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An Improved Method for determination of  
Fumigant degradation Half-Life in Soil

Soil Chemistry

Using the current approach, measurement of fumigant degradation half-lives 
under realistic soil conditions is problematic due to the large headspace that 
is necessary above the soil during incubation. This results in a poor degree 
of contact between the fumigant and the soil’s degrading surfaces, which dif-
fers markedly from field conditions. We report a simple, novel approach for 
determining fumigant degradation half-lives in which the fumigant is in com-
plete contact with the soil during incubation (no headspace) and which uses 
gastight, nonsorbing equipment commonly found in pesticide research labora-
tories. The approach was tested on a sandy loam soil. At both 23 and 50°C, the 
novel approach yielded much lower degradation half-lives for cis- and trans-
1,3-dichloropropene (1,3-D) isomers and chloropicrin (CP) than the traditional 
approach. Percentage reductions ranged from 22 to 64% and were greater at 
the higher temperature. The results suggest that literature-reported half-lives of 
soil fumigants, and consequently their modeled soil–air emission rates, may be 
overestimated. The novel approach could potentially be applied to determining 
the degradation kinetics of other classes of volatile chemicals in soil.

Abbreviations: 1,3-D, 1,3-dichloropropene; CP, chloropicrin; GC, gas chromatography; 
HS-GC, headspace-gas chromatography.

Two dominant processes are generally assumed to control fumigant fate 
and transport: degradation within the soil and emission from soil to the 
atmosphere. The soil degradation of agricultural fumigants, such as the 

commonly used CP and 1,3-D, is an important factor in understanding and mod-
eling the environmental fate of such compounds. Under field conditions, the frac-
tion lost from the soil via emission is typically 10 to 20% for CP and 30 to 40% for 
1,3-D. The remaining, often larger, fraction remains in the soil where it is subject 
to degradation. It is necessary to study degradation in isolation from emissions, in 
a completely sealed environment, so that losses can be attributed solely to degrada-
tion. It is this fraction of fumigant, subject to degradation within the soil, that we 
address in this study.

The traditional approach to determining the soil degradation half-lives of fu-
migants involves placing a mass of soil into a glass vial and adding a fumigant of 
interest at a known initial concentration (Wilhelm et al., 1996; Gan et al., 2000b; 
Ma et al., 2001). Sealed vials are then incubated under conditions of interest and, 
at various time intervals, are removed to a freezer to halt any further chemical and 
biological degradation processes. By necessity, the vial must be of a significantly 
larger volume than that of the soil used, so as to facilitate the addition of solvent for 
the subsequent extraction procedure to determine total concentration of fumigant 
remaining. Therefore, during incubation, there exists in the vial a large volume of 
headspace above the soil sample. This is significant because it means that, during 
the incubation, only a fraction of the fumigant gas is in contact with the soil solids 
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Core Ideas

•	degradation of fumigants is an im-
portant component of their fate and 
transport. 

•	Traditional measurement of half-life is 
limited by the large headspace in an 
incubation vial. 

•	A novel approach is presented that elim-
inates the incubation vial headspace. 

•	This novel approach yields shorter 
fumigant half-lives due to greater 
contact with soil. 
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and is, therefore, subject to degradation. Indeed, in a typical pro-
tocol with a 20-mL vial containing 10 g of soil (Ma et al., 2001; 
Zheng et al., 2003; Guo and Gao, 2009), approximately two-
thirds of the vial volume may be headspace (assuming a sandy 
loam soil at 5% gravimetric moisture content). Although the dy-
namic equilibrium of the system ensures that as the fumigant is 
degraded within the soil it diffuses from the headspace into the 
soil where it can become degraded, the system is a poor proxy of 
a field setting where this (nonemitted) fraction of the fumigant 
remains in complete contact with the soil. Therefore, half-lives 
determined using the traditional degradation approach may not 
effectively simulate a realistic scenario. It was hypothesized that 
the traditional approach underestimates soil degradation rates 
(overestimates half-life) due to the large headspace volume and 
the resulting relatively poor extent of contact between the fumi-
gant gas and the degrading surfaces on the soil.

