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ABSTRACT
The pesticide 1,3-dichloropropene (1,3-D) is considered to be the

most promising alternative to methyl bromide for soilborne pest con-
trol. The high volatility of 1,3-D, however, has been shown to result
in excessive atmospheric emissions that may impose toxicological
effects on workers or residents. This study demonstrated that 1,3-D
was rapidly transformed to nonvolatile products by thiosulfate fertiliz-
ers in soil, and that thiosulfate-facilitated fumigant transformation
may be used to reduce 1,3-D emissions. Transformation of 1,3-D
by thiosulfate was chemically based, and 1,3-D degradation in soil
accelerated proportionally as thiosulfate level in soil increased. At a
4:1 thiosulfate to fumigant molar ratio, the half-life of 1,3-D was
reduced to only a few hours, as compared with >10 d for nonamended
soils. The rate of thiosulfate-facilitated 1,3-D transformation was inde-
pendent of soil types and was higher in moist soils and at high soil
temperatures. Transformation occurred at a similar rate for ammo-
nium, calcium, and sodium thiosulfates. As these thiosulfate com-
pounds are commercial fertilizers, amendment of these products at
the soil surface during 1,3-D fumigation may offer an effective and
inexpensive approach for reducing 1,3-D emissions.

SOIL fumigation has been an important approach for
soilborne pest control during the last five decades

(Noling and Becker, 1994; Noling, 1997). To be most
effective, the properties and application of soil fumi-
gants are such so that a widespread diffusion of the
fumigant vapor is achieved in the treated soil. As a
result of the high diffusivity, it has been found that
excessive emissions frequently occur for many soil fumi-
gants. Because of the acute toxicity and suspected carci-
nogenicity of many fumigants (Baker et al., 1996), fumi-
gant emissions can have toxicological implications for
field workers or nearby residents, or cause other impacts
on the environment. As a result of such negative en-
vironmental effects, many fumigants, including EDB
(ethylene dibromide) and DBCP (1,2-dibromo-3-chlo-
ropropane), have been phased out (Noling, 1997). Fur-
thermore, the emission of methyl bromide (MeBr) from
soil fumigation has been implicated in stratospheric
ozone depletion and MeBr fumigation will be discon-
tinued by 2005 in the USA and other industrialized
nations (USDA, 1999). Due to its unique importance
in soil pest management, the anticipated phase-out of
MeBr has stimulated an intensive search for effective
alternatives. When used alone or in combination with
chloropicrin, 1,3-D is considered to be the most promis-
ing MeBr replacement (Mueller, 1995; Trout and
Ajwa, 1998).

Both isomers of 1,3-D are highly volatile, with vapor
pressures ranging from 23 to 34 mmHg (Batzer et al.,
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1997). A number of laboratory and field studies have
shown that 11 to 90% of applied 1,3-D can escape into
the air from fumigation (Basile et al., 1986; van den
Burg, 1992; van den Burg et al., 1994; Chen et al., 1995;
Baker et al., 1996; Gan et al., 1998c). Because 1,3-D
is acutely toxic and potentially carcinogenic, excessive
emissions of its vapor into the atmosphere may contrib-
ute to air pollution and cause detrimental effects to
human health and the environment. Thus, it is important
to develop mitigation practices to reduce its emissions
while sustaining its effectiveness for pest control.

Atmospheric emissions of a fumigant can be reduced
if the fumigant’s volatility is lowered or eliminated be-
cause of degradation or transformation of the parent
compound. This was shown in recent studies in which
organic composts and ammonium thiosulfate (ATS)
were tested as amendments to accelerate fumigant
transformation in the surface soil (Gan et al., 1998a,b).
Amendment of organic wastes was found to rapidly
degrade methyl isothiocyanate (MITC) and substan-
tially suppress its emission (Gan et al., 1998b). Ammo-
nium thiosulfate was found to rapidly convert MeBr to
nonvolatile ionic products in soil, and application of
ATS at 660 kg ha-1 at the soil surface reduced MeBr
emission from 61 to <10% (Gan et al., 1998a).

