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A field experiment was conducted to study the effectiveness
of a high-barrier plastic film (Hytibar) and reduced methyl
bromide (MeBr) application dosages in decreasing MeBr
emission from soil fumigation. Comparison was made with
a conventional polyethylene film (PE) and a regular ap-
plication rate. MeBr emission from nine small field plots was
continuously measured with two replicated active chambers.
Replicated soil cores were taken to a depth of 3 m to
determine MeBr degradation and to obtain a mass balance.
Results indicated that about 64% of applied MeBr was
lost to atmospheric emission when covered with the PE tarp
for at least 5 days. The emission was reduced to 37.5%
when covered with the Hytibar tarp for 5 days. MeBr emission
was virtually eliminated when covering with the Hytibar
tarp for more than 10 days (only 1.1-3.2% loss). The low
emission rate was verified from the degradation measure-
ments which, along with the flux measurements, produced
nearly 100% mass balance. Combined use of a high-
barrier plastic film such as the Hytibar with reduced application
rates can significantly reduce MeBr atmospheric emission
while maintaining effective pest control efficacy.

Introduction
Recent research on methyl bromide (MeBr) emission indicates
that 21-87% of applied MeBr is lost to the atmosphere after
soil fumigation (1-5), which contributes significantly to
stratospheric ozone depletion (6). The large emission loss is
caused primarily by the ineffectiveness of polyethylene (PE)
tarps used for retarding MeBr emission. Yates et al. (4) found
that 36% of the applied MeBr was lost only 24 h after
application and over 60% was lost by the time of tarp removal
(5 d). The high variability in measured emission loss may be
attributed to differences in experimental methods used to
measure the emission rate; differences in environmental
conditions such as solar radiation, air and soil temperature,
ambient barometric pressure, wind speed, and relative
humidity that are indigenous to the location where an
experiment is conducted; and variability in tarp properties
when flux measurement is made at a small scale (2). Because
of its complexity and high cost, field measurements of MeBr
volatilization rate are rarely replicated. This increases
experimental uncertainty as compared to experiments that
replicate treatments and/or provide independent volatiliza-
tion measurements.

One approach to reducing MeBr emission uses a film that
is less permeable to MeBr than PE. This is an efficient
approach because it requires the fewest changes in current
fumigation application practices. In fact, it has been found,
based on preliminary laboratory measurements (7, 8), that
materials such as Mylar, Saran, or aluminum foil are much
less permeable to MeBr than the PE films. The PE films are
still widely used in soil fumigation because of their suitable
physical and mechanical properties for field use and cost-
effective economic feasibility. A new plastic film (Hytibar,
Klerk’s Plastic, Belgium), manufactured by incorporating a
barrier polymer (EVOH) between two layers of PE, is claimed
to have a very low permeability to MeBr (9). Preliminary
tests in the laboratory have shown that this new plastic is
about 70 times less permeable to MeBr than the conventional
PE films (8). It also appears to have the physical and
mechanical properties that are similar to the PE films, making
it feasible for field use. Using a film with similar composition
to Hytibar, effective control of fungal pathogens was achieved
with only 40% of the regular dosage in Israel (500 kg/ha),
whereas only 20% mortality was obtained with the PE film
and the reduced rate (10). A field experiment with indirect
emission estimates also indicated the potential effectiveness
of the Hytibar plastic for reducing MeBr emissions (11). The
cost for the Hytibar film will probably be slightly higher than
the popular PE films because of the relatively expensive
additive material (EVOH).

Current MeBr application dosage in soil fumigation is
established based on many field trials under the PE tarps. In
California, MeBr is often applied as a 67/33% or 75/25%
mixture with chloropicrin (CCl3NO2), and the total amount
of MeBr applied is in the range of 240-320 kg/ha (1-5).
Clearly, reducing application rate under the same manage-
ment methods will automatically lead to a reduction in the
amount of atmospheric emission. To maintain pest control
efficacy, however, a highly resistant film that blocks atmo-
spheric entry will be required when dosage is reduced to
maximize the effectiveness of the fumigant. Although a more
protective tarp would increase cost, this might be offset by
the reduction in fumigant application costs.