A preferred laboratory method for measuring degradation 
half-lives of fumigants is one in which no headspace above the 
soil sample is present during the incubation. In this way, as would 
be experienced under field conditions for the fraction of fumi-
gant not emitted from the soil to the air, the fumigant gas is in 
complete contact with the soil for the duration of the incubation. 
The problem with using an approach where the incubation vial 
is completely filled with soil is that the extraction procedure (ad-
dition of solvent and shaking) is not possible in this vial. Simply 
emptying the contents of the incubation vial into a larger vial for 
extraction is not satisfactory due to the high potential for vapor 
loss during the transfer (Amin and Narang, 1985; Maskarinec et 
al., 1989) even when the soil in the incubation vials is prefrozen. 
Our aim in this work was to develop a simple, novel approach 
to determining fumigant degradation in a system with no head-
space above the soil. We acknowledged that important consider-
ations for developing such an approach were: (i) it should use all 
glass vials with Teflon-coated septa and crimp seals (to prevent 
leakage and chemical sorption); (ii) it should not lead to signifi-
cant losses of fumigant gas during the decapping of the vials for 
the extraction; and (iii) it should only use equipment commonly 
available in laboratories undertaking research in the area of fumi-
gant degradation in soils. The approach was tested using a sandy 
loam soil and was compared to the traditional approach.

MATERIALS ANd METHodS
Fumigant Solution and Soils

The commercial fumigant C-35, a mixture of ~35% CP 
and ~65% 1,3-D (cis/trans isomer ratio of 65:35), was donated 
by TriCal Inc. (Hollister, CA). This product was diluted in ac-
etone to give an initial C-35 concentration of 20 µg mL−1. Sandy 
loam soil (Arlington series [coarse-loamy, mixed, active, thermic 
Haplic Durixeralf ], 75% sand, 18% silt, 7% clay; 0.92% organic 
matter; pH 7.2) was collected from the plowed upper 20 cm of 
Field 2B at the University of California Riverside Agricultural 
Station. This field has been used in numerous field and labora-
tory fumigant studies performed by the United States Salinity 
Laboratory (e.g., Gan et al., 2000a; Zheng et al., 2003; Ashworth 

et al., 2013); however, the soil for this study was collected from 
an area of the field that had not been previously fumigated. The 
soil was sieved (<2 mm), and its gravimetric moisture content 
was 5%.

degradation Study—Traditional Approach
The traditional approach for determining fumigant degra-

dation half-lives has been used widely in this and other pesticide 
research laboratories. Here, we used the traditional approach as a 
point of comparison for our novel (proposed) approach. Added 
to 20-mL glass headspace-gas chromatography (HS-GC) vials 
was 10.5 g of soil (10.0 g of dry soil) followed by 10 mL of the 
C-35 fumigant solution (initial C-35 soil concentration of 20 
mg g−1). Vials were immediately capped after fumigant injection 
using Teflon-faced septa and aluminum crimp seals and were 
placed at either 23 or 50°C for incubation. At 0, 6, 24, 48, 96, 
168, 246, and 360 h, triplicate vials were removed to a freezer 
(−20°C) to halt any further chemical or biological degradation 
of the fumigants. At the end of the experiment, the frozen vials 
were decapped, and 10 g of anhydrous sodium sulfate (to absorb 
soil water that may interfere with subsequent gas chromatog-
raphy [GC] analysis) and 10 mL of ethyl acetate were quickly 
added before immediate recapping. The vials were then shaken 
horizontally for 1 h on a reciprocating shaker to extract fumi-
gants into the solvent phase. After shaking and subsequent set-
tling of the soil, ~1.5 mL of supernatant solvent was dispensed 
into a new amber GC vial and was sealed with a Teflon-faced cap 
for analysis. In addition, the traditional approach was also used 
in exactly the same way but with 3 g of soil and 3 mL of C-35 
solution (initial concentration of 20 µg g−1).