Our further research showed that thiosulfate also re-
acted effectively with 1,3-D and chloropicrin. In this
paper we report our findings on the mechanisms of
thiosulfate-facilitated 1,3-D transformation in soil and
the influence of soil and environmental variables on the
transformation rate.

MATERIALS AND METHODS

Soils and Chemicals

Two soils, an Arlington sandy loam (coarse loamy, mixed,
thermic Haplic Durixeralf) and a Carsitas loamy sand (mixed,
hyperthermic typic Torripsamment), were used in the incuba-
tion experiments. Arlington sandy loam was acquired from
the experimental station near the University of California,
Riverside, and Carsitas loamy sand from the University of
California Coachella Valley Research and Extension Center.
Soils were sieved through a 2-mm sieve without complete air-
drying and stored at room temperature before use.

Ammonium thiosulfate, calcium thiosulfate, and potassium
thiosulfate were all purchased from Fluka Chemical (Ronkon-
koma, NY) and the purity was >99.0. The 1,3-D standard
was obtained from Chem Service (West Chester, PA) and
contained 47% cis-l,3-D and 51% trans-l,3-D.

Kinetics Experiments

The reaction between thiosulfate and 1,3-D was first studied
in aqueous solution at 20 -+ I°C, in which the disappearance
of the reactants (1,3-D and $20~-) and appearance of one 
the reaction products (C1-) were followed. Briefly, in 100 

Abbreviations: ATS, ammonium thiosulfate; ECD, electron capture
detector; GC, gas chromatograph.
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ATS solution (2.0 mM) contained in a capped serum bottle,
100 ixl 1,3-D solution in acetone was added using a gas-tight
syringe. The concentration of 1,3-D in the aqueous solution
was 1.0 mM and the initial molar ratio of ATS to 1,3-D was
thus 2:1. Control solutions containing only 1,3-D or ATS were
also prepared. At different times, aliquots of solution were
removed from each treatment and analyzed for 1,3-D,
$20~-, and CI-. Analysis of 1,3-D was carried out on a Hew-
lett-Packard (Palo Alto, CA) 6890 gas chromatograph (GC)
with an electron capture detector (ECD) after the aqueous
sample was extracted with ethyl acetate. The GC conditions
were 30 m X 0.25 mm × 1.4 0.m RTX-624 capillary column
(Restek, Bellefonte, PA), 2.0 mL min-1 flow (helium), and
140°C isothermal oven temperature. Analysis of $203~- and
CI- was made on a Dionex-100 ion chromatograph (IC) (Dio-
nex, Sunnyvale, CA). The IC conditions were AS-14 column
(Dionex, Sunnyvale, CA) and 1.0 mL min-~ flow of a mobile
phase consisting of 3.5 mM Na~CO3 and 1.0 mM NaHCO3.
The retention times were 3.8 rain for CI- and 10.2 min for
S203~-.

The kinetics of thiosulfate-facilitated 1,3-D transformation
were further determined in soil. Ten grams (oven-dry weight)
of Arlington sandy loam (10%, w/w) in 20-mL headspace vials
were treated with ATS at 1 mmol kg-~ and 1,3-D at 0.5 mmol
kg-L Soil vials treated with only ATS or 1,3-D were also
prepared and used as controls. The treated vials were sealed
and then incubated at 20 +- I°C in the dark. Triplicate samples
were removed at different times and immediately transferred
to a freezer (-21°C) to stop the reaction. To analyze 1,3-D
in soil, sample vials were opened when the soil was still frozen,
10 g of anhydrous sodium sulfate and 10 mL of ethyl acetate
were added, and the vials were recapped. After the soil was
thawed at room temperature, the vials were vigorously shaken
for 2 rain on a vortexer. A portion of the ethyl acetate phase
was transferred to a GC vial and analyzed for 1,3-D with gas
chromatography. The recovery of 1,3-D by this procedure was
close to 100%. To analyze S~O~- and CI-, 10 mL HzO was
added to each vial and the vials were vortexed for 2 min,
followed by centrifugation at 8000 rpm at 5°C for 15 min. The
supernatant was analyzed for S~O~- and C1- with ion chroma-
tography. Soil native C1- concentration (0.08 mmol kg-~) was
excluded in calculating CI- production. Recoveries of CI- and
S~O~- by this procedure were found to be --90%.

