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Reducing fumigant emissions is required for minimizing
bystander risk and environmental impact. Effective and economic
field management methods including commonly used surface
sealing technique and soil amendments are needed for
achieving emission reductions. This research determined the
effectiveness of ammonium thiosulfate (ATS) and composted
manure amendments to surface soil in combination with water
application or high density polyethylene (HDPE) tarp on
reducing emissions of 1,3-D from soil columns. Surface
treatments included an untreated control, water seal (single
water application at time of fumigant injection), ATS amendments
at 1:1 and 2:1 molar ratio of ATS:fumigant, composted steer
manure at 3.5 kg m-2, and HDPE tarp over 1:1 ATS or the manure
amendment. Cumulative 1,3-D emission loss over two weeks
was greatest for the control (52% of applied). The HDPE tarp over
ATS and manure treatments had the lowest 1,3-D emissions
at 24 and 16%, respectively. Treatments with ATS or manure
alone reduced 1,3-D emissions (29-39%) more effectively than
water seal (43%) and further benefit was gained with the
addition of HDPE tarp. Amendment of surface soil with organic
materials shows greater potential in minimizing fumigant
emissions than with chemicals with the need for a better
understanding of the organic-fumigant reaction mechanism.

Introduction
Soil fumigants have been used to control a variety of
nematode, disease, and weed pests in agriculture. Preplant
soil fumigation is especially important to high value crops.
An important fumigant, methyl bromide (MeBr), is being
phased out due to environmental concerns. Ferguson and
Padula (1) estimated that a loss of $1.5 billion in production
in the United States could occur if suitable alternatives are
not found. As a result, use of alternative fumigants such as
1,3-dichloropropene (1,3-D) has increased. Soil fumigants
are known for rapid diffusion through soil (2). Reducing air
emissions of the alternative fumigants is required for

minimizing worker and bystander risk and release of volatile
organic compounds (VOCs) that contribute to air pollution
(3). Reducing 1,3-D emissions may also improve pest control
as relatively higher amounts of fumigant are retained in the
soil while minimizing environmental and worker exposure
hazards.

One effective method to minimize 1,3-D emissions is the
use of surface amendments with chemicals to promote the
abiotic transformation of the fumigant to nonvolatile prod-
ucts in the soil. Thiosulfate, such as ammonium or potassium
thisulfate (ATS or KTS) can be used as a reactive surface
barrier for reducing fumigant emissions. These thiosulfate
salts containing sulfur in the S2O3

2- form are available as
liquid fertilizers (12–0–0–26S and 0–0–25–17S) (4). When
thiosulfate is applied to the soil surface and 1,3-D is applied
to soil, the reaction between thiosulfate and halogenated
fumigant results in rapid chemical transformation forming
a dehalogenated product and a halide ion (Cl-) (5–8).
Generally, a greater ATS:fumigant ratio applied to the soil
surface results in faster transformation (9).

The addition of organic amendments to soil has also been
found to effectively reduce fumigant emissions (10–12). Rapid
degradation rate of 1,3-D was achieved when soils were
amended with 5% (w/w) composted manure (13). The
incorporation of fumigants into soil organic matter results
in the formation of bound residue where the dehalogenated
fumigant fragment becomes attached to the nucleophilic
sites on the soil organic matter (14).

The most common surface barrier used to control
fumigant emissions is the use of standard high density
polyethylene (HDPE) tarp. Previous research found that
HDPE was highly permeable to 1,3-D thus not effective in
controlling 1,3-D emissions (15, 16) On the other hand, HDPE
tarp over preirrigated soil showed effectiveness (17). Recently,
water seal (water application to the soil surface) was shown
to delay 1,3-D peak emission time and reduce overall
emissions (18). However, proper regulation of amount and
timing of water applications is essential for maintaining good
fumigation efficacy. Excess amounts of water affect fumigant
diffusion in soils (19), (20). Plastic tarps generally cost more
than applying water. The cost of tarping with HDPE over
shank applications in field applications is about $2000 per
ha for purchase, placement, removal, and disposal (18).

