) were given a cold
water wash with a soft brush to remove adhering soil particles and
subsequently kept in a freezer at -4 °C until required for extraction,
which was carried out within 24 h. Sorted soil samples were transferred
into pans to air-dry at ambient temperature.

Analytical Procedures. Samples of tomato plant parts (roots, stems,
leaves, and fruits) were extracted according to procedures described in
FAO/IAEA (17). Briefly, the frozen samples were thawed, and each
plant part (approximately 5 g of fresh weight) was cut (or chopped in
the case of leaf) into small pieces and homogenized in a mortar. The
plant parts were transferred to a pre-extracted Whatman cellulose
extraction thimble; lipids were extracted for 8 h with methanol (200
mL) in a Soxhlet apparatus cycling four or five times per hour. The
extract was passed through a preconditioned SPE column (Bond Elute
C-18 3 cm3/500 mg; Varian, Palo Alto, CA) (11). Residues trapped in
the column were eluted with n-hexane (1.5 mL) into a glass vial and
brought to volume (2 mL) with n-hexane for analysis by gas
chromatography.

Air-dried soil samples were ground in a mortar and sieved (2 mm).
About 5 g representative sieved samples were weighed into extraction
thimbles and extracted for 8 h with methanol (200 mL) in a Soxhlet
apparatus as described above for plant samples. The extract was passed
through a preconditioned SPE column and treated in the same way as
described above for plant parts.

Analyses were performed with a Perkin-Elmer AutoSystem gas
chromatograph equipped with a 63Ni electron capture detector. Separa-
tions were on a 30 m × 0.32 mm i.d. capillary column with 0.25 µm
methyl phenyl phase (Perkin-Elmer Elite-225). The gas flow (helium)
was set to 16 mL/min through the column and at 30 mL/min makeup
(Nitrogen) through the detector. Sample volumes (1 µL) were injected
in a split mode at 250 °C, and the oven temperature was programmed

as follows: 100 °C for 1 min, increased to 150 °C (10 °C/min), 250 °C
(5 °C/min), then at 30 °C/min to 300 °C (held 10 min). The detector
temperature was 350 °C. The retention times (RT) of each of the
endosulfan isomers and the sulfate metabolite were compared with those
of the external standards, and the data were recorded. The RT of R-
and �-endosulfan and endosulfan sulfate were observed as 22.6, 25.2,
and 26.8 min, respectively.

In recovery experiments, soil and plant samples from the control
plot fortified at levels of 0.1 and 0.5 mg/kg were used. Each fortification
level was prepared in three replicates. Chopped or cut plant parts and
sieved soil samples were placed in 250 mL standard joint borosilicate
bottles and fortified by the addition of appropriate volumes of previously
prepared stock solutions of endosulfan. The bottles were capped,
manually shaken to ensure thorough mixing, and stored in a deep freezer
at -4 °C for 24 h to simulate residue sample storage conditions. The
recovery values (mean ( SE) observed were 102.5 ( 2.1, 87.6 ( 1.3,
and 84.5 ( 1.2% for R- and �-endosulfan and endosulfan sulfate,
respectively, using a fortified soil sample, whereas these values were
85.6 ( 1.3, 84.3 ( 0.9, and 86.5 ( 1.1% for plant samples. Residue
data were not corrected for efficiency of recovery. The limit of
quantification was 0.001 mg/kg for each of the endosulfan isomers and
the metabolite sulfate.

Residues concentrations in soil (milligrams per kilogram of dry
weight) and plant samples (milligrams per kilogram of fresh weight)
(treatment T2) were converted to loadings per field area in milligrans
per hectare. To determine the total mass of active ingredient in soil
and plant the following calculations were used:

Mas )C × assumedarea sprayed (1)

Map )C × assumedarea sprayed × cropyield (2)

Mas ) total mass of active ingredient in soil; Map ) total mass of active
ingredient in plant; C ) concentration of unit sample in each constituent
(mg/kg/m2 of soil or mg/kg/plant); assumed area sprayed ) (15 × 15 m
plot size) × 3 number plots; and crop yield ) 450 plants per plot (15
× 15m area). To determine the mass of active ingredient per hectare,
it is multiplied by 14.8. From the residue loadings in the samples it
was possible to estimate the proportion of endosulfan in each constituent
of the tomato field ecosystem in one season.

The dissipation of endosulfan in tomato foliage and cropped soil
was determined by a nonlinear regression of the pesticide residue
concentration against time (treatment T1) implemented in Microsoft
Excel. The statistical parameters, r2, k, and C0 were determined using
an iterative nonlinear regression procedure using SPSS software (SPSS
software, version 12.0.1 for Windows, SPSS Inc., Chicago, IL). DT50

and DT90 values for R- and �-isomers were also calculated.

