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Emission of methyl bromide (CH3Br) from soil fumigation
contributes to stratospheric ozone depletion and imposes
adverse toxicological effects on humans. We report
the identification of fertilizer ammonium thiosulfate (ATS)
as a potential surface amendment to reduce CH3Br
volatilization from fumigated soils. In ATS-amended soil,
CH3Br was rapidly degraded to Br-, with the degradation
rate dependent on the ATS:CH3Br molar ratio and soil
temperature. At 20 °C, the half-life of CH3Br in an Arlington
sandy loam was >5 d, but was reduced to <5 h when 4
molar times of ATS was amended. Greatly reduced CH3Br
emission was observed from soil columns when Thio-
Sul, a 60% ATS fertilizer, was applied to the soil surface
at 660 kg ha-1. The emission of CH3Br from the unamended
column was 61% of the applied dosage following a 30-
cm injection, but that from the ATS-treated columns was
<10%. Field study showed that ATS amendment at 660 kg
ha-1 only had a limited effect on the efficacy for controlling
nematodes and weeds. As ATS is an inexpensive
fertilizer, the reported approach is promising for field
application.

Introduction
Methyl bromide (bromomethane, CH3Br) has been widely
used as a soil fumigant for controlling soilborne diseases (1).
Recent studies indicate that 21-89% of the applied CH3Br
escapes into the atmosphere from fumigated fields (2-6).
The volatilized CH3Br contributes to stratospheric ozone
depletion (7, 8) as well as imposes acute and chronic
toxicological effects on field workers and nearby residents
(9). The production and import of CH3Br are thus scheduled
to be discontinued in the United States by 2001 and in other
regions at a later time (10, 11). However, currently there are
few, if any, effective alternatives for replacing CH3Br, and the
phase out will likely cause substantial economic losses (12,
13). A solution to this is to develop environment-benign
strategies that can effectively minimize the atmospheric
emission of CH3Br.

The excessive emission of CH3Br after injection into soil
is caused by its rapid diffusion and relatively slow degradation
in soil. For instance, in most soils, it may take less than 1
h for CH3Br to move from the injection point (e.g., at 30 cm
depth) to the soil surface, but it will take more than 5 d for

50% of the applied CH3Br to degrade (5). To reduce CH3Br
emission, it is therefore essential to either provide a surface
barrier to contain CH3Br in the soil or to modify soil conditions
to accelerate its degradation. The commonly used poly-
ethylene film was found to be too permeable to CH3Br (14,
15), and materials of lower permeability were shown to result
in reduced emission (16, 17). Conceivably, CH3Br emission
can also be reduced if its degradation in soil is enhanced. In
a preliminary experiment, we observed that CH3Br was rapidly
converted to Br- in sodium thiosulfate or ammonium
thiosulfate solution at ambient temperature (18):

Although any thiosulfate salt may undergo the same reaction,
the use of ammonium thiosulfate [(NH4)2S2O3], or ATS, can
potentially have several advantages. First, ATS is currently
used as a sulfur and nitrogen fertilizer and is therefore readily
available at a low cost. Second, thiosulfate (S2O3

2-) and its
transformed intermediate tetrathionate (S4O6

2-) were found
to inhibit nitrification of ammonia and hydrolysis of urea,
and mixtures of ATS with fluid fertilizers are sometimes used
for increasing N efficiency (19-21). And third, ATS is oxidized
to sulfate (SO4

2-) in soil and is therefore unlikely to hinder
performance of subsequent CH3Br applications or impose
threats to groundwater (20).

In this paper, we studied ATS-mediated CH3Br degrada-
tion in soil and demonstrated the potential applicability of
surface ATS amendment for reducing CH3Br emission. This
work may serve as the basis for further evaluation of the
feasibility and benefits of this approach on larger scales.

