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Abstract. Atmospheric emission of volatile pesticides can be a significant source of air pollution. A
field study was conducted to reduce 1,3-dichloropropene (1,3-D) emission by applying the chemical
via subsurface drip irrigation with a reduced dosage (4.7 g m−2 or 47 kg ha−1). Comparisons were
made between a shallow drip application with the plot covered with a polyethylene film, a deep drip
application and a conventional shank injection (at 11.2 g m−2) with the plots left as bare soil surface.
For each treatment, seven replicated active flux chambers were used continuously to measure 1,3-D
loss until no measurable emission was found. Results indicated that total 1,3-D emission loss was
over 90% for the shank injection, and 66 and 57% for the shallow and deep drip plots, respectively.
The emission loss was extremely high for shank injection since about 80% were lost from the bed fur-
rows where the slanted shanks left uncompacted fractures. On mass basis, the shank plot lost 10.4 g
m−2, whereas the shallow- and deep-drip plots lost 3.1 and 2.7 g m−2, respectively. Applying 1,3-D
using subsurface drip irrigation with reduced dosage has a great potential for emission reduction.
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1. Introduction

The fumigant 1,3-dichloropropene (1,3-D) has been used widely in the past to
control many plant pathogens and parasitic nematodes (Noling and Becker, 1994).
Because of large emission loss and off-site air pollution (Van den Berget al.,
1994), however, agricultural use of 1,3-D in California and other regions of the
world is currently restricted to very low rates and under restricted conditions when
applied with the shank injection method. Recent concern of stratospheric ozone
depletion has led to extensive research on the environmental fate and transport
of anthropogenic chemicals including methyl bromide (MeBr), especially when
used as a soil fumigant (Yagiet al., 1993; Riceet al., 1996). Because of its large
potential for depleting stratospheric ozone, it is current policy to cease agricultural
fumigation with MeBr in the U.S. by the year 2005, leaving U.S. farmers at a
great disadvantage in the world market. A potential alternative to MeBr is 1,3-
D. However, new management methods are needed to reduce 1,3-D emission and
potential off-site air pollution.
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Field studies on MeBr indicate that fumigant emission can be reduced by in-
creasing application depth (Yateset al., 1997), covering the field with low per-
meability plastic films or reducing the application dosage (Wanget al., 1997a).
Because fumigant movement in soil is predominantly by diffusion in the gas phase,
deeper application or surface containment with plastic films would increase the soil
residence time for chemical degradation (Leistraet al., 1991), leaving less chemical
available for volatilization loss. Reducing the application rate should automatically
reduce the total amount of emission loss after meeting the pest control efficacy
requirement. To reduce 1,3-D emission, all these factors should be considered to
develop modified field management methods.

Conventionally, undiluted 1,3-D solution such as Telone IIr (Dow AgroSciences,
Indianapolis, IN) has been applied directly in the soil with shanks pulled behind a
tractor. If the soil is not properly compacted, the shank traces may function as
preferential paths for large emission losses. An alternative method of applying
1,3-D is to use chemigation or applying the chemical with irrigation water. To
reduce emission loss, applying 1,3-D with subsurface drip irrigation is preferred
since 1,3-D will not be directly exposed to the ambient atmosphere. However, a
more water-dispensable formulation of 1,3-D such as Telone ECr (an emulsifiable
concentrate) is required for application with irrigation water.

In this study, 1,3-D emission was measured for a bedded system where 1,3-D
was applied by (i) subsurface shallow drip irrigation (2.5 cm) and covered with a
plastic film, (ii) deep drip irrigation (20.3 cm) with bare soil, and (iii) direct shank
injection at 30.5 cm depth.

2. Methods and Materials

2.1. EXPERIMENTAL DESIGN AND 1,3-D APPLICATION

A field experiment was conducted on 1 m wide and 36 m long beds which were
constructed following procedures similar to a commercial field operation. Three
beds were used for each treatment (Figure 1). In the two drip irrigation treatments,
drip tapes (RO-DRIP, Roberts Irrigation Products, Inc., San Marcos, CA, U.S.A.)
with openings at 20 cm spacing were used to deliver 1,3-D with the irrigation
water. A single tape was used for each bed and located at the center of the bed
2.5 cm from the soil surface for the shallow drip (Figure 2) and at 20.3 cm depth
for the deep drip treatment (Figure 3). The drip tapes were installed with a shank
mounted on the tractor used for the bed construction. A high-density polyethylene
or polyethene film (0.025 mm thick) was used to cover each bed for the shallow
drip plot (Figure 2). The edges of film were buried about 5 cm in the furrow or
bottom of the beds to prevent 1,3-D leakage from the sides. An Inject-O-Meterr

system with a 0.25 m3 mixing tank was used to premix, dilute, and inject 1,3-D
(Telone ECr) into the irrigation system at an application rate of 4.7 g m−2 (or 47 kg
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Figure 1.Experimental design and plot layout of 1,3-D emission reduction experiment.