degradation Study—Novel Approach
The novel approach for determining fumigant degradation 

half-lives was conducted using the same equipment as that for 
the traditional approach (meaning that all of the equipment 
should be commonly available in pesticide research laboratories). 
However, the incubation phase was performed in the amber GC 
vials. To these (~2 mL) vials, the soil was added in small portions 
with tapping of the vial on a firm surface between portions to 
aid settling of the soil. Each vial was completely filled to avoid 
any headspace and contained 3.15 g of soil (3 g of dry soil). 
Care was taken to avoid drying out the soil during the prepara-
tion steps. To each vial, 3 mL of the C-35 fumigant solution was 
added. Thus, the initial concentration of C-35 in the soil was 20 
mg g−1. The fumigant solution was applied using a glass syringe 
with the needle inserted into the center of the soil sample. Care 
was taken to avoid disturbing the soil on removing the needle. 
The vials were then immediately sealed with a Teflon-faced cap. 
Incubation conditions and sampling times were identical to the 
traditional approach. Twenty-four hours after the end of the ex-
periment, the frozen vials were extracted as a batch (therefore, 
freezing times ranged from 15 d for the Time 0 samples to 1 d 
for the 14-d samples). For extraction, vials were decapped and 
immediately dropped into a 20-mL glass HS-GC vial containing 
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10 g of anhydrous sodium sulfate and 10 mL of ethyl acetate. 
The HS-GC vial was then immediately capped with a Teflon-
faced septa and aluminum crimp seal. The shaking and super-
natant sampling procedures were the same as for the traditional 
approach. A schematic diagram summarizing the steps in both 
the novel and the traditional approaches is shown in Fig. 1.

For the novel approach, preliminary studies (data not 
shown) indicated that the GC vials were essentially gas tight 
when correctly sealed: losses of just 0.12, 0.11, and 0.038% of 
the added amount of cis-1,3-D, trans-1,3-D, and CP, respectively, 
were found over a 2-wk period (i.e., the same period as the deg-
radation studies). These losses were considered negligible in rela-
tion to the amounts lost via degradation over the same period; 
therefore, the losses do not affect the calculation of fumigant 
degradation rate in the soil.

For both approaches, the efficiency of the extraction pro-
cedure was determined by comparing the fumigant yield for the 
Time 0 samples with the known mass added to the system. This 
was expressed as a percentage.

The use of acetone in the preparation of the C-35 solu-
tion aids the effective solubilization and administration of 
the fumigants. The volume of acetone added to the soil with 
the application is kept low to minimize any effects on the sys-

tem, for example, on soil microorganisms. Indeed, supplementa-
ry experiments demonstrated that fumigant degradation was the 
same for both acetone and aqueous solutions of the fumigants.

Chemical Analysis
Analysis of soil solvent extracts was performed using an 

Agilent Technologies 7890C GC (Santa Clara, CA), equipped 
with a microelectron capture detector. The column was a DB-
VRX 122-1534 with dimensions of 30 m by 0.25 mm by 1.4 mm 
(Agilent Technologies) running at a flow rate of 1.4 mL min−1 
and with He as the carrier gas. The inlet temperature was 240°C, 
and the detector temperature was 290°C. The GC oven temper-
ature was maintained at 45°C for 1 min after sample injection, 
increasing to 80°C at a rate of 2.5°C min−1 and then to 120°C 
at a rate of 30°C min−1 before being held at this temperature 
for 2 min. Under these conditions, retention times of cis-1,3-D, 
trans-1,3-D, and CP were 11.0, 12.3, and 13.8 min, respectively. 
Sets of 10 standards encompassing the range of fumigant con-
centrations in the samples were prepared from the fumigant 
solution used to spike the incubation vials. Standards were pre-
pared in ethyl acetate.