The purpose of this study was to experimentally evaluate
the effectiveness of a high-barrier plastic film, Hytibar, for
reducing MeBr emission with replicated field plots. Three
scenarios were tested: (a) standard fumigation practices using
a PE film at a 280 kg/ha application rate (100% dosage); (b)
Hytibar with a 210 kg/ha dosage (75% of the standard rate);
and (c) Hytibar with a 140kg/ha dosage (50% of the standard
rate). Each treatment was replicated three times over
randomly selected plots, and each plot had replicated direct
emission and degradation measurements.

Experimental Section

Experimental Design and MeBr Application. Nine experi-
mental plots were constructed in a field located on an
University of California Agricultural Experimental Station near
the Riverside campus. Each plot was about 3.4 by 4.9 m with
four layers of continuous plastic tarp (two layers of Hytibar
sandwiched between two PE films) buried vertically to 3 m
depth along the perimeter of each plot. This kept MeBr gas
from moving laterally away from the treatment zone and
simulated large-scale field conditions. A detailed description
of plot construction can be found in Wang et al. (11). A Latin
square experimental design was used to block any potential
variability in soil properties between the treatments (Figure
1). To determine the effect of tarping duration on MeBr
emission, tarps were removed from one of the three replicated

* Corresponding author telephone: (909) 369-4857; fax: (909) 342-
4964; e-mail address: dwang@ussl.ars.usda.gov.

† U.S. Salinity Laboratory.
‡ University of California.

Environ. Sci. Technol. 1997, 31, 3686-3691

3686 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 31, NO. 12, 1997 S0013-936X(97)00420-3 CCC: $14.00  1997 American Chemical Society

kailey.harahan
Typewritten Text
1534



plots for each treatment at 5, 10, and 15 days after application,
which will be referred to as PE5, PE10, PE15 for the three
polyethylene plots and HB5, HB10, and HB15 for the Hytibar
plots. Emission measurements were continuously made
during and after tarp removal and terminated only when no
measurable MeBr was detected in the air samples (<0.01 µL
of MeBr gas).

Following the “hot-gas” injection procedures, pure MeBr
gas was applied on October 1, 1996, between 1033 and 1112
h at 25 cm depth through buried drip tapes. The drip tapes
were placed at 30 cm spacing with openings at every 10 cm.
Application rates were 280 kg/ha for the three PE plots; 210
kg/ha for three of the six Hytibar plots; and 140 kg/ha for the
remaining three Hytibar plots. Precise dosage was achieved
by weighing predetermined amounts of MeBr into separate
containers, one for each plot, and injecting all MeBr from
one container into the assigned plot. Nitrogen gas was used
to purge the injection systems after MeBr application for each
plot. A pressure of about 12 psi was maintained during MeBr
injection and purging with the nitrogen gas. To determine
pest control efficacy, replicated samples of a citrus nematode
(Tylenchulus semipenetrans), a fungus (Rhizoctonia solani),
and a weed the yellow nutsedge (Cyperus esculentus) seed
were placed, before MeBr application, at two locations in
each plot to 10-15 cm depth and removed 5 days after
fumigation.

Measurements of Soil and Meteorological Parameters.
Soil water content was measured continuously using time
domain reflectometry with probes installed at various depths
to 1 m. This was to determine any potential MeBr movement
with soil water, since a large fraction of the vapor phase MeBr
can be partitioned into water phase if the soil water content
was high (liquid phase concentration was about four times
its vapor phase concentration according to the modified
Henry’s law constant). Soil water content was also important
to MeBr fate and transport after being applied in the soil
because increasing water content would increase the soil
retardation factor to MeBr diffusion and enhance its deg-
radation by hydrolysis (8). Besides water content, soil
temperature was also measured at various depths to 1 m
under the tarp cover. Temperature is important because
many fate and transport parameters of MeBr vary with
temperature (12). Soil bulk density was determined for
different depths to 3 m using undisturbed samples collected
from an excavation adjacent to the plots. They ranged from
1.30 g cm-3 near the surface to about 1.71 g cm-3 at deeper
depths.