Experimental Section
Chemicals and Soils. Analytical grade CH3Br (Aldrich
Chemical Co., Milwaukee, WI) and (NH4)2S2O3 (Fluka Chemi-
cal Co., Buchs, Switzerland) had purity of >99%. Before use,
gaseous CH3Br was liquefied by chilling on dry ice. Thio-Sul
(Texas Sulfur Co., Borger, TX), a commercial ATS fertilizer
containing 60% of ATS, was purchased from a local farm
chemical dealer. The three soils used were Arlington sandy
loam (SL) (Riverside, CA), Linne clay loam (CL) (Santa Babara,
CA), and Carsitas loamy sand (LS) (Coachella Valley, CA).
The organic matter contents of the Arlington SL, Linne CL,
and Carsitas LS were 0.92, 2.99, and 2.51%, respectively, and
the pH values were 7.4, 7.3, and 7.2, respectively. Before
use, moist soil was passed through a 2-mm sieve without
air-drying.

Degradation Experiments. Three incubation experi-
ments were conducted in which degradation of CH3Br in soil
as a function of ATS:CH3Br molar ratio, soil type, and
temperature were separately determined. In the first experi-
ment, ATS solutions of different concentrations were added
to 10 g (dry weight equivalent) of Arlington SL in 20-mL
headspace GC vials to give four initial ATS concentrations
of 0 (unamended control), 0.53, 1.05, and 2.10 µmol g-1.
Deionized water was added to adjust the soil moisture to
12% (w/w). Methyl bromide in 5 µL of acetone (1.05 µmol
µL-1) was added to the soil to give an initial CH3Br
concentration of 0.53 µmol g-1. In a preliminary study, it
was found that adding 5 µL of acetone into the soil had no
effect on CH3Br degradation rates. The treated vials were
quickly closed with aluminum caps and Teflon-faced butyl
rubber septa and incubated at 20 ( 0.2 °C in the dark. The
initial ATS:CH3Br molar ratios in the above samples were
0:1, 1:1, 2:1, and 4:1. At different times after CH3Br treatment,
three replicate samples were removed from each treatment
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and immediately stored at -15 °C. To extract residual
CH3Br, 10 mL of ethyl acetate was added while the soil was
still frozen, and the recapped vials were vortexed at a high
speed for 2 min. Previous studies indicate a near 100%
recovery for this method (22). An aliquot of the ethyl acetate
phase was injected into a GC-ECD (HP 5890, Hewlett-Packard,
Norwalk, CT) for detecting CH3Br. The GC conditions were
as follows: RTX-624 column (30 m × 0.25 mm × 1.4 µm,
Restek Co., Bellefonte, PA), 240 °C inlet temperature, 270 °C
detector temperature, 35 °C initial oven temperature (3.5
min) ramping at 20 °C min-1 to 200 °C, and 1.1 mL min-1

column flow rate. To extract Br-, soil samples were vortexed
at a high speed in 10 mL of 0.1 mol L-1 NaCl solution for 2
min, and a portion of the supernatant was collected after the
extract was centrifuged. The concentration of Br- was
determined on a QuikChem AE ion analyzer (LaChat Co.,
Milwaukee, WI).

In the second incubation experiment, ATS-enhanced
CH3Br degradation was measured in the Arlington SL, Linne
CL, and Carsitas LS. The initial ATS:CH3Br molar ratio was
2:1 for all soils, and the soil moisture was 12%. Soils with
no ATS amendment were included as controls. The same
treatment procedures as described above were used, and
disappearance of CH3Br in soil with time was similarly
determined. To determine the role of soil microorganisms
in the enhanced degradation, one set of Arlington SL samples
were sterilized by autoclaving at 121 °C for 1 h. The sterile
soil was similarly treated with ATS and CH3Br at 2:1, and the
dissipation kinetics was determined.

In the third incubation experiment, ATS-enhanced
CH3Br degradation was determined in the Arlington SL at
different temperatures. The initial ATS:CH3Br molar ratio
was 2:1, and the soil moisture was 12%. After treatment, soil
samples were incubated at 10, 20, 30, or 40 °C, and dissipation
of CH3Br in the soil was determined.