Fig. 1. Schematic showing the differences in the incubation, addition of extractants, and shaking phases of the novel and traditional approaches 
for determination of degradation half-life. HS-gC, headspace-gas chromatography; EA, ethyl acetate.
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data Analysis
Average (n = 3) values with their standard deviations are re-

ported in this paper. Soil concentrations at each time point were 
used to determine the degradation half-life for each fumigant 
by fitting first-order kinetics. For each fumigant at each tem-
perature, the Tukey honest significant difference test was used 
to highlight differences in measured half-life between the three 
approaches; a significance level of p < 0.05 was used.

RESULTS ANd dISCUSSIoN
The concentrations of fumigant remaining at each time 

point were well described using first-order kinetics. Half-lives de-
termined using the novel and traditional approaches are shown 
in Fig. 2. It can be seen that for each chemical using each ap-
proach, half-lives were longer at 23°C (Fig. 2a) than they were at 
50°C (Fig. 2b). This would be expected since a higher tempera-
ture increases fumigant degradation due to increases in the rates 
of chemical reactions and biological processes within the soil 
(Dungan et al., 2001; Guo and Gao, 2009). Additionally, and in 
concurrence with literature data, half-lives for the three chemi-
cals followed the order: cis-1,3-D > trans-1,3-D > CP. However, 
the principal aim of this work was to compare the novel and tra-

ditional approaches in terms of half-life determination. Here, for 
each chemical at both temperatures, the novel approach resulted 
in a more rapid loss of each fumigant over time than the tradi-
tional approach (using either 3 or 10 g of soil) (Fig. 3). Overall, 
it can be seen from Fig. 2 that at each temperature and for each 
chemical the order of decreasing half-lives was the same in every 
case: Traditional 3 g > Traditional 10 g > Novel 3 g. In general, 
for each chemical at each temperature, differences in half-life 
across the three approaches were statistically significant (p < 
0.05) using the Tukey honest significant difference test (the only 
exception was the comparison of CP half-live between the novel 
approach and the traditional 10 g approach; however, this lack 
of a significant difference was likely due to the rapid degrada-
tion of CP and the very short half-lives measured in both cases). 
Overall, the results suggest that the extent of contact between 
the fumigant and the soil was the driving factor in determining 
degradation rate. For example, with the novel approach, the lack 
of headspace in the incubation vial ensured complete contact 
between the fumigants and the soil (as would occur under field 
fumigation conditions) and, consequently, more rapid degrada-
tion. With the traditional approach, the large headspace volume 
and the relatively poor soil–fumigant contact resulted in a lower 
degree of degradation. This is further evidenced by comparing 
the 3- and 10-g traditional approaches where the larger head-
space volume in the 3-g approach (smaller mass of soil equals 
greater headspace) resulted in the lowest degree of degradation 
(Fig. 2 and 3).

Overall, percentage reductions in half-life for the novel ap-
proach (compared with the traditional 10-g approach) ranged 
from 22 to 64%, indicating that the novel approach resulted in 
markedly reduced measured half-lives for each fumigant. For 
each chemical, the percentage reduction was greatest at 50°C, 
ranging from 51 to 64%, compared with 22 to 39% at 23°C. At 
both temperatures, the reduction in half-life was less marked 
for CP than for the 1,3-D isomers. Again, the relative effect of 
the novel approach on half-life followed the order cis-1,3-D > 
trans-1,3-D > CP. This appears to be related to the volatility 
of the three chemicals (vapor pressures at 20°C of 30, 22, and 
18 mmHg, respectively) and suggests that with higher volatility 

Fig. 2. Average fumigant half-lives for the novel and traditional 
approaches at (a) 23°C and (b) 50°C. Error bars are 1 standard 
deviation from the average (n = 3). At each temperature, differences 
in the half-life of each chemical were compared across the three 
treatments (Traditional 3 g, Traditional 10 g, Novel 3 g approaches) 
using the Tukey honest significant difference test. At each temperature, 
treatments marked with an asterisk (*) were not significantly different 
(i.e., p > 0.05); all other treatments were significantly different (i.e., p 
< 0.05). 1,3-d, 1,3-dichloropropene; CP, chloropicrin.