Figure 2.Schematic of 1,3-D application with shallow subsurface drip irrigation and covering the
soil surface with a polyethylene plastic film.
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Figure 3.Schematic of 1,3-D application with deep subsurface drip irrigation.

ha−1). Water flow and 1,3-D injection for the two drip plots was at 4.1 cm3 min−1

m−1 and lasted for 6.7 hr. Water application was continued for an additional 1.5 hr
after 1,3-D injection. This was to flush the drip system so that no residual 1,3-D
was left in the irrigation system. For the shank injection treatment, 1,3-D (Telone
IIr) was injected to the center of the beds approximately 30.5 cm below the soil
surface using slanted shanks mounted behind a tractor. Because of the equipment
configuration, the injection shanks left fractured traces in the furrows of the beds
where the slanted shanks were inserted in the soil. The application rate was 11.2 g
m−2 (or 112 kg ha−1) for the shank injection treatment.

2.2. SOIL AND METEOROLOGICAL MEASUREMENTS

The soil at the research site is an Arlington fine sandy loam (coarse-loamy, mixed,
thermic, Haplic Durixeralf) and consists of approximately 64% sand, 29% silt and
7% clay. The organic carbon content is less than 0.5% for the surface 20 cm soil
and decreases rapidly to less than 0.01% at deeper depths. Since 1,3-D movement
in the soil is strongly affected by soil properties, soil bulk density and water con-
tent were measured for field beds subjected to the two drip irrigation and shank
injection treatments. Soil water content is also important to 1,3-D fate in the soil
because it determines the degradation rate and the amount of chemical that would
be partitioned into gaseous phase.

Because ambient environmental conditions can profoundly affect 1,3-D emis-
sion flux rate, a weather station was set up in a buffer area next to the shank
injection plot. Measured meteorological parameters were solar and net radiation,
wind speed, barometric pressure, air temperature, and relative humidity. Air tem-
perature and relative humidity in the trapped air spaces under the plastic film were
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Figure 4.Placement of emission flux chambers over the top, on the slope or sides, and in the furrows
of the field beds treated with 1,3-D.

also measured to determine the effect on heat and moisture conditions caused by
the presence of the film. There was no rainfall or sprinkler irrigation during the
experiment.

2.3. 1,3-DEMISSION FLUX MEASUREMENTS AND SAMPLE ANALYSIS

To measure 1,3-D emission, replicated flux chambers were placed over the top,
sides, and bottom of the beds to capture 1,3-D emission from the bedded system.
With three on the top, two each on the sides and in the furrows (Figure 4), a total
of seven chambers were used for each treatment. The flat chambers (8 cm high)
used over the top of the field beds covered a 41.5× 41.5 cm sampling zone and
were designed to create an aerodynamic air flow inside the chambers (Wanget
al., 1997b). The narrow chambers were 41.5×11.5 cm in dimension, which were
made specifically to fit the sides and furrows of the beds. Both types of chambers
were made with galvanized steel sheet metal (1 mm thick), tested under vacuum to
seal off leaks, and covered with reflective aluminum foil to reduce solar heating.
The measurements were made in the center bed (#2) for each treatment to minimize
boundary effect (Figure 1). Ambient air from 10 m outside the field and upwind,
was drawn, with 5 cm diameter aluminum pipes, through each chamber with a
vacuum system. The air flow through the chambers was 30 and 7.6 L min−1 for
the flat and narrow chambers, respectively. These rates were selected to produce a
similar maximum air velocity (0.9 m min−1) without significant vacuum buildup
in the chambers (0 to 5 Pa). The air passing through the chambers was subsampled
for analysis of 1,3-D concentrations and determination of its emission flux density.
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An air flow of approximately 120 mL min−1 was maintained for subsampling.
We chose this flow rate because it would provide an amount of 1,3-D that can be
accurately collected and analyzed for the current application rate (Ganet al., 1998).
Electronic flow meters were used to monitor and record air flow rates for both the
main and subsampling streams. Air was drawn through activated coconut charcoal
tubes (ORBO-32, Supelco, Inc., Bellefonte, PA) which adsorbed 1,3-D from the
effluent air stream (chamber outlets). Three tubes were used in a series to prevent
breakthrough.