Column Experiment. To evaluate the effectiveness of
surface ATS amendment for reducing CH3Br emission,
volatilization of CH3Br was measured from soil columns with
and without ATS amendment. The column system was used
in previous studies for predicting fumigant emission rates
and was found to give reproducible estimates (23, 24). In
brief, the system was made of a 60 cm (long) × 12.5 cm (i.d.)
glass column packed with soil and a 5 cm (long) × 12.5 cm
(i.d.) sampling chamber that was mounted on the top of the
soil column. The bottom of the soil column and the top of
the sampling chamber were closed, and the junction between
the two was carefully sealed. The sampling chamber was
connected to a vacuum, and sweep-air of 100 mL min-1 was
passed through the sampling chamber to flush volatilized
CH3Br into ORBO-32 sampling tubes (Supelco) positioned
in the flow path.

Three soil columns were packed with the Arlington SL
(11 400 g dry weight) to the same soil bulk density (1.55 g
cm-3) and water content (12%). In all columns, a layer of
high-density polyethylene film (0.0035 cm in thickness, TriCal
Co., Hollister, CA) was placed between the soil surface and
sampling chamber to simulate tarped CH3Br fumigation.
Column A received no ATS amendment, and only 20 mL of
water was added to the soil surface at the time of CH3Br
injection. In column B, 1.0 mL of Thio-Sul was mixed with
19 mL of water and evenly pipetted onto the soil surface 24
h prior to the CH3Br injection, and the treatment was
considered as pre-ATS amendment. In column C, 1.0 mL of
Thio-Sul in 19 mL of water was added onto the soil surface
immediately after CH3Br was injected, and the treatment
was considered as parallel-ATS amendment. The application
rate of Thio-Sul in columns B and C equaled 81 mL m-2 as
Thio-Sul or 660 kg ha-1 as ATS.

The same amount of CH3Br (100 µL as liquid, or 170 mg
in mass) was injected into each column at 30 cm below the

surface. This application rate equaled 140 kg ha-1 (125 lb
a-1). After CH3Br was applied, ORBO tubes were changed
every 3 h, and the recovered CH3Br was analyzed using a
reported method (25). Sampling for volatilized CH3Br was
continued until the concentration fell below the detection
limit (0.1 µg per sample tube). At the end of experiment, soil
samples were taken from different depths from each column,
and Br- concentration was measured after extraction.

Field Plot Experiment. A field plot experiment was
conducted at the University of California’s South Coast
Station (Irvine, CA) in September 1997 to determine the effect
of ATS application on pest control efficacy. The field was
uniformly infested with root-knot nematode Meloidogyne
incognita and contained lima beans (Phaseolus limensis) from
a previous harvest. Fumigation of CH3Br was done by “hot-
gas” injection into 60 × 600 cm plastic-tarped beds, and the
drip line was buried at the middle of the bed at the 25 cm
depth. Three treatments were used: standard fumigation,
ATS amendment + fumigation, and no fumigation. In the
ATS-amended plots, 660 kg ha-1 ATS (as Thio-Sul) was
sprayed onto the bed before fumigation. Four plots were
used for each treatment, and CH3Br application rate was 100
lb a-1 or 112 kg ha-1. Three weeks after fumigation, the
germination of lima beans in each plot was counted. Soil
was sampled, and nematodes juveniles were enumerated
after Baermann extraction. Statistical analysis was performed
after log transformation.

Results and Discussion
Enhanced CH3Br Degradation in ATS-Amended Soil. Deg-
radation of CH3Br in the Arlington SL was enhanced with the
addition of ATS, and the extent of enhancement was
dependent on the initial ATS:CH3Br molar ratio (Figure 1).
In the unamended soil, about 60% of the initially spiked
CH3Br remained undegraded after 96 h of incubation, but
the fraction decreased to 28% in the 1:1 treatment and further
to <3% in the 2:1 and 4:1 treatments. As the initial ATS:
CH3Br ratio increased, the degradation half-life (t1/2) of
CH3Br rapidly decreased. For instance, first-order t1/2 for
CH3Br degradation was 133 h (or 5 d) in the unamended soil
but was reduced to <5 h when the ATS:CH3Br ratio was
increased to 4 (Table 1).