Fig. 3. Typical example (cis-1,3-d degradation at 50°C) of the 
difference in degradation over time between the Traditional (3 and 
10 g) and Novel approaches. Error bars are 1 standard deviation from 
average (n = 3).
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(e.g., cis-1,3-D) less degradation occurs with the traditional ap-
proach due to a greater presence of this chemical in the head-
space air and to less contact with soil surfaces.

In considering any new method requiring soil extraction, 
the efficiency of that extraction should be evaluated. In Fig. 4, 
the efficiencies for each approach are given and demonstrate that 
the novel approach exceeded the traditional approach in terms of 
1,3-D extraction efficiency and was approximately equal to the 
traditional (10 g) approach for CP. In the traditional approach, 
there exists a potential for headspace air containing fumigant 
gas to be displaced when the vial is decapped and the extract-
ants added (Fig. 1), potentially causing a reduction in apparent 
extraction efficiency. Again, the lower extraction efficiencies for 
the traditional 3-g approach bear this out since this method had 
the greatest volume of headspace. Apparently, the lack of a head-
space in the novel approach somewhat mitigated such losses of 
1,3-D during the extraction procedure. The lower volatility of 
CP may explain why this fumigant was not similarly affected, 
that is, it was not so prevalent in the headspace of the traditional 
10-g method and so was not lost to the extent of 1,3-D during 
decapping and the addition of extractants.

Obtaining an accurate measure of half-life is required to ful-
ly understand fumigant behavior, meaning that human and en-
vironmental health risk assessment is heavily dependent on this 
variable. In our experiments, the novel approach gave consistently 
lower degradation half-lives than the traditional approach. The 
novel approach appears to be a significant improvement over the 
traditional approach since it likely allows for a more realistic, and 
therefore accurate, determination of fumigant degradation half-
life in soil. The absence of headspace during the incubation peri-
od is likely to be the primary reason for this improvement. Under 
field conditions, degradation half-life is a critical factor affecting 
fumigant fate and transport, most notably in the extent of emis-
sions from soil to air. With longer half-lives, slower degradation 
generally leads to more fumigant available for emissions. Using 
the analytical solution of Yates (2009) and the degradation rates 
determined in the present study (at 23°C), we predicted 1,3-D 
and CP soil–air emissions from a point source under bare soil at 
field conditions. This showed that cis-1,3-D total emissions (the 
percentage of the total applied that was emitted from the soil 

surface) decreased from 42.2% when using the degradation rate 
from the traditional approach to 33.9% when using the degrada-
tion rate from the novel approach. Similarly, trans-1,3-D emis-
sions decreased from 40.0 to 32.7%, and CP emissions decreased 
from 3.8 to 3.0%. Across the three chemicals, using the tradition-
al rather than the novel approach for measuring degradation rate 
resulted in an overprediction of emissions by 22 to 28%. From a 
broader perspective, such findings could be highly significant in 
terms of air quality regulations.

Given that the traditional approach has long been used as 
the standard method for determining the degradation kinetics 
of fumigants, these findings suggest that previous model and risk 
assessment data for soil fumigant emissions may require renewed 
interpretation. Additional experiments would be required to 
further assess the novel approach for differing soil types, a wider 
range of conditions (e.g., differing soil moisture contents, bulk 
densities, and temperatures), differing concentrations of applied 
fumigants, and a wider range of chemicals (including volatile 
nonfumigant chemicals); such issues will be addressed in our fu-
ture work.
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