Transformation of 1,3-D in soil was compared between
nonsterile and sterile soils to determine whether thiosulfate-
facilitated 1,3-D transformation is solely chemically based.
Both Arlington and Carsitas soils were used, and the soils
were treated with ATS and 1,3-D at 1.0 and 0.5 mmol kg-~,

respectively. Soil sterilization was achieved by autoclaving
soils twice at 121°C before chemical addition. The same proce-
dures as given above were used for sampling and analysis of
residual 1,3-D concentrations.

Different Thiosulfate Salts

Three thiosulfate salts (ammonium thiosulfate, calcium
thiosulfate, and potassium thiosulfate) were compared for
their efficiency in transforming 1,3-D in soil. Arlington soil
was treated with these salts individually at 1 mmol kg-~ and
then spiked with 1,3-D at 0.5 mmol kg-1. The same procedures
as above were used for treatment and incubation. Disappear-
ance of 1,3-D in soil was determined by analyzing triplicate
samples at different times for residual 1,3-D concentrations.

mmol kg-~ and 1,3-D at 0.5 mmol kg-L The initial ATS to
1,3-D molar ratios were thus 0:1, 1:1, 2:1, and 4:1, where the
0:1 treatment served as the no-amendment control. Both Ar-
lington and Carsitas soils were used and soil water content
was 10% (w/w). The same procedures as above were used for
treatment and incubation. Dissipation of 1,3-D in soil was
determined by analyzing 1,3-D residual concentrations at dif-
ferent times.

Soil Temperature and Moisture Conditions

Incubation experiments were carried out to determine the
influence of soil temperature and moisture variations on thio-
sulfate-facilitated 1,3-D transformation. To study the effect
of temperature, Arlington soil (10%, w/w) was treated with
ATS at 1.0 mmol kg-~ and 1,3-D at 0.5 mmol kg-~ and then
incubated at 10, 20, 30, or 40°C in the dark. At different times
after treatment, triplicate samples were removed and analyzed
for residual 1,3-D concentrations following solvent extraction.
To determine the effect of soil moisture, Arlington soil was
adjusted to different initial water contents by air drying or
adding water, and then treated with ATS at 1.0 mmol kg-~
and 1,3-D at 0.5 mmol kg-~. The final water contents in soil
were 1.3, 5.0, 10.0, and 15.0% (w/w). Dissipation of 1,3-D in soil
was determined by analyzing 1,3-D residual concentrations at
different times.

RESULTS AND DISCUSSION

Mechanisms of Transformation

In water, 1,3-D isomers hydrolyzed at approximately
the same rate, with a half-life (tl/2) of 400 h, or -17 
(Fig. 1). This is in agreement with McCall (1987), 
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Thiosulfate Amendment Levels
Dependence of 1,3-D transformation on thiosulfate amend-

ment level in soil was evaluated by determining fumigant
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Fig. 1. Reaction kinetics of 1,3.D and SzO~- in aqueous solutiou.

Disappearance of 1,3-D isomers in water and ammonium thiosul-
fate (ATS) solution. (b) Disappearance of 1,3-D and S~O~- 
appearance of CI- in ATS solution.
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Fig. 2. Reaction kinetics of 1,3-D and SzO~- in soil. (a) Disappearance

of 1,3-D and appearance of CI- in control and ammonium thiosni-
fate (ATS)-amended soils. (b) Disappearance of SzO]- and 1,3-D
in ATS-amended soils.