A weather station was set up in a buffer area between the
plots. Measured meteorological parameters were solar and
net radiation, air temperature and relative humidity, wind
speed, and ambient barometric pressure. Air temperature
was also measured by installing thermocouples inside the
chambers and under the tarps to determine potential

temperature changes (relative to the ambient) caused by the
presence of the chambers.

MeBr Emission Flux Measurements. MeBr emission was
continuously measured with two flow-through flux chambers
for each plot. Two chamber designs were used: one had
aerodynamic transition zones before and after the sampling
area (13); and the other lacked the transition zones and had
one-fifth of the base area. Independent tests showed no
significant difference in measured MeBr flux between the
two designs. Ambient air of 10 m away from the plots was
drawn, via a 5-cm diameter aluminum pipe, through the
chambers with a vacuum, and an average horizontal velocity
of 1.3 cm s-1 was maintained across the sampling section of
the chambers. For this flow rate, a slight vacuum built up
in the chambers, measured to be between 1.2 and 2.4 Pa,
which was negligible as compared to variations in ambient
barometric pressure. MeBr was subsampled continuously
from the effluent air stream passing through the chambers.
An air flow of approximately 120 mL min-1 was drawn through
activated coconut charcoal tubes, which absorbed MeBr found
in the effluent airstream. We chose this flow rate because it
would provide an amount of MeBr that can be accurately
collected and analyzed for the current application rate. A
Hewlett-Packard 5890 gas chromatograph with electron
capture detector was used for the analysis of MeBr content
absorbed on each sampling tube. Injections were made from
a Tekmar 7000 headspace autosampler (HSA) equipped with
a 7050 sample carrousel. More detailed descriptions of sample
analysis can be found in Gan et al. (14). Electronic flow meters
were used to monitor and record air flow rates for both the
main and sampling streams. Because the emission flux would
decrease over time, emission samples were changed every 3
h in the first 17 days and at 6-h intervals afterwards. An
automated switching system was developed for collecting
samples at the preselected intervals. The sampling was
terminated when MeBr was no longer detected in the charcoal
tubes, which was between day 15 and day 21 depending on
the treatments.

Because tarp permeability to MeBr is strongly correlated
to temperature (7, 12, 15), we covered the chambers with
aluminum foil to increase chamber reflectance to incident
solar radiation. This was to minimize temperature building
up inside the chambers, so that the air passing through the
chambers would have temperatures similar to that of the
ambient air.

Soil Bromide Ion Sampling and Analysis. To determine
MeBr degradation and perform a mass balance, soil cores
were taken with hand-operated augers (5 and 7.5 cm i.d.) to
a depth of 3 m before and 43 days after MeBr application. The
soil cores were separated to the following depths: 0, 1, 5, 10,
20, 30, 50, 75, 100, 150, 200, 250, and 300 cm for analysis of
bromide ion concentrations. Soils between 0-1 and 1-5 cm
depth range were collected by hand over an area larger than
the auger diameters. Coring with the augers for soils below
5 cm was located at the center of the surface sampling areas.
Small depth increments were used between the surface and
1 m. This was to provide an accurate measurement of the
total mass of degraded MeBr since (a) the injection depth or
center mass was at 25 cm and (b) the surface soils contained
more organic materials and therefore would degrade MeBr
faster than soils at deeper depths (16). A total of nine soil
cores were taken from each plot and to different depths: three
to 3 m; three to 1.5 m; and three to 0.5 m. For a background
check, only one core was taken from each plot to a depth of
3 m before the experiment. Bromide ion from these soil
samples was extracted with dionized water after mechanical
mixing and separation with a centrifuge. The concentrations
in the extracts were analyzed with a Dionex ion chromato-
graph, which has a detection limit of less than 0.1 µg g-1. To
achieve a higher accuracy, the extracts from the surface soils
were diluted because their bromide concentrations were

FIGURE 1. Latin square experimental design for determining effect
of tarp type, dosage, and tarping duration on methyl bromide emission.
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extremely high. The amount of degraded MeBr was calculated
by converting the measured bromide ion concentrations
averaged for each depth increment from the nine cores
(subtracting the background) to a MeBr mass on a molar
equivalent base. Total degraded MeBr mass from each plot
was obtained by adding all depth increment to 3 m.