To achieve good fumigation efficacy and low emissions,
effective and economic field management methods are
mostly needed and likely to be achieved through a combina-
tion of surface seal (water, tarp) and soil amendments
(chemicals, organics). Various studies have tested the ef-
fectiveness of these treatments on emission reductions but
few tested the effectiveness of these methods used alone or
in combinations on emission reductions of fumigants. To
develop practical methods that can be applied in the field,
we determined the effectiveness of ammonium thiosulfate
and composted steer manure amendments to surface soil in
combination with water application or high density poly-
ethylene (HDPE) tarp on reducing emissions of 1,3-D from
soil columns and compared these amendments to a water
seal. Our hypothesis is that the surface soil amendment with
chemical or organic materials (e.g., composted manure) with
small amounts of water or HDPE tarp may achieve both
emission reduction and good efficacy.

Materials and Methods
Soil, Chemicals, and Plastic Materials. A Hanford sandy
loam soil (coarse-loamy, mixed, superactive, nonacid, ther-
mic Typic Xerorthents), was collected from the surface (0–30
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cm depth) at the San Joaquin Valley Agricultural Sciences
Center, USDA-ARS, Parlier, California. This type of soil is
typical of many orchard and vineyard soils in the San Joaquin
Valley (21). The soil had a pH of 7.2, electrical conductivity
(EC) of 0.31 dS m-1 in 1:1 soil extracts, a cation exchange
capacity of 6.8 cmolc kg-1, and an organic matter content of
7.2 g kg-1 (17). At 33 kPa suction, the soil–water content was
about 17% (w/w) (22). Fresh soil (average water content: 5%
w/w) was passed through a 4 mm sieve without air-drying
and mixed before packing the soil columns. Ammonium
thiosulfate solution (55% w/w) was obtained from Tes-
senderlo Kerley (Eufaula, AL) and composted steer manure
from Orchard Supply Hardware (Fresno, CA). Ethyl acetate
(pesticide grade), hexane (pesticide grade), and sodium
sulfate anhydrous (Na2SO4, 10–60 mesh, ACS grade) were
obtained from Fisher Scientific (Fair Lawn, NJ). Cis-1,3-
dichloropropene (purity of 98.9%) was provided by Dow
AgroSciences (Indianapolis, IN). Standard 1-mil (0.025 mm
thickness) HDPE film (Tyco Plastics, Princeton, NJ) was
provided by TriCal, Inc. (Hollister, CA).

Soil Column Experiment. Closed-bottom stainless steel
columns (63.5 cm high × 15.5 cm i.d.) were used, and soil
was packed to a total depth of 61.5 cm leaving 2 cm headspace
in the column for water or chemical applications. The
columns were packed initially with 6.5 cm followed by 5 cm
increments to establish a uniform bulk density of 1.4 g cm-3,
which is a close value in surface soil in the field. The columns
had sampling ports for sampling soil gases at the soil surface
and in 10 cm increments to 60 cm depth below the soil
surface. A Teflon-faced silicone rubber septum (3-mm thick;
Supelco, Bellefonte, PA) was installed in each sampling port
and was replaced after each sampling. A Teflon tube attached
to the inside of each sampling port extended to the center
of the column. A flow-through gas sampling chamber for
emission measurement was placed on the top of the soil
column and sealed with sealant-coated aluminum tape to
avoid gas leakage.

One hundred µL of liquid cis-1,3-D (122 mg) was injected
into the column center at the 30 cm depth (simulating shank
injection) through a custom-made long needle syringe to
the center of the column similar to column studies conducted
previously (18). We chose to use only cis-1,3-D because of
the similar chemical behavior between the two isomers (cis-
and trans-1,3-D), although research has shown that cis-1,3-D
diffuses slightly faster than trans-1,3-D through HDPE film
or soil (5, 20). Soil surface treatments were as follows:

(A) Control. (dry soil, average 5% (w/w) soil–water content,
without tarp or water application).

(B) Water Seal. Spraying 9 mm water onto soil surface
immediately before fumigant injection.

(C) ATS 1:1. Chemical amendment by spraying (6 mm
water) onto soil surface followed by 3.1 mL 10% ATS solution
in 3 mm H2O at 1:1 (ATS:fumigant) molar ratio.

(D) ATS 1:1+HDPE. ATS:fumigant at 1:1 molar ratio (same
as Treatment C) + HDPE tarp.

(E) ATS 2:1. ATS:fumigant at 2:1 molar ratio (same as
Treatment C except with twice amount ATS).