RESULTS

In Table 1, endosulfan residue contents in and their distribu-
tion among leaves, fruits, stems, roots, and soil in the course of
the experiment (T2 plots) are presented. Shortly after treatment,
highest total endosulfan residue contents were found in the
leaves, followed by fruits, soil, stems, and roots. Among the
plant parts, leaves had the highest content of total endosulfan
residues, followed by fruits, stems, and roots. For tomato leaves
a sharp decline in the total endosulfan contents was observed
within 24 h, followed by a relatively slow decline to the
termination of the experiment.

In Figures 2 and 3, the dissipation of residues of endosulfan
isomers and their metabolite sulfate in foliage and fruit is
presented. Residue levels of endosulfan in tomato declined over
the 14 day study period. Two hours after treatment, the R-isomer
was more abundant than the �-isomer in tomato leaves and
fruits. Initial residues of R-endosulfan were 1.11 and 0.45 mg/
kg in leaves and fruits, respectively. Initial residues of �-en-
dosulfan were 0.70 and 0.43 mg/kg in fruits, respectively.
Endosulfan sulfate was detectable in tomato leaves and fruits
analyzed (Figures 2 and 3).

Figure 3. Dissipation of R- and �-endosulfan and endosulfan sulfate in
fruits. Maximum concentration of endosulfan sulfate was measured on
day 2, which was about 30% of the initial amount of total endosulfan.
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Residue levels of endosulfan isomers in tomato leaves
declined very rapidly in the first 2 days, and the rate of
dissipation slowed. The sulfate metabolite of endosulfan was
detectable almost immediately after treatment, its concentration
increasing rapidly in the first 6 days, reaching 6% of the initial
residues in foliage, and then decreased at the termination of
the experiment (Figure 2).

In tomato fruits, initial total endosulfan residues was above
0.50 mg/kg 2 h after treatment and consisted primarily of the
R- and �-isomers, whereras only a relatively trace residue level
of endosulfan sulfate metabolite was detected 2 h following
treatment. Residues of the sulfate metabolite 2 days after
treatment constituted about 30% of the initial amount of total
endosulfan in tomato fruits (Figure 3).

As evident from the data (T1 plots) given in Table 2
endosulfan parent isomers and their sulfate breakdown product
did not move beyond a 30 cm depth. Endosulfan R-isomer
remained confined in the 0–10 cm layer. The �-isomer of
endosulfan leached down to 30 cm until 28 days of experimen-
tation. The amount present in the 20–30 cm layer was markedly
lower than that in the 0–10 cm layer. Endosulfan sulfate
metabolite did not leach beyond 10 cm.

A chemical balance budget made using the data in Table 1
(T2 plots) from a late application of endosulfan (April 9, 2005)
(at time t ) 14 days) showed that most of the residues of the
pesticide were found in the tomato plant system (74%), whereas
only a relatively small proportion (26%) was found in cropped
soil of the amount (0.5%) that remained on-field. In the tomato
plant system, the distribution of total endosulfan residues
followed the order fruits (43%) > leaves (14%) > stem (13%)
> root (4%).

DISCUSSION

In the interpretation of the results of this study, the word ‘in’
has been used to mean ‘in’, ‘on’, or ‘in and on’. Our study did
not differentiate whether residues were situated on outer surfaces
of plant tissues or were taken up into the tissues of the plant.
However, several authors have reported endosulfan residues,
including metabolites, in, on, or in and on tomato plant

tissues (3, 18, 19) as well as in, on, or in and on tissues of
other plants and in soil (3, 20–26).

Shortly after treatment of endosulfan on field-grown tomato
using Thionex (35 EC/ULV) formulation, the levels of total
endosulfan residues were markedly higher in leaves than in
fruits, stems, or roots due, partly, to the foliar application of
the pesticide. The other reasons could be the horizontal position
of the lamina of the leaves as well as the difference in surface
area between leaves and other tissues of the plant (18, 25).
However, at the termination of the experiment, endosulfan
residue levels were about 3-10 times higher in fruits than in
other tissues. Miglioranza et al. (27) found that high carotenoid
levels (lipophilic substances) are responsible for retaining
chlorinated hydrocarbons in the body and peel of vegetables,
and we believe this to explain the higher endosulfan residue
levels in fruits than in leaves at the termination of the
experiment.