Results and Discussion
Soil and Meteorological Parameters. Soil water content
remained virtually unchanged during the experiment because
of the relatively small initial water content and the elimination
of evaporation at the soil surface by the plastic films.
Consequently, MeBr moved predominantly in the vapor phase
after application. The volumetric water content was 0.135,
0.148, 0.152, 0.186, 0.212, 0.177, and 0.193 cm3 cm-3 at 2, 5,
10, 20, 30, 50, and 100 cm depth, respectively. Distribution
of water content indicates that degradation could be enhanced
near injection depth (i.e., 25 cm) where the initial MeBr
concentration and the soil water content were the highest.
Average soil temperature fluctuated between about 19 and
62 °C in a daily cycle at the surface (Table 1) and remained
at about 27 °C at 1 m. Other daily average environmental
parameters such as wind speed, relative humidity, barometric
pressure, radiation, and air temperature are also given in
Table 1. Barometric pressure was predominantly affected by
weather systems that would develop over several days. The
minimum and maximum pressure was respectively 972 and
988 (mbar) during the experiment. Over a daily cycle,
barometric pressure fluctuated in a narrow range (976-979
mbar). Air temperatures under the tarps were higher than
the ambient, especially at night times (∼7 °C higher) when
net radiation was negative.

MeBr Emission. Measured MeBr emission flux reached
a maximum value of 201 µg m-2 s-1 only 3 h after application
in the PE5 plot and decreased drastically to about 5 µg m-2

s-1 prior to tarp removal on day 5 (Figure 2A). Emissions
from the HB5 plots, either with the 210 or 140 kg/ha dosage,
were very small and never exceeded 20 µg m-2 s-1 before tarp
removal at 5 days. At the time of tarp removal, a flush of
MeBr was measured from all three treatments but decreased
rapidly to detection limit by day 15. Flux measurements were
terminated at day 15 for the PE5 and HB5 with 140 kg/ha
plots since MeBr was no longer detected in the air samples.
MeBr loss at and after tarp removal accounted for most of the
losses for the HB5 plots whereas it was only a small fraction
for the PE5 plot (Figure 2B). This indicates that the Hytibar
tarp is effective in containing MeBr, whereas the PE tarp is
very permeable to MeBr in the vapor phase and over 60% of
the applied MeBr was already lost by day 5. The measured
emission loss in the PE5 plot (i.e., ∼60%) is similar in value
to the losses determined by Yates et al. (4) and Wang et al.
(11, 12) for the same or similar soil types and environmental
conditions. The large emission at or right after tarp removal
for the two Hytibar plots implies that most of the applied
MeBr was still in vapor phase and trapped underneath the
tarp or in the soil near the surface. Nearly 30% of the applied
MeBr was lost between tarp removal and day 10 for the two

Hytibar plots (Table 2). The large emission losses also indicate
that, for this particular soil, degradation by soil and water or
transport to deeper depths was insufficient to reduce the
MeBr that remained near the surface to an insignificant
amount when soil surface was covered for 5 days with a high-
barrier film such as Hytibar.

When covering the plots for 10 days (Figure 3), the two
Hytibar plots (HB10) had virtually no emission loss either
before, during, or after tarp removal. Flux measurements
were terminated at day 15 for these plots since MeBr emission
was below detection limit (Figure 3B). The overall measured
emission losses for the HB10 plots were less than 3% of the
amount applied, as compared to about 37% for the HB5 plots
(Table 2), and the percent of MeBr emission was not
significantly different between the two application rates under
Hytibar. Therefore, covering the field for 10 days with the
Hytibar tarp after MeBr application would significantly reduce
MeBr volatilization into the atmosphere. The drastic emission
reduction produced by extending the Hytibar tarp cover for
an additional 5 days was the result of several factors that
integratively control the fate and transport of MeBr. First,
the reduced application rate would decrease the concentra-
tion gradient across the tarp, therefore reducing the total
emission. Next, the enhanced containment with the Hytibar
tarp would increase MeBr residence time in the soil, producing