(F) Manure. 66 g (dry weight) composed steer manure
amendment incorporated in the top 5-cm soil layer (equiva-
lent to 3.5 kg m-2, or 5% on a weight basis in the top 5 cm
soil) + water (9 mm).

G) Manure + HDPE. Manure amendment + water (same
as Treatment F) + HDPE tarp.

For water or ATS applications, the required amount of
water or solution was sprayed to the soil surface right before
fumigant injection. The HDPE tarp was sealed to the top
edge of the stainless steel columns using silicone sealant to
minimize leakage. Preweighed manure was mixed into the
top 5 cm layer of the soil column before packing. All
treatments were duplicated except ATS 1:1 and Manure +

HDPE. The column experiment was conducted at 22 ( 3 °C.
Sampling and monitoring were continued for two weeks after
fumigant injection.

Sample Extraction and Analysis. After column assembly
and treatment and fumigant application, a continuous flow
rate of 110( 10 mL min-1 through the gas sampling chamber
was maintained by vacuum. A flow meter was used to
establish and monitor the flow rate. Fumigant emission from
the soil surface was measured by adsorbing the fumigant
from the flow-through air-chamber with ORBO 613, XAD 4
80/40 mg (Supelco) tubes connected to the outlet. The XAD
tubes can adsorb 1,3-D as efficiently as standard charcoal
tubes (e.g., ORBO 32; Supelco) (23). The tubes were replaced
every 1 h throughout the first three days and every 2-4 h
during the daytime for the remainder of the study. Overnight,
a chain of 2-6 ORBO tubes was connected to ensure trapping
of all emissions. Fumigant injection into the soil column was
considered time zero. The ORBO tubes were extracted
immediately or frozen (-40 °C) for up to 14 d for later
extraction. All materials from sampling tubes were transferred
into 10 mL headspace vials, and five mL of hexane was added
to the vials. Aluminum crimp caps were fitted with Teflon-
faced butyl-rubber septum, crimped, and the vials (or “the
samples”) were shaken for 1 h on a reciprocating shaker at
120 strokes min-1. After settling, a portion of the hexane
extract was transferred to a 2 mL amber glass vial, stored in
a freezer (-18 °C), and analyzed within 4 weeks.

The 1,3-D in the extracts was analyzed using a GC-µECD
(Agilent Technology 6890N Network GC system with a µECD;
Agilent Technologies, Palo Alto, CA). A DB-VRX capillary
column (30 m length × 0.25 mm i.d. × 1.4 µm film thickness,
Agilent Technologies) was used. The GC carrier gas (He) flow
rate, inlet temperature, and detector temperature were set
at 2.0 mL min-1, 150 °C, and 300 °C, respectively. The oven
temperature program was as follows: initially 45 °C, increasing
at 2.5 °C min-1 to 75 °C, then rapidly increased to 110 °C
which held for 7 min to prepare the column for the next
injection. The retention time for cis-1,3-D was 8.6 min and
the detection limit was 0.01 mg L-1, when an injection volume
of 1 µL solution was used.

The fumigant in the soil-gas phase was sampled by
withdrawing a 0.5-mL volume of soil gas from the sampling
ports with a gastight syringe at 3, 6, 12, 24, and 48 h, and 3,
5, 8, 11, and 14 d after fumigant injection. The gas sample
was injected into a 20 mL clear headspace vial and the vials
were crimp-sealed immediately with aluminum crimp caps
and Teflon-faced butyl-rubber septum (Supelco). To avoid
moisture effects on fumigant stability, 0.2 g sodium sulfate
was added to each vial before sample injections. If analysis
could not be performed immediately, the vials were stored
at -40 °C. All samples were analyzed within 72 h, a stable
period of time for all fumigants under laboratory conditions
(24). The analysis was performed using a GC-µECD and an
automated headspace sampler (Agilent Technologies G1888
Network Headspace Sampler) system. A DB-VRX capillary
column was used with the same dimension as the fumigant
analysis mentioned above. Conditions for the headspace
autosampler were equilibration temperature, 100 °C; equili-
bration time, 2 min; and sample loop, 1 mL. The GC carrier
gas (He) flow rate, inlet temperature, and detector temper-
ature were set at 2.0 mL min-1, 150 °C, and 300 °C,
respectively. The oven temperature program was the same
as the GC-µECD described above.