Average concentrations of 1,3-D in the outflow air were calculated from:

C13D = M13D

q1t
(1)

whereC13D is the 1,3-D concentration in the effluent air stream during one sampling
interval (ML−3); M13D is the 1,3-D mass collected on the charcoal tubes during
one sampling interval (M); q is the subsampling air flow rate (L3T −1); and1t
is the duration of the sampling interval (T ). The emission flux density was then
calculated using the measured concentrations:

J13D = Q

A

(
C13D, out− C13D, in

)
(2)

whereJ13D is the 1,3-D emission flux density (ML−2T −1); Q is the main air flow
rate through the chambers (L3T −1); C13D, out andC13D, in are 1,3-D concentrations
(ML−3) measured at an outlet and an inlet of a flux chamber covering a surface
area ofA (L2).

Because the emission flux decreased over time, emission samples were changed
every 3 hr in the first 7 days and at 6 hr intervals afterwards. An automated switch-
ing system was developed for collecting samples at the preselected intervals (Wang
et al., 1999). The emission was measured continuously from the time of 1,3-D
application until the emission was below detection limit (<0.01µg tube−1).

Analytical procedures that can produce about 100% recovery for 1,3-D (Gan
et al., 1998) were used to determine the adsorbed 1,3-D from each charcoal tube.
In brief, the charcoal granules were first transferred into 9 cm3 headspace vials,
then 1.0 cm3 benzyl alcohol was added. The total 1,3-D mass from each tube was
then analyzed with a HP5890 gas chromatograph with an electron capture detector
(Hewlett Packard, Wilmington, DE). Because of the large number of samples, in-
jections were made from a Tekmar 7000 headspace autosampler equipped with a
7050 sample carousel (Tekmar Co., Cincinnati, OH).
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Figure 5.Soil bulk density in field beds with fumigant 1,3-D applied by shank injection and shallow
and deep subsurface drip irrigation.

3. Results and Discussion

3.1. SOIL PROPERTIES AND ATMOSPHERIC CONDITIONS

For the first 50 cm from the surface, soil bulk density was between 1.5 to 1.7 g
cm−3 in the two drip irrigation plots (Figure 5). In the shank injection plot, soil
bulk density was as low as about 1.3 g cm−3 at about 15 cm from the soil surface
and increased to about 1.65 g cm−3 at 22 cm depth (Figure 5). The relatively lower
bulk density in the shank injection plot than in the drip irrigation plots was ex-
pected because the soil above the slanted shank insertion (about half to two thirds
of the bed width) was temporarily lifted during the mechanical shank injection.
In the drip irrigation treatments, the drip tapes were installed through a narrow
shank vertically inserted to the preselected depths, creating less disturbance than
in the shank injection method. The reduced soil bulk density in the shank injection
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Figure 6. Soil water content in field beds at 6 days after applying 1,3-D by shank injection and
shallow and deep subsurface drip irrigation.

plot would increase soil porosity enhancing vapor diffusion in the soil profile and
subsequent transport to the soil surface.

Near the surface, the shallow drip plot had a higher water content (0.097 cm3

cm−3) than either the deep drip or shank injection plots (about 0.045 cm3 cm−3) at
6 days after 1,3-D application (Figure 6). This was expected for the shallow drip
plot since water was initially applied near the surface and the plastic film would
prevent water evaporation from the bedded soil. At depths between 20 to 30 cm
where 1,3-D was applied in the deep drip and shank injection treatment, soil water
content was between 0.11 to 0.15 cm3 cm−3, or about 50% of field capacity for this
soil.

Daily maximum solar and net radiation reached about 950 and 550 W m−2

respectively for the first 5 days after 1,3-D application (Figure 7). During this
time, maximum wind speed (at 2 m from the surface) was about 4.2 m s−1, and
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Figure 7.Global solar and net radiation, wind speed, and barometric pressure during the first 10 days
after 1,3-D application.
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Figure 8.Air temperature and relative humidity at 20 cm above the top of the field beds and in air
spaces trapped under the plastic film in the shallow subsurface drip irrigation plot.

a low pressure system occurred on day 3. The high radiation and low barometric
pressure weather right after 1,3-D application would likely enhance 1,3-D upward
movement in the soil and volatilization into the atmosphere. While ambient air
temperature fluctuated between about 17 to 33◦C in a daily cycle, the temperature
under the plastic film was in the range of 25 to 52◦C, always warmer than the
outside air (Figure 8). The humidity under the film was always above 60%, much
higher than in the outside air, especially during the day light hours.
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3.2. 1,3-DEMISSION