TABLE 1. Average Daily Environmental Conditions during the Field Experiment

variable min time (h) mean max time (h)

wind speed (m/s) 0 0238 1.08 3.27 1536
relative humitidy (%) 24.14 1411 57.80 87.51 0541
barometric pressure (mbr) 975.72 1706 977.40 978.99 1005
solar radiation (W/m2) 0 night 200.47 738.63 1258
net radiation (W/m2) -70.03 1858 55.89 359.52 1258
air temperaturea (°C) 12.71 0658 20.73 31.66 1507
chamber air temperature (°C) 16.17 0300 25.83 39.71 1200
soil surface temperatureb (°C) 18.76 0614 34.60 61.63 1403

a Measured at 20 cm above soil surface. b Under tarps.

FIGURE 2. Methyl bromide (MeBr) emission flux (A) and cumulative
losses (B) with polyethylene (PE) and Hytibar tarp covered for 5
days.
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more degradation. In fact, MeBr degradation had reached
1 half-life after covering for 10 days (t1/2 ≈ 9 days). Further-
more, extended tarp cover would also allow more time for
the gaseous MeBr to move to deeper depths where MeBr gas
would not readily escape to the atmosphere after tarp removal,
which also promotes further degradation.

Overall, 56.4% of the applied MeBr was lost to the
atmosphere in the PE10 plot, which is slightly smaller than
the 68% emission loss found in the PE5 plot (Table 2). This
is attributed primarily to the lower emission flux measured
over the first 5 days in the PE10 plot (see Table 2 and Figure
3A) and not to the duration that the tarp spent on the surface.
The average maximum flux reached only 104 µg m-2 s-1 as
compared to 201 µg m-2 s-1 in the PE5 plot. The main
difference in measured emission flux density appears to be
the magnitude of this first peak value that occurred about 3
h after MeBr application in both plots, and it contributed to
the total emission by 8 and 4% for the PE5 and PE10 plot,
respectively. The mass balance would be improved to 90.7%
for the PE10 plot should the first peak also contribute to 8%
of the total emission loss. The difference in the first peak
values between PE5 and PE10 was most likely caused by

measurement errors such as sample collection in the field or
sample analysis in the laboratory. Difference in peak values
might also be caused by other uncontrollable experimental
factors such as the non-uniformity in packing the trench
fractures when placing the drip tapes or inherent differences
in soil properties between the two plots. Despite the
difference, the emission flux from the two plots followed a
very similar trend and reached about the same magnitude
each day (Figures 2A and 3A). This indicates that the same
mechanisms (i.e., diffusion and temperature) were controlling
the volatilization process after the first few hours.

Similar to the 10-day cover treatment, no significant
amount of MeBr was lost during or after tarp removal on day
15, and the two Hytibar plots (HB15) again had virtually no
emission loss during the whole experiment (Figure 4). The
overall emission losses for the two Hytibar plots were about
3% of the amount applied (Table 2). Emission dynamics for
the PE15 plot were similar to the PE5 and PE10 plots, and the
daily cyclic behavior was very apparent (Figure 4A). Overall
emission was 66.9%, which is closer to the cumulative loss
from the PE plot covered for 5 days and to the one covered
for 10 days. The latter differed significantly from the others