reported a h/2 of 11.3 _+ 0.5 d for 1,3-D in various aqueous
solutions at 20°C. In solution containing ATS, isomers
of 1,3-D disappeared much more rapidly than in the
ATS-free control solution (Fig. la). After 48 h, 91% 
the initial cis-l,3-D still remained in the control solution,
but only 2% was found in the ATS solution. The decline
of cis and trans isomers of 1,3-D fitted closely to the
first-order model, with R > 0.99. It was also apparent
that dissipation of cis-l,3-D was significantly faster than
that of trans-l,3-D (Fig. la). Under the experimental
conditions, the first-order t~/2 of cis-l,3-D was only 7.3
h, but that of trans-l,3-D was 25 h. It was also evident
that in the ATS solution, as 1,3-D was consumed, CI-
was quantitatively produced (Fig. lb). Because 1,3-D
contains two chlorines, the production of C1- at the
same rate as the dissipation of 1,3-D implies that only
one CI was initially displaced. According to nucleophilic
substitution reactions of $20~- with other halogenated
hydrocarbons (Slator, 1904; Dunbar and Hammett,
1950), it can be assumed that the C1 at C3 was replaced
by SzO~- via Sy2 reaction:

CIHC=C-CH~CI + S~O3z-

--* C1HC=C-CH~-S~O~- + CI-- [1]

The pseudo first-order kinetics of 1,3-D transforma-
tion in the presence of an excessive amount of thiosul-
fate is characteristic of S~2 type of reactions, while the
fact that the trans isomer was less reactive to SzO~- than

Table L First-order half-life values (in hours) of 1,3-D isomers 
sterile and nonsterile soils that were amended with ammonium
thiosulfate (values in parentheses are the correlation coeffi-
cient R).

Treatment Sterile Nonsterile

Arlington sandy loam
cis-l,~-D 5.1 (0.99) 5.9 (0.99)
trans-l,3-D 17.7 (0.99) 22.9 (0.99)

Carsitas loamy sand
cis.l,3.D 2.9 (0.98) 3.1 (0.97)
trans-l,3-D 9.4 (0.99) 10.7 (0.99)

the cis isomer was supportive of the proposed position
of substitution. The slower reaction of SzO~- with the
trans isomer was probably caused by the greater steric
hindrance for S20~- to attack at C3 from the opposite
direction of the CI.

Very similar kinetics were also observed in soil (Fig.
2). Again, 1,3-D consumption and C1- accumulation
occurred at approximately the same rate, indicating that
the initial transformation released only one of the two
chlorines. In soil, however, S~O~- was found to be unsta-
ble, and the disappearance of $2032- in the blank soil
followed apparent linear kinetics, with h~2 of ~48 h (Fig.
2). Thus, in the 1,3-D treated soil, the dissipation of
SzO~- was caused concurrently by its transformation in
soil and its reaction with 1,3-D. Studies by other re-
searchers showed that S20~- was oxidized to S~O~- and
then to SO~z- in soil (Goos, 1985; Sullivan and Havlin,
1992). The instability of SzO~- in soil implies that thio-
sulfate application should be carried out at the time of
fumigation to maximize its effect for degrading 1,3-D.
It also suggests that SzO~- amendment is unlikely to
affect subsequent fumigation treatments in the same
field.

The fact that thiosulfate-facilitated 1,3-D transforma-
tion followed similar kinetics in water and soil implies
that the transformation in soil was chemically based.
This was further verified by comparing 1,3-D transfor-
mation between sterile and nonsterile soils. In both Ar-
lington and Carsitas soils, transformation of 1,3-D iso-
mers in ATS-amended soil was not affected by soil
sterilization (Table 1). 1,3-D was known to degrade
in soil via both chemical and microbial pathways, and
microbial transformation was especially pronounced in
soils that had previous fumigation treatments (Roberts
and Stoydin, 1976; Smelt et al., 1989; Leistra et al., 1991;
Ou et al., 1997). Thus, it may be concluded that chemical
transformation of 1,3-D by thiosulfate Will be predomi-
nant immediately after fertilizer application, but the
contribution of microbial degradation may become sig-
nificant with time as thiosulfate is depleted in soil.