Equal molar concentrations of Br- were produced as
CH3Br was degraded in ATS-amended Arlington soil, indi-
cating that ATS-enhanced CH3Br degradation was a complete
transformation (Figure 2). At 8 h after application, ap-
proximately 0.29 µmol g-1 CH3Br was degraded, and 0.27
µmol g-1 Br- was produced. The fact that CH3Br was near

FIGURE 1. Degradation of CH3Br in Arlington sandy loam as a function
of ammonium thiosulfate:CH3Br molar ratio. Solid lines are first-
order regressions fitted from experimental data.
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quantitatively degraded to Br- is significant, since it suggests
that other processes, such as adsorption, did not contribute
to the observed rapid CH3Br dissipation in ATS-amended
soils.

Similarly enhanced degradation of CH3Br was observed
for all three soils when ATS was amended at a 2:1 ratio (Table
1). Compared to the unamended control, degradation of
CH3Br in ATS-amended Arlington SL, Linne CL, and Carsitas
LS was enhanced by 6, 9, and 8 times, respectively. The
similar magnitude of enhancement in different soils implies
that when ATS is abundant, the rate of CH3Br degradation
is predominantly controlled by the ATS-CH3Br reaction.

Degradation of CH3Br in the sterile Arlington SL was not
significantly different from the nonsterile soil (Table 1), which
suggests that the enhanced CH3Br degradation in the ATS-
amended soil was chemical degradation. Inoculated nitrify-
ing bacteria were found to transform CH3Br (26), and
amendment of ammonia fertilizer (NH4)2SO4 resulted in a
limited stimulation of CH3Br degradation in some soils (27).
Degradation of CH3Br by ammonia oxidation bacteria,
however, apparently did not contribute to the grossly
enhanced CH3Br observed in the ATS-amended soils in this
study.

Degradation of CH3Br in ATS-amended soil increased as
the soil temperature was increased (Table 2). The activation
energy, Ea, calculated from the Arrhenius equation, was 51.5
kJ mol-1, and the correlation factor r 2 was 0.98. From this
Ea value, the average change in CH3Br degradation rate per
10 °C change in temperature is about 2 times (28). It is known
that when soil is covered with plastic sheets, as in CH3Br
fumigation, temperature at the soil surface is often drastically
elevated (5). The high temperature under the plastic cover

may, therefore, further facilitate the reaction between ATS
and CH3Br, resulting in further reduced emission.

Reduction of CH3Br Emission by Surface ATS Amend-
ment. Rapid CH3Br volatilization occurred shortly after
CH3Br was injected into the soil columns (Figure 3a).
However, in ATS-treated columns, the magnitude of vola-
tilization fluxes was greatly reduced as compared to the
control column. For instance, the maximum flux detected
from the control column without ATS amendment was 1400
µg h-1, while that from the ATS-amended columns was only
about 300 µg h-1. The total loss of CH3Br from the
unamended column was 61% of the applied dosage (Figure
3b), which is in agreement with field measurements (5, 27,
28). The loss was only 9.5% from the column treated with
ATS prior to CH3Br application and 7.2% from the column
treated with ATS after CH3Br application (Figure 3b). Under
the similar conditions, applying sodium thiosulfate instead
of ATS to the soil surface 24 h prior to CH3Br treatment
resulted in 8.9% emission, while applying sodium thiosulfate
immediately after CH3Br injection resulted in 9.0% emission.

Analysis of Br- residue in soil columns revealed that the
reduced CH3Br emission in ATS-amended columns was
caused by increased degradation of CH3Br to Br-. In the
unamended soil column, the Br- concentration was low,
averaging only 3.5 mg kg-1 for the whole profile (Figure 4).
In the ATS-amended columns, Br- distribution patterns were

TABLE 1. Fitted First-Order Degradation Rate Constant k
(h-1)and Half-Life t1/2 (h) for CH3Br Degradation in Ammonium
Thiosulfate-Amended Soils

soil ATS:CH3Br molar ratio k (h-1) t1/2 (h) r 2

Arlington SL 0:1 (control) 0.005 133 0.77
1:1 0.012 58 0.78
2:1 0.033 21 0.91
4:1 0.148 4.7 0.97
2:1 (autoclaved) 0.031 22 0.90

Linne CL 0:1 (control) 0.005 152 0.92
2:1 0.042 16 0.98

Carsitas LS 0:1 (control) 0.006 116 0.95
2:1 0.045 15 0.99

FIGURE 2. Disappearance of CH3Br and appearance of Br- in
Arlington sandy loam treated with 1.06 µmol g-1 ammonium
thiosulfate and 0.53 µmol g-1 CH3Br.