TABLE 2. Methyl Bromide Volatilization, Degradation, and Mass Balance

volatilization loss up to d

tarp
rate

(g m-2)
cover
(day) 5 day (%) 10 day (%) 15 day (%) 21 day (%)

degradationd

g43 days (%)
mass

balanced (%)

polyethylenea 28a 5 61.9 (12.7) 67.7 (10.8) 68.0 (10.6) 68.0 (10.6) 27.2 (3.1) 95.2 (11.0)
polyethylenea 28a 10 49.3 (8.5) 54.8 (9.0) 56.4 (8.9) 56.4 (8.9) 30.3 (2.2) 86.7 (9.2)
polyethylenea 28a 15 63.6 (4.0) 66.9 (4.7) 66.9 (4.7) 66.9 (4.7) 41.1 (3.8) 108.0 (6.0)
Hytibarb 21b 5 1.9 (0) 33.9 (4.7) 36.2 (5.5) 36.2 (5.5) 69.0 (5.3) 105.2 (7.6)
Hytibarb 21b 10 1.0 (0.6) 1.4 (0.9) 1.8 (1.0) 1.8 (1.0) 100.2 (5.1) 102.0 (5.2)
Hytibarb 21b 15 1.5 (0) 1.8 (0) 1.9 (0) 3.2 (0.5) 95.7 (6.2) 98.9 (6.2)
Hytibarb 14c 5 10.4 (3.9) 38.5 (5.3) 38.8 (5.4) 38.8 (5.4) 61.2 (7.3) 100.0 (9.1)
Hytibarb 14c 10 2.6 (0.5) 2.9 (0.5) 2.89 (0.5) 2.9 (0.5) 95.4 (11.0) 98.3 (11.0)
Hytibarb 14c 15 0.9 (0.1) 1.0 (0.1) 1.1 (0.1) 1.1 (0.1) 93.8 (6.5) 94.9 (6.5)

a-c Different letters indicate a statistically significant (at p ) 0.05 level) difference with respect to volatilization loss by 5 day. d Values in parentheses
are standard errors; n ) 2 for volatilization losses, and n ) 9 for degradation measures.

FIGURE 3. Methyl bromide (MeBr) emission flux (A) and cumulative
losses (B) with polyethylene (PE) and Hytibar tarp covered for 10
days.

FIGURE 4. Methyl bromide (MeBr) emission flux (A) and cumulative
losses (B) with polyethylene (PE) and Hytibar tarp covered for 15
days.
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during the early times after injection (Table 2). For the PE
tarp, covering the plots for 10 or 15 days did not significantly
reduce total emission loss because most emission losses
already occurred during the first 5 days (Table 2). The
measured 56-68% emission fraction was within the 32-87%
range reported for experiments conducted on large fields
treated with MeBr and covered with PE tarp. These experi-
ments used a variety of methods to estimate emission:
meteorological, flux chambers, and bromide ion accumulation
methods (1-4, 15). Another indication that the measure-
ments were accurate is that the 56-68% emission loss is
almost identical to findings reported by Yates et al. (4, 15)
and Wang et al. (11) for experiments conducted on the same
or similar soils under the same geographical and environ-
mental conditions. In both these experiments, total emissions
were found to be between 58 and 70% of the applied MeBr.

A strong diurnal cycle in flux density was observed for the
first 5 days when significant emission was measured from
the three PE plots (Figures 2-4). To further investigate the
cyclic behavior, the emission fluxes from the three PE plots
were averaged for each sampling interval and compared with
air temperature changes inside the flux chambers (Figure 5).
It appears that in a daily cycle, MeBr emission flux would
reach a maximum near noon or early afternoon when the air
temperature was the highest and decrease to a minimum
between midnight and early morning when the temperature
was the lowest. The concurrence of MeBr emission flux and
ambient air temperature is probably caused primarily by a
temperature dependency of the PE tarp permeability to MeBr.
According to Yates et al. (15), MeBr emission flux density
through a PE tarp is approximately linearly correlated to
temperature and will double for every 14.5 °C increase in
temperature when maintaining a 1000 µL/L concentration
gradient across the tarp. Wang et al. (12) in a modeling study
on MeBr emission generalized the tarp dependency on
temperature to an exponential function similar to the
Arrhenius equation. According to the nonlinear equation,
MeBr emission flux density through a PE tarp will be doubled
for a 15 °C increase in the 13-28 °C temperature range and
a 20 °C increase in the 56-76 °C temperature range.