The measurement of endosulfan (a persistent organochlorine
compound) in tomato fruit (a vegetable crop) is of great
importance as its uptake is a major pathway for a toxic substance
into the food chain leading to human exposure (28). The Codex
Committee on Pesticide Residues (CCPR) considers a total
endosulfan concentration of 0.50 mg/kg in tomato to be the
maximum residue level (MRL) [CCPR (https://secure.pesticides.
gov.uk/MRLs)]. After treatment, the residue level of total
endosulfan in fruit was 0.90 mg/Kkg, and at harvest time, that
is, 2 weeks later (according to the preharvest interval), it was
0.10 mg/kg, which is markedly lower than the Codex MRL.
However, a definite conclusion on the safety of the consumption
of field-grown tomato cannot be reached because high applica-
tion rates of endosulfan (1000 g of ai/ha, 5–10 kg per seasonal
total for tomato by some farmers at Akumadan) are reported
(14). The human dietary exposure to pesticides from the
consumption of vegetables is the subject of another publication
(Ntow et al., unpublished results).

The endosulfan formulation used (Thionex) contained two
isomers, R- and �-isomers, with a higher relative amount of
R-isomer than �-isomer (R-isomer/�-isomer ) 1.96:1). During
the first 2 h following pesticide treatment, the residue level of

Table 2. Dissipation of Endosulfan in Tomato Cropped Soil in T1 (500 g of Active Ingredient Given 31 Days after Transplanting)

endosulfan residuesa (mg/kg)

days after
spraying depth (cm) R-endosulfan �-endosulfan endosulfan sulfate Σ endosulfan dissipation (%)

control plot 0–40 <0.001b <0.001 <0.001 <0.001

0 (8 h) 0–10 2.30 ( 0.34 0.88 ( 0.11 <0.001 3.18 ( 0.23
1 0–10 2.11 ( 0.11 0.82 ( 0.07 <0.001 2.92 ( 0.18 8.1
2 0–10 2.11 ( 0.06 0.80 ( 0.07 <0.001 2.90 ( 0.12 8.8
6 0–10 0.85 ( 0.11 0.27 ( 0.01 0.65 ( 0.08 1.77 ( 0.19 44.5

14 0–10 0.23 ( 0.01 0.13 ( 0.01 0.11 ( 0.01 0.47 ( 0.01
10–20 <0.001 0.03 ( 0.00 <0.001 0.03 ( 0.00
20–30 <0.001 0.01 ( 0.00 <0.001 0.01 ( 0.000.51 84.3

28 0–10 <0.001 0.04 ( 0.00 0.11 ( 0.01 0.15 ( 0.01
10–20 <0.001 <0.001 <0.001 <0.001 0.15 95.2

56 0–10 <0.001 0.01 ( 0.00 0.07 ( 0.01 0.08 ( 0.01
10–20 <0.001 <0.001 <0.001 <0.001 0.08 97.6

112 0–10 <0.001 <0.001 0.04 ( 0.00 0.04 ( 0.00
10–20 <0.001 <0.001 <0.001 <0.001
20–30 <0.001 <0.001 <0.001 <0.001
30–40 <0.001 <0.001 <0.001 <0.001 0.04 98.7

a Mean ((SD) of three replicates. b Limit of quantification.
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R-endosulfan was higher than that determined for �-endosulfan
in leaves, but from day 2, residue levels found for both isomers
were, in general, similar (Figure 2; Table 1). In fruits, residue
levels of R- and �-endosulfan were very similar during the entire
14 day period of experimentation, although levels of R-endosul-
fan were, in general, higher than those determined for �-en-
dosulfan (Figure 3; Table 1). According to Antonious et al.

(18), Kathpal et al. (26), and Kimber et al. (29), although the
endosulfan R-isomer is about 70% of the active ingredient in
commercial formulations, it is found in solid surfaces at
appreciable levels only immediately after spraying, due to its
high volatility. Endosulfan R-isomer is more volatile (vp )
0.006 mmHg at 20 °C) and less water-soluble (2.29 mg/L at 22
°C) compared to the �-isomer (vp ) 0.003 mmHg at 20 °C

Figure 4. Monophasic dissipation of (a, top) R-endosulfan, (b, middle) �-endosulfan, and (c, bottom) total endosulfan residues in tomato cropped soil.
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and water solubility ) 31.1 mg/L at 22 °C) (18, 30). Endosulfan
was converted to the sulfate metabolite in foliage and fruit of
tomato in 2 h, following treatment. In both foliage and fruit,

this breakdown product of endosulfan persisted until the
termination of the experiment at 14 days. Oxidation of the parent
compounds (2) causes an initial buildup in the sulfate metabolite,

Figure 5. Biphasic dissipation of (a, top) R-endosulfan, (b, middle) �-endosulfan, and (c, bottom) total endosulfan residues in tomato foliage.
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which reaches a peak in 6 and 2 days in foliage and fruit,
respectively, after application. Given that endosulfan sulfate is
formed in many natural environments through biological oxida-
tion and that it is only slowly degraded, both chemically and
biologically (31), it may represent a predominant residue of
endosulfan in aerobic environments.