At the end of the experiment, soil samples from each
column were taken at 10 cm depth intervals, and soil–water
content and residual 1,3-D in the soil were determined. The
extraction of soil samples followed methods presented by
Guo et al. (25). An equivalent dry weight of 8 g of soil was
added to a 20 mL clear glass vial. Eight mL of ethyl acetate
and Na2SO4 was added to the vial to adsorb soil moisture (at
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a 7:1 w/w Na2SO4:water). The vial was crimped with
aluminum seals containing Teflon-faced butyl-rubber sep-
tum, mixed and incubated at 80 °C in a water bath overnight.
After settling, a portion of the supernatant was transferred
into a 2 mL amber glass vial for fumigant analysis using the
GC-µECD as described above except using ethyl acetate as
the standard and sample solvent.

Results and Discussion
Emission Flux. The emission flux of 1,3-D from the column
treatments is shown in Figure 1. The control treatment (dry
soil without surface treatment) resulted in the highest
emission peak (16 µg m-2 s-1) at about 15 h after injection,
and then rapidly declined with time (Figure 1A). Water seal,
chemical and manure amended surface soil treatments
reached a lower peak 1,3-D emission within 15 h but the rate
was sustained for up to 36 h. Initial water application (water
seal) had a peak emission flux of 10 µg m-2 s-1. Manure
amendment with water resulted in further reduction of 1,3-D
emissions with a peak emission flux of 6.3 µg m-2 s-1. The
HDPE applied over the manure treated soil further reduced
peak emission flux to 2.7 µg m-2 s-1 and peak time was delayed
to 29 h. Chemical amendment with ATS at 1:1 molar ratio
had a peak emission flux of 7.9 µg m-2 s-1 (Figure 1B).
Doubling the ATS (2:1 ATS) reduced emissions only slightly
to 6.0 µg m-2 s-1. The 1:1 ATS plus HDPE tarp treatment had
a peak emission flux of 4.4 µg m-2 s-1 occurring at 33 h after
injection. Past studies have consistently shown that HDPE
alone is not effective in reducing 1,3-D volatilization (26, 27).
These data suggest that HDPE used in combination with
surface soil treatments, including water, ATS, and manure,
can be effective. The differences in emissions after 108 h
were small for all treatments (data not shown). At the end
of the experiment (2 weeks), all treatments showed very low
emission rates of 0.0–0.3 µg m-2 s-1.

Cumulative Emissions. The cumulative 1,3-D emissions
from the column treatments are shown in Figure 2. All surface
treatments reduced emissions to various extents. Over a 2

week period, the cumulative emission was 52% of total
applied for the control, 43% for the water seal, 39% for 1:1
ATS, 29% for both 2:1 ATS and manure amendment, 24% for
1:1 ATS+HDPE, and 16% for manure+HDPE. All the surface
treatments showed a greater relative emission reduction in
the first few days than the total emission over the 2 week
period. When compared to the control treatment, initial water
seal, 1:1 and 2:1 ATS, and manure amendment reduced
emissions about 36, 41, 57, and 57%, respectively for the
initial 48 h of the study. These values decreased to 21, 22, 42,
and 43%, respectively, for the 2 week period. The 5% (w/w)
manure amendment to surface 5 cm soil was as effective as
2:1 ATS. Thiosulfate has been found to easily oxidize to sulfate
(28) which indicates that the amount of ATS to react with
1,3-D decreases over time. This suggests that repeated ATS
application may maximize emission reduction due to the
short-lived reaction of ATS.

Emissions for the initial 48 h of the experiment were
reduced by 69 and 82% for the HDPE over chemical and
manure amended treatments, respectively. At completion
of 2 weeks, emissions were decreased to 53 and 68%,
respectively. In previous column studies, reduction in
emissions for initial water application plus HDPE was
reported at 49 and 26% for the initial 48 h and 2 week period,
respectively, compared to 25 and 13% for HDPE tarp alone
(18). A previous study indicated that steer manure had a
high efficiency in reducing the cumulative emission of 1,3-D
due to its biological and chemical activity (12). All the results
suggest that HDPE tarp over ATS or manure amendment are
most effective in decreasing 1,3-D emissions when used in
combination. Perhaps the HDPE tarp is able to retain 1,3-D
to interact with ATS or manure for longer periods of time
causing greater degradation and, consequently, reduced
emissions. Thus, there may be benefits to minimize emissions
by applying HDPE tarp with chemical or manure amend-
ments, but at an increased cost.