Therefore, temperature effect is more critical for PE tarp
permeability at relatively low temperature values. The less
synchronized pattern between MeBr emission flux and
temperature during the first 12 h after application was likely
caused by the rapid movement of MeBr gas in the initial
redistribution through convective flow. This is possible
because MeBr gas was injected under a pressurized system
that might have caused a momentary convective flux upward
to the soil surface along backfilled fractures created during
the placement of the drip tapes. The peak decreased because
volatilization and soil diffusion had depleted some of the
MeBr transported to the surface by convection. The second
peak was not synchronized with temperature because it was
probably caused by the diffusion front reaching the soil
surface. From this point on, the dynamics of flux variation
begin to follow the diurnal temperature changes, which is
expected if the concentration under the tarp remains relatively
constant during a sampling interval. The large error bars
(Figure 5, <12 h) also indicate that, during and right after
injection, transport mechanisms other than diffusion that
are more likely to cause large variations in gas flow might
have played a significant role in controlling MeBr movement
away from the source and volatilization into the atmosphere.

Pest Control, MeBr Degradation, and Mass Balance.
Complete (100%) control was achieved on the citrus nema-
todes (T. semipenetrans) and germinated seeds of yellow
nutsedge (C. esculentus) for all the treatments. For the fungi
(R. solani), we obtained 100%, 60%, and 0% efficacy for the
PE, Hytibar with 210 kg/ha rate, and Hytibar with 140 kg/ha
rate, respectively. Effective control of R. solani requires an
application rate between 210 and 280 kg/ha under experi-
mental conditions described in this study.

Bromide ion concentration in the soil profile was generally
very high (50-130 µg g-1) in the first 1 cm from surface and
decreased rapidly to less than 5 µg g-1 in the subsurface soils
(below 5 cm). This may have been caused by a concurrence
of high MeBr gas concentrations under the tarp or in the
surface soil and large water (condensation under the tarps)
and soil organic matter contents near the surface that could
have accelerated MeBr degradation. Due to similarities in its
distribution in the soil, bromide concentrations from only
the PE5 plot were shown (Figure 6) as an example to illustrate
the profile patterns. The background bromide concentrations
were very low, especially near soil surface. Therefore, there
is less interference with bromide ion measurement after MeBr
degradation, and concentration differences from the back-
ground would only be derived from MeBr degradation. For

FIGURE 5. Average methyl bromide (MeBr) emission flux under
polyethylene (PE) cover and air temperature in the flux chambers.
Error bars ) (SE (n ) 3).

FIGURE 6. Soil bromide ion (Br-) concentration distribution under
polyethylene or PE tarp for 5 days before and 43 days after methyl
bromide application. Error bars ) (SE (n ) 3-9).
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the PE5 plot, the bromide concentration was 61 µg g-1 at the
surface and decreased to 2.7 µg g-1 at the 5-10 cm depth
range. A slight increase in the 10-20 cm depth may be
attributed to the high soil water content measured near this
depth range. The concentration decreased gradually to near
background at 3 m. Very large or small bromide concentra-
tions occurred in some deeper depths in the Hytibar
treatments. This was probably caused by localized soil
layering where hard pans and sand bands were observed
during soil sampling. The hard pans would impede MeBr
gas movement increasing degradation in upper depths, and
the sand bands had much smaller capacity for MeBr
degradation as compared to the soil (16).

Converting the measured bromide concentrations to
masses, degraded MeBr was between 27.2 and 100.2% of the
amount applied to each plot (Table 2). When adding the
degraded to independently measured volatilization losses, a
mass balance of 86.7-108% was obtained for the different
treatments. The mass balance was within (5% of complete
recovery for the six Hytibar plots (Table 2), which indicates
that the emission and bromide ion measurements were both
accurate. For the three PE plots, the small increasing trend
in fraction of degradation (i.e., 27.2, 30.3, and 41.1%) was in
agreement with the duration of tarp cover (i.e., 5, 10, and 15
d). Overall, we have successfully quantified the two dis-
sipation pathways (i.e., volatilization and degradation) of
MeBr in soil fumigation, and a mean comparison indicated
that the mass balance of all experimental treatments was not
significantly different from 100%.
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