The proposed initial product, CIHC=C-CH;-S:O~-,
should be unstable because of the reactivity of thiosul-
fate. In separate studies, headspace and solvent extracts
of incubated soil samples were analyzed for nonpolar
organic products with a GC-ECD and a GC-mass spec-
trometer (MS). No organic species was detected in these
analyses. Thus, further transformation(s) of C1HC=C-
CH2-S20;- may likely involve pathways that produce
only nonvolatile, ionic intermediates.
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Table 2. First-order half-life values (in hours) of 1,3-D isomers
in Arlington sandy loam amended with different thiosulfate
salts (values in parentheses are the correlation coefficient R).

Treatment cis-l~-D trans-13-D

Calcium thiosulfate 10.7 (0.98) 30.1 (0.98)
Sodium thiosulfate 10.0 (0.97) 28.3 (0.98)
Ammonium thiosulfate 9.5 (0.97) 26.5 (0.99)

Effect of Thiosulfate Salt Type

In soil amended with different thiosulfate salts, 1,3-D
transformation followed essentially the same kinetics
(P = 0.05) (Table 2). These results suggest that 
dissociation rate of $20~- from different salts was not
a limiting factor in thiosulfate-facilitated 1,3-D transfor-
mation. The fact that 1,3-D was transformed equally
effectively by different thiosulfate salts implies that dif-
ferent thiosulfate products may be selected for applica-
tion. A number of thiosulfate salts are used in agricul-
ture as fertilizers or soil modifiers, and are thus easily
available. Of these products, ATS is the most-used sul-
fur fertilizer in agriculture. It is also used with urea and
liquid ammonia to enhance nitrogen utilization by plants
(Goos, 1985; McCarty et al., 1990; Sullivan and Havlin,
1992). Potassium thiosulfate is used in agriculture as 
sulfur and potassium fertilizer, while calcium thiosulfate
is used as a modifier for certain soils.

Effect of Thiosulfate Amendment Level

Because thiosulfate-facilitated 1,3-D transformation
was chemically based, the rate of transformation would
depend on the relative ratio of $2032- to 1,3-D. This was
confirmed from experiments in which soils were treated
with ATS and 1,3-D at different molar ratios. As shown
in Fig. 3 for cis-l,3-D in Arlington sandy loam, as the
molar ratio increased, 1,3-D transformation was propor-
tionally enhanced. The tl/2 of cis-l,3-D in soil was re-
duced from 256 h (~10 d) in the nonamended soil 
18 h when the ratio was 2:1, and further to only 4 h at
the 4:1 ratio (Table 3). Similar relationships between

100 I~~ ~ ~ ~

0 20 40 60 80 100

Time after treatment (hours)
Fig. 3. Transformation of cis-l,3-D in Arlington sandy loam amended

with ammonium thiosulfate (ATS) at different ATS to fumigant
molar ratios.

Table 3. First-order half-life values (in hours) of 1,3-D isomers
in soils amended with ammonium thiosulfate (ATS) at different
molar ratios relative to the fumigant.

ATS to 1,3-D molar ratio

0:1 1:1 2:1 4:1

Arlington sandy loam
cis-l,3-D 256 50 18 4
trans-l,3-D 224 96 50 18

Carsitas loamy sand
cis-l,3-D 385 58 24 13
trans-l,3-D 365 117 55 25

ATS amendment levels and 1,3-D transformation rates
were observed for both Arlington and Carsitas soils, as
well as for both isomers (Table 3). Overall, as the molar
ratio of ATS to 1,3-D doubled, transformation rate of
1,3-D also doubled.