1,3-D Concentrations in Soil-Gas Phase. The distribu-
tion of 1,3-D in the soil-gas phase over time is shown in
Figure 3. The greatest concentration of 1,3-D was for the first
sampling time (3 h) near the injection depth. A fairly uniform
1,3-D distribution at about 1 mg L-1 in the column gradually
established within 48 h for all treatments. Upon completion
of the experiment (2 weeks), the soil gas phase had
concentrations at or near 0.1 mg L-1 for all treatments.
Distributions of the soil-gas 1,3-D concentration were similar
for all ATS and manure surface treatments. However, the
initial concentration of 1,3-D in the soil-gas phase may have
been affected by ATS or manure (5–6 mg L-1) surface applied
treatments compared to the control (8 mg L-1). Research has

FIGURE 1. Emission rate of cis-1,3-dichloropropene in soil
column studies. (A) Water seal and manure treatments; (B)
Ammonium thiosulfate treatments. Error bars are standard error
of the mean of duplicate samples.

FIGURE 2. Cumulative emissions of cis-1,3-dichloropropene
from soil column treatments over two weeks.
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shown that 1,3-D could be degraded rapidly by subsurface
application of ATS in the root-zone (29). This indicates that
1,3-D diffuses fairly quickly in soil and applying ATS to the
soil surface can effectively reduce 1,3-D concentrations
through the soil profile and achieve emission reductions. To
reduce fumigant emissions, it is important to apply the
chemical or manure to soil surface to minimize the potential
impact on efficacy control. Further, the slightly reduced 1,3-D
concentration with ATS application may not mean a reduced
fumigation efficacy as some studies indicated no negative
effect of ATS on fumigation efficacy (7), (8). Also, the addition
of organic amendments to the soil would inhibit 1,3-D
diffusion from strong incorporation including surface sorp-
tion (30). These findings support that 1,3-D may be degraded
by ATS or sorbed to soil organic matter (7), (9). Water seal
appeared to slightly decrease the concentration of 1,3-D in
the soil-gas phase during the initial periods of this study.
Many studies have shown similar trends especially when
excess amounts of water were applied (7, 20, 27).

Residual Fumigant. Soil samples were obtained from each
column from different soil depths at the end of the experiment
and analyzed for residual 1,3-D. Residual 1,3-D for most
samples was low (0.3 ( 0.1 µg g-1 soil) for all soil depths.
However, soil samples from the initial 0–10 cm of manure
treated columns contained 1.9 ( 0.5 µg 1,3-D g-1soil and
10.4(1.9 µg g-1soil within the top 5 cm where organic matter
was added. These results indicate greater residual bound
1,3-D via possible sorption with organic matter could benefit
in preventing mobility of 1,3-D. Work by Kim et al. (30) found
that soil organic matter content could potentially be used as
an indicator to predict adsorption capacity for 1,3-D.

Fate of 1,3-Dichloropropene. The degradation of 1,3-D
in soil columns was calculated by subtracting cumulative
emissions, fumigant in soil gas, and residual fumigant
remaining in soil taken at the end of the experiment from
the total amount of 1,3-D applied (Table 1). The total amount
of 1,3-D initially injected into the soil columns was 122 mg.
The emissions of 1,3-D ranged from 16% (manure + HDPE)
to 51% (control) of the total amount applied. The amount
of 1,3-D in the soil-gas phase at the end of the experiment
was very low, from 0.1 to 0.2% of applied. Residual 1,3-D in

the solid–liquid phase ranged from 3 to 5% of applied for
most treatments. The greatest residual 1,3-D was found in
the manure (13% of applied) and manure + HDPE (17% of
applied) treatments.