TABLE 2. Fitted First-Order Degradation Rate Constant k
(h-1) and Half-Life t1/2 (h) for CH3Br Degradation in Ammonium
Thiosulfate-Amended Arlington Sandy Loam (2:1 ATS:CH3Br
Ratio) at Different Temperatures

temp (°C) k (h-1) t1/2 (h) r 2

10 0.019 36 0.89
20 0.033 21 0.91
30 0.066 10 0.97
40 0.159 4.4 0.92

FIGURE 3. Emissions of CH3Br from packed soil columns that were
unamended or amended with ammonium thiosulfate at the surface
at 660 kg ha-1. (a) CH3Br volatilization fluxes in µg h-1. (b) Cumulative
CH3Br emission losses in percent of applied CH3Br dosage.
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characterized with extremely high concentrations (>100 mg
kg-1) near the soil surface (Figure 4). In both ATS-treated
columns, the Br- concentration was greatest near the soil
surface and rapidly decreased as the depth further increased,
which indicates that the downward movement of ATS in soil
was very limited under the used conditions.

Effect of Surface ATS Amendment on Efficacy. Com-
pared to the unfumigated plots, CH3Br fumigation, with or
without ATS amendment, provided effective control over the
root-knot nematode M. incognita and lima beans that were
used as a weed substitute (Table 3). There was no statistical
difference between the standard fumigation and ATS-
amended fumigation for nematode control, and the differ-
ence for weed control became significant (P < 0.05) only
after log transformation. This indicates that under field
conditions, surface ATS application is unlikely to greatly affect
the efficacy of CH3Br fumigation. The limited effect on
CH3Br activity could be due to that the applied ATS remained
near the surface in the tarped soil, as observed in the column
experiment, while most soil pathogens and pests were present
in the subsurface layers. In reality, modifying ATS application
time, rate, and method may further minimize this impact.

Using an existing fertilizer to minimize the negative effects
of a pesticide represents a novel risk-mitigation approach.
The potential of using ATS to reduce CH3Br emission is of
particular significance not only because there is a lack of
effective alternatives to CH3Br but also because the global
use of CH3Br as a soil fumigant will likely continue for many

years to come. However, to further develop this approach,
some other aspects need to be better understood. These
include, for instance, the application method of ATS, the
economic implication of the integrated practice, and the
safety and fate of the reaction products of CH3Br and ATS.
Most of all, the effectiveness of ATS amendment for reducing
CH3Br emission should be evaluated at the field scale and
under different fumigation conditions.

Acknowledgments
The authors thank Q. P. Zhang, C. Taylor, and F. Ernst for
their assistance in obtaining some of the experimental data
reported herein. Discussions with Dr. B. Manning and Dr.
D. Saurez of U.S. Salinity Laboratory, Riverside, CA, and Dr.
J. Knuteson of DowElanco, Indianapolis, IN, were helpful
and appreciated.

Literature Cited
(1) Lembright, H. W. J. Nematol. 1990, 22, 632.
(2) Yagi, K.; Williams, J.; Wang, N. Y.; Cicerone, R. J. Proc. Natl.

Acad. Sci. U.S.A. 1993, 90, 8420.
(3) Majewski, M. S.; McChesney, M. M.; Woodrow, J.; Prueger, J. H.;

Seiber, J. N. J. Environ. Qual. 1995, 24, 431.
(4) Yagi, K.; Williams, J.; Wang, N. Y.; Cicerone, R. J. Science 1995,

267, 1979.
(5) Yates, S. R.; Ernst, F. F.; Gan, J. Y.; Gao, F.; Yates, M. V. J. Environ.

Qual. 1996, 25, 192.
(6) Yates, S. R.; Wang, D.; Ernst, F. F.; Gan, J. Y. Environ. Sci. Technol.

1997, 31, 1136.
(7) Singh, H. B.; Kanakidou, M. Geophys. Res. Lett. 1993, 20, 133.
(8) Butler, J. H. Nature 1995, 376, 469.
(9) Yang, R. S. H.; Witt, K. L.; Alden, C. J.; Cockerham, L. G. Rev.