Measured 1,3-D emission flux density was the highest for the shank injection
treatment, followed by the shallow drip with film cover (Figure 9). Compared
to the shallow drip, the deep drip treatment had low emission fluxes at the bed
top and side locations, but high flux at the furrow location. The maximum flux
density reached about 1200µg m−2 s−1 for the shank injection treatment, while
the shallow and deep drip reached only about 95 and 65µg m−2 s−1, respectively.
Close examination indicates that the extremely high emission flux or most of the
loss in the shank injection treatment was from the furrow or bottom of the beds.
This was due to the less compacted fracture traces in the furrows, created by the
slanted shanks, functioning as preferential paths for 1,3-D loss. For the two drip
treatments, the maximum emission fluxes occurred at the end of 1,3-D application
and a second peak was reached about 10–20 hr after the first peak. The exact timing
of the second peak depends on the treatment and location of the flux chambers on
the beds. For the shallow drip, most 1,3-D was lost due to emission from the top
and sides of the beds. This is reasonable because the drip tape was located in the
center of the bed near the surface. The plastic film did not seem to be effective
in containing 1,3-D. For the deep drip, significant amount of 1,3-D was lost from
all three locations of the beds. This is a result of the nearly similar distances from
the 1,3-D source or the drip tape to the three locations of the beds (Figure 3). The
drip tape was 20.3 cm below the furrow top, about the same level as the bottom
of the furrow. For the two drip treatments, most emission losses occurred in the
first 4 days after 1,3-D application (Figure 9). For the shank injection, however,
significant emission persisted for more than 8 days, due probably to the deeper
injection (30.5 cm) and larger application rate.

Comparing emission from the bed top, 1,3-D reached a maximum flux density
right after application in the shallow drip irrigation plot (Figure 10). This is expec-
ted since 1,3-D was applied near the surface, and had only 2.5 cm to travel before
reaching the surface for emission. The large emission flux also suggests that the
plastic film was not very effective in containing 1,3-D. Similar to MeBr (Wanget
al., 1998), the permeability of the plastic film to 1,3-D appeared to increase with
increasing temperature; the three peak fluxes from the shallow drip plot all occurred
near solar noon when the daily air temperature was the highest (Figure 8). Follow-
ing diffusion theory, the maximum peak flux in the deep drip plot was delayed by
about 20 hr since 1,3-D was applied at 20.3 cm. Lower flux values were observed at
the bed top location from the shank injection plot due to (i) the deeper application
(30.5 cm), and (ii) most 1,3-D was lost from the shank traces located in the furrows.

The overall emission loss was 93% in the shank injection, and 66 and 57% for
the shallow and deep drip plots, respectively (Table I). Multiplying the percent loss
by the total mass applied, the shank plot lost 10.4 g m−2, whereas the shallow and
deep drip plots lost 3.1 and 2.7 g m−2, respectively. This is a significant reduction
in terms of total 1,3-D emission into the atmosphere. In terms of bed location,
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Figure 9.Measured 1,3-D emission flux density during the first 10 days after application (A) shallow
drip irrigation with film cover (B) deep drip with bare soil (C) shank injection.
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TABLE I

Atmospheric emission of 1,3-dichloropropene from shank injection and drip irrigation at two depths

Variable Shank injection Deep drip application Shallow drip application

Top Sides Furrow Total Top Sides Furrow Total Top Sides Furrow Total

Surface cover Barea Filma

Application rate (kg ha−1) 112 112 112 112 47 47 47 47 47 47 47 47

Application depth (cm) 30.5 30.5 30.5 30.5 20.3 20.3 20.3 20.3 2.5 2.5 2.5 2.5

Total mass lost (g m−2)b 0.6 1.0 8.8 10.4 1.5 1.0 0.2 2.7 1.8 1.2 0.1 3.1

(0.3) (–) (–) (1.3) (0.04) (–) (–) (0.3) (0.1) (–) (–) (0.1)

Total percent lost (%)b 5.4 8.9 78.6 92.9 31.2 20.5 5.1 56.8 38.4 25.4 2.5 66.3

(1.8) (–) (–) (5.6) (0.8) (–) (–) (5.6) (1.6) (–) (–) (1.6)

a Bare = bare soil surface; Film = high density polyethylene film; thickness∼0.025 mm.
b Values in parentheses are standard errors; n = 3 for top, n = 7 for total losses.
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Figure 10.Measured 1,3-D emission flux density from the top of field beds of shallow and deep drip,
and shank injection treatments.

most 1,3-D was lost from the top of the beds, followed by the sides or slopes, and
then the furrows in either the deep or shallow drip irrigation plots. For the shank
injection, about 80% of the loss was from the furrows where the slanted shank
fractured the soil during 1,3-D injection. Only 5.4% of the applied 1,3-D was lost
from the bed tops in the shank injection plot.

4. Conclusions

The field experiment with direct flux measurement indicates that applying 1,3-D
with drip irrigation can reduce emission, as compared to shank injection. Depend-
ing on the targeted zone of soil treatment, 1,3-D can be applied at different depths
with subsurface drip irrigation. Applying 1,3-D with slanted shanks created low
density fractured zones, making this method susceptible for large emission losses.
We recommend that in order to achieve the least emission, 1,3-D should either be
applied with deep subsurface drip irrigation or by shank injection with sufficient
soil compaction furnished immediately after application in the soil.
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