Implications of Surface Treatments Used to Reduce
1,3-D Emissions. Findings from this research and other
literature have several implications for controlling 1,3-D
emissions regarding surface seal (water, tarp) and chemical
or manure amendments. A water seal can be an effective
method to reduce emissions in comparison with HDPE tarp,
but excessive amounts of water would decrease 1,3-D
efficiency on soil pest control from inhibiting fumigant
diffusion in the soil profile (19, 20) Thus application of small
amounts of water to the soil surface is preferred, such as
enough to moisten the surface soil (e.g., 5 cm). The small
amount of water, however, is difficult to achieve a good seal
or maintain the effect on emission reductions for a relatively
long period of time. Thus, in combination with soil amend-
ment or tarp, greater emission reduction may be achieved
as illustrated in this study.

Application of ATS can effectively reduce 1,3-D emissions;
however, ATS may be effective only for relatively short periods
of time. To maximize emission reductions, either a large
quantity or additional applications may be needed. Applica-
tion of ATS in the field can also be used as a starter fertilizer.
In general, the typical range for starter fertilizer rates is
between 112 and 336 kg ha-1 (31). For a fumigation rate of
1,3-D at 336 kg ha-1, application of ATS at a starter fertilizer
rate of 336 kg ha-1 would give approximately less than 1:1
ATS to fumigant ratio, which is unlikely to be effective in
controlling emissions. If an excessive amount of ATS is
applied, potential leaching of N to groundwater would be a
concern. Other forms of chemicals, such as potassium
thiosulfate (KTS) may be considered to prevent N-leaching
or increases in soil salinity.

Surface soil amendments with composted manure can
effectively reduce emissions through adsorption and deg-
radation. The application rate used in this study (5% w/w)
was about 25 tons per acre which was higher than what
growers normally use in field (5–10 tons per acre). The
effective and feasible rate of manure application to minimize
fumigant emissions requires further determinations espe-
cially in field conditions. Although there is not much concern
about how much organic material can be applied to soils,
the role of organics in controlling fumigant emissions cannot
be clearly defined until we have a better understanding of
the organic-fumigant reaction mechanism. The highest
amount of residual 1,3-D in this treatment in comparison

FIGURE 3. Concentration of cis-1,3-dichloropropene in the
soil-gas phase from soil column treatments over two weeks.

TABLE 1. Fate of 1,3-D Two Weeks after Injection into Soil
Columns

% of applied d

treatmenta
cumulative
emissionb

solid/
liquid

phaseb
gas

phaseb degradedc

control 50.6 (2) 3.3 (2) 0.1 (0.1) 46.0
water seal 43.4 (5) 3.9 (2) 0.1 (0.1) 52.6
1:1 ATS 39.5 2.9 0.2 57.4
2:1 ATS 29.5 (4) 4.5 (1) 0.2 (0) 65.9
manure 28.8 (3) 12.6 (3) 0.2 (0) 58.4
1:1 ATS
+ HDPE 23.9 (7) 4.7 (0) 0.2 (0.1) 71.2

manure
+ HDPE 16.2 17.3 0.2 66.3
a ATS, ammonium thiosulfate; HDPE, high density

polyethylene. b Measured. c Calculated by difference of me-
asured from applied. d Values in parentheses are standard
deviations of duplicate column measurements.
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with others was found in our study, which indicates that
adsorption of 1,3-D onto the organic materials could be
desorbed and contribute to emissions when conditions
change such as elevated temperature. A better understanding
on the fumigant interaction with the organic materials rely
on further studies that will help determine the fate of
fumigants associated with organic materials. Previous work
by Kim et al. (30), found slower desorption of 1,3-D in soils
with greater organic C content.

Both ATS and manure application to surface soil were
more effective in reducing emissions when combined with
HDPE tarp. Although more costly, soil amendment with tarp
may achieve ultralow emissions and can be critical in
maintaining the practical use of fumigants for many crops
as more stringent regulations will be developed to control
VOC emissions from pesticide use (32). Soil amendments
with organic materials may have a great potential for adoption
by growers due to practical considerations such as economics,
easy application, and fewer negative environmental impacts.
Further examination of fumigation efficacy under these
treatments, especially for surface soils where the most impact
may occur, is necessary.

Results of emission loss from this study may not be directly
translated to field conditions as temperature changes and
variations in soil conditions were not encountered. The
relative differences among the different treatments were
observed. Further tests in field conditions based on these
findings will be needed to determine the most effective and
feasible field methods to control emissions from soil fumi-
gation that are not difficult to apply at the field scale.
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