Environ. Contam. Toxicol. 1995, 142, 65.
(10) U.S. Environmental Protection Agency. Fed. Regist. 1993, 58,

15014.
(11) The United Nations Environment Programmes. The Montreal

Protocol on Substances that Deplete the Ozone Layer: 1994 Report
of the Methyl Bromide Technical Option Committee; UNEP:
Kenya, 1995; 304 pp.

(12) Noling J. W.; Becker, J. O. J. Nematol. 1994, 26, 573.
(13) Ferguson, W.; Padula, A. Economic effects of banning methyl

bromide for soil fumigation; USDA Agricultural Economic Report
677; USDA: Washington, DC, 1994; 34 pp.

(14) Jin, Y.; Jury, W. A. J. Environ. Qual. 1995, 24, 1002.
(15) Brown, B. D.; Rolston, D. E. Soil Sci. 1980, 130, 68.
(16) Gamliel, A.; Grinstein, A.; Katan, J.; Klein, L. Virtually imperme-

able films for reducing dosage of MeBr: Laboratory and field
studies; 4th International Symposium of Soil and Substrate
Infestation and Disinfestation, September 12-17, 1993, Leuven,
Belgium.

(17) Wang, D.; Yates, S. R.; Ernst, F. F.; Gan, J.; Jury, W. A. Environ.
Sci. Technol. 1997, 31, 3686.

(18) Slator, A. Trans. Chem. Soc. 1904, 85, 1286.
(19) Goos, R. J. Soil Sci. Soc. Am. J. 1985, 49, 232.
(20) Sullivan, D. M.; Havlin, J. L. Soil Sci. Soc. Am. J. 1992, 56, 951.
(21) Sullivan, D. M.; Havlin, J. L. Soil Sci. Soc. Am. J. 1992, 56, 957.
(22) Gan, J.; Yates, S. R. J. Agric. Food Chem. 1996, 44, 4001.
(23) Gan, J. Y.; Yates, S. R.; Wang, D.; Spencer, W. F. Environ. Sci.

Technol. 1996, 30, 1629.
(24) Gan, J. Y.; Yates, S. R.; Wang, D.; Spencer, W. F.; Jury, W. A. J.

Environ. Qual. 1997, 26, 310.
(25) Gan, J. Y.; Yates, S. R.; Spencer, W. F.; Yates, M. V. J. Agric. Food

Chem. 1995, 43, 960.
(26) Rasche, M. E.; Hyman, M. R.; Arp, D. J. Appl. Environ. Microbiol.

1990, 56, 2568.
(27) Ou, L. T.; Joy, P. J.; Thomas, J. E.; Hornsby, A. E. Environ. Sci.

Technol. 1997, 31, 717.
(28) Schwarzenbach, R. P.; Gschwend, P. M.; Imboden, D. M.. In

Environmental Organic Chemistry; Schwarzenbach, R. P., et al.,
Eds.; John Wiley & Sons: New York, 1993; pp 348-352.

Received for review August 15, 1997. Revised manuscript
received February 24, 1998. Accepted June 8, 1998.

ES9707318

FIGURE 4. Soil bromide distribution at the end of column experiment.
Treatments include no amendment of ammonium thiosulfate
(Unamended), application of 1.0 mL of Thio-Sul at the soil surface
24 h prior to CH3Br injection (Pre-ATS amendment), and application
of 1.0 mL of Thio-Sul immediately after CH3Br injection (Parallel-
ATS amendment).

TABLE 3. Effect of ATS Application at 660 kg ha-1 on the
Survival of Nematodes Meloidogyne incognita and the
Germination of Lima Beans in Field Plots (n ) 4)a

CH3Br ATS + CH3Br no CH3Br

nematodes
mean 0a 0.25a 327.00b

SD 0 0.50 132.68
lima beans

mean 2.25a 14.25b 273.00c

SD 1.50 2.5 53.00
a ANOVA analysis was done after log transformation, and P ) 0.05.

VOL. 32, NO. 16, 1998 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 2441




