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Disclaimer

This project reports research funded by the California Department of Food and Agriculture
under Contract no. 58—5302—6—102 (October 1, 2005 through September 30, 2008). The
final report was not completed prior to the end date as a result of suspension of the project in
July 2008 due to state financial budget decisions. Under a new contract no. 58—5302—-9-450,
the major task was to complete this final report of the work conducted under the previous
contract. It should also be noted that by the time this report is written, most of the work has
been published in peer-reviewed journals, proceedings, and abstracts for presentations at
meetings. The aim of this report is to synthesize all experimental data to achieve the project
goal. Mention of trade names or commercial products does not imply endorsement by the

USDA, Agricultural Research Service.
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Abstract

The phase out of methyl bromide (MeBr) has raised many challenges to major commodities
in California. These challenges include the use of alternative fumigants that are often more
difficult to apply and less efficacious compared to MeBr and the increasingly stringent
environmental regulations on fumigant use because of emissions. The goal of this project was
to develop effective and feasible field management practices to reduce fumigant emissions
while achieving good soil pest control. Three sets of laboratory experiments and three field
trials were conducted from October 2005 through 2007 to determine the effect of application
methods and various surface sealing techniques or soil treatments on emission reduction from
soil fumigation. Telone (1,3-dichloropropene or 1,3-D) and chloropicrin (CP) were tested at
the maximum rate used by growers in all field tests. Application methods included shank
injection vs. subsurface drip as well as broadcast fumigation vs. target sub-area treatment.
Surface sealing/treatments included water treatments (post-fumigation water seals and pre-
fumigation irrigation), tarping with plastic films including standard high density polyethylene
(HDPE) and low or virtually impermeable film (VIF), and surface soil amendment with
organic matter or chemicals such as thiosulfate. Integrated results showed that emission
reduction by HDPE tarp, post-fumigation water seals or pre-irrigation, and organic
amendment can vary from zero to 50% due to variations in specific soil and environmental
conditions as well as how the treatment was applied. These treatments sometimes
compromise efficacy as well. Thiosulfate treatment in surface soil following fumigation
reduced emissions significantly; but resulted in some undesirable byproducts. The VIF tarp
consistently showed the most promise in reducing emissions (>90% emission reduction)
while improving efficacy, but it is also the most costly. Uncertainties on the use of VIF tarp
remain because they are susceptible to damage during field installation. Commercial low
permeable films that maintain integrity from field installation is a viable option for crops
with very high potential profit margins. Feasible techniques for lower profit margin
commodities should consider the practicality for the production system, effectiveness on

emission reduction, potential impact on pest control, and affordability.
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1.0 INTRODUCTION

1.1 Status of Soil Fumigant Use in California

Pre-plant soil fumigation with methyl bromide (MeBr) has been an important management
practice to control a variety of soil-borne pests including nematodes, diseases, and weeds in
many agricultural systems. Many important commodities in California have relied on soil
fumigation for decades. These crops include high-value cash crops such as annual
fruits/vegetables (e.g., strawberry, carrots), ornamentals and perennial trees (stone fruit/nut)
and grapevine including nursery and orchard re-planting. In California, open-field tree and
grapevine nurseries must meet the requirements of the California Department of Food and
Agriculture (CDFA) Nursery Nematode Control Program to produce parasitic nematode-free
crops (CDFA, 2008). Soil fumigation is a critical tool for meeting the certification. Without
fumigants, productivity of these cropping systems would suffer from significant yield losses

due to diseases or replant disorders or lack of phytosanitary certification.

Methyl bromide was used as a broad-spectrum soil fumigant for decades. Due to its
contribution to the depletion of stratospheric ozone (the good ozone protecting life and
materials on the earth), MeBr was phased-out in the US and other developed countries as of
January 2005 under the provisions of the Montreal Protocol (an international agreement) and
the U.S. Clean Air Act in the USA (USEPA, 1994; 2009). Some limited uses of MeBr are
permitted for crops that satisfy Critical Use Exemptions (CUEs) and Quarantine/Preshipment
(QPS) criteria. The amounts of MeBr allowed for different commodity use, however, are
subject to annual application and approval and have been decreasing each year (the
information on yearly nomination and approval can be found at USEPA website:

http://www.epa.gov/ozone/mbr/). The price of MeBr has been increasing steadily as the

amount of CUE allowance decreases (Noling and Botts, 2009). Subsequently, alternatives
have been increasingly used (CDPR, 2006; Trout, 2006). Challenges in transition from MeBr
to alternatives continue as none of the alternatives are as effective as MeBr in pest control
and these alternatives are heavily regulated because of exposure risks and contribution to air

quality degradation through emissions of volatile organic compounds (VOCs), which can



react with nitrogen oxides under the sunlight to form harmful ground level ozone (CDPR,
2009; USEPA, 2009). Five ozone non-attainment areas were identified in