The close dependence of 1,3-D transformation rate on
thiosulfate level has implications for application. First,
reduction of 1,3-D emissions will closely depend on the
application rate of thiosulfate fertilizers. Second, be-
cause previous studies showed that thiosulfate is oxi-
dized to sulfate in soil (Sullivan and Havlin, 1992), while
volatilization of 1,3-D from soil is most rapid during
the early hours after fumigation, thiosulfate application
should be timed immediately around 1,3-D treatment.
Third, factors influencing thiosulfate distribution in soil,
such as application methods and soil preparation, can
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Fig. 4. Effect of soil temperature and moisture conditions on the first-

order half-life (hours) of 1,3-D isomers in anunonium thiosulfate
(ATS)-amended soil. (a) Temperature effect. (b) Soil water con-
tent effect.
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affect the contact time and relative ratio between 1,3-D
and thiosulfate, and thus 1,3-D transformation. It is
known that vapor diffusion of fumigants in soil is re-
tarded after water application (Jin and Jury, 1995). Thus,
applying thiosulfate formulations with sufficient water
may slow down 1,3-D movement in soil and increase
the contact time between 1,3-D and S2O3~, thus max-
imizing 1,3-D transformation. These factors, along with
their potential effects on pest control, should be evalu-
ated to optimize the actual use of this approach.

Effect of Soil Temperature and Water Content
Soil temperature and moisture conditions can change

drastically both diurnally and throughout the duration
of fumigation treatment. Further, when plastic tarps are
used at the surface, moisture in surface soil can be high
due to water condensation underneath the tarp (Jury
et al., 1997), and temperature can also be drastically
elevated (Yates et al., 1996). Thiosulfate-facilitated
1,3-D transformation under different soil temperature
and moisture conditions is thus of importance. In the
Arlington soil, as soil temperature increased from 10 to
40°C, transformation of 1,3-D proportionally acceler-
ated (Fig. 4). For instance, tw was 34 h for cw-l,3-D at
10°C, but was only 3 h at 40°C. A similar dependence
on temperature was also evident for trans-\,3-D (Fig.
4). By fitting the data to the Arrhenius equation, the
activation energy (£a) was calculated to be 64 kJ mol^1

for cw-l,3-D and 66 kJ mol"1 for trans-l,3-D. These £a
values suggest that with 10°C increase, ATS-facilitated
1,3-D transformation in soil would increase approxi-
mately 2.5 times. This temperature dependence implies
that when soil is warm, thiosulfate amendment would
be more effective in degrading 1,3-D. For the same
reason, measures that elevate surface soil temperatures,
such as surface tarping, would further promote thiosul-
fate-facilitated 1,3-D transformation.

Transformation of 1,3-D in ATS-amended soil varied
with soil water content (Fig. 4). When soil was extremely
dry (1.3%), 1,3-D transformation was significantly
slower than in soils with higher water contents. For
instance, tm of both cis- and trans-l,3-D in the dry soil
was twice as long as that in the soil of 5% water content
(Fig. 4). When water content further increased from 5
to 15%, moisture effect on 1,3-D transformation dimin-
ished. Similar responses were observed for both cis and
trans isomers. Thus, applying thiosulfate fertilizers in
irrigation water may help to reduce 1,3-D emissions
also because of the enhanced fumigant degradation in
moist soil.

CONCLUSIONS
Thiosulfate is one of the most effective nucleophiles

(Schwarzenbach et al., 1993). Our research has shown
that thiosulfate reacts efficiently with MeBr, 1,3-D, and
chloropicrin—the compounds that represent the major-
ity of the currently used fumigants. Reaction with thio-
sulfate transforms these fumigants into completely (e.g.,
MeBr) or partially (e.g., 1,3-D) dehalogenated ionic
products, thus reducing or eliminating their volatility.

As many thiosulfate salts are commercial fertilizers or
soil modifiers, integrating thiosulfate amendment with
fumigation should be one of the most economical strate-
gies to reduce fumigant emissions. In this study, thiosul-
fate was shown to effectively transform 1,3-D in soil,
and the reaction was faster for cis-l,3-D than trans-
1,3-D. Thiosulfate-facilitated 1,3-D transformation was
unaffected by the type of soil or thiosulfate salt, and was
enhanced with increasing soil temperature and water
content. All these results indicate that application of
thiosulfate fertilizers at the soil surface may be an effec-
tive approach for reducing 1,3-D emissions and should
be further investigated.
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