To describe the dissipation of residues of endosulfan isomers
in tomato foliage and cropped soil, a monophasic dissipation
model in first-order kinetics derived from eq 3 (32) was used.

Ct ) C0 e-kt (3)

C0 is the y-intercept value, Ct is the concentration of endosulfan
residues in matrix at time t (mg/kg), t is the postapplication
time (days), and k is the slope of the dissipation line. DT50 and
DT90 values and the dissipation rate constant (k) were deter-
mined from the slope of a nonlinear regression plot of Ct ver-
sus t.

In tomato cropped soil, endosulfan dissipation followed an
essentially first-order kinetic. As can be seen in Figure 4 in
cropped soil the concentration of endosulfan gradually decreased
with time during the study period of 120 days. The calculated
DT50 and DT90 values for endosulfan in tomato cropped soil
were not significantly (p < 0.05) different for each of the two
isomers [4.31 ((0.105), 14.3 ((0.105) days for the R-isomer,
respectively; 4.31 ((0.0255), 14.3 ((0.0255) days for the
�-isomer, respectively] in cropped soil (Figure 4a,b). These
findings suggest that, in this experiment, R-endosulfan and
�-endosulfan did not differ in persistence in cropped soil.

However, in tomato foliage, endosulfan concentration also
decreased with time, but more rapidly initially and then slowly
(Figure 2). This deviation of foliage dissipation kinetic from
first-order kinetic, with exhibition of biexponential (two-stage)
dissipation kinetic, has been often observed for endosulfan (2, 18).
Some authors (2, 33) explain this biphasic model through an
initial rapid volatilization phase followed by a slower rate of
dissipation. The high volatilization rate of endosulfan has been
reportedfromsolidsurfacesaswellasaqueoussystems(20,24,30).

Thus, in tomato foliage, dissipation of endosulfan was
described by a biphasic model (32)

Ct /C0 ) ae-k1t + (1- a)e-k2t (4)

where C0 is the initial concentration of endosulfan (mg/kg), Ct

is the concentration at time t (mg/kg), t is the postapplication
time (days), k1 and k2 are fast and slow dissipation rate constants,
and a is a constant (32). Relatively better correlation coefficients
were obtained when the dissipation was fitted to two nonlinear
phases. Figure 5 shows the nonlinear relationships together with
the values of the statistical parameters calculated for endosulfan
parent isomers and total endosulfan using the model. The
biphasic shape of endosulfan dissipation curves had earlier been
reported by some authors (2, 18, 26) to describe the two-phase
dissipation of pesticides in foliage and soils, when an initial
period of fast pesticide loss is followed by a phase of slower
dissipation.

To assess the vertical movement of endosulfan, soil core
concentrations were measured to judge the pesticide content in
different soil layers in relation to the applied amount (Table
2). Endosulfan was not detected beyond a 30 cm depth of soil
at Akumadan. We attributed this finding to its high soil
adsorption coefficient, Koc ) 12400 [EXTOXNET (http://
extoxnet.orst.edu/pips/ghindex.html)], which presumably led to
concentrations below the quantification limit in the subsoil
layers.

The results of the chemical balance budget (at time t ) 14
days) after two foliar applications (T2) of endosulfan (total load
of 1000 g of ai/ha) as Thionex (35 EC/ULV) formulation
indicates that a greater percentage (99.5%) of endosulfan
dissipates from a tomato field with only a small percentage
(0.5%) remaining on-field 2 weeks after the last spraying (74%
in plant and 26% in soil). We suggest that the dissipation
occurred through volatilization and degradation of the pesticide
in either plants or soil microorganisms. In the study, there was
no significant off-site movement of in-furrow irrigation water.
Additionally, there was only one small rainfall (11 mm) during
the study. Therefore, there was little potential for endosulfan
foliar wash-off. As has been discussed in previous sections, the
dissipation of endosulfan in foliage is characterized by an
initial rapid volatilization phase. In our investigation, en-
dosulfan loss through volatilization was not measured. Several
authors (2, 34, 35) have held the concept that volatilization is
a significant route of pesticide loss in the field, particularly when
it is applied to the surfaces of soils or plants (36), and this may
explain how traces of endosulfan have been found in areas never
sprayed such as the Artic (37) and remote areas around the world
(38). In a study (2) of the fate and transport of endosulfan in an
Australian cotton field, the authors found approximately 70%
of endosulfan dissipating through volatilization, with only a
small percentage (8.5%) remaining on-field a month after four
foliar applications of Thiodan ULV (total load of 3000 g of
ai/ha). Further studies are needed to quantify volatilization to
estimate a total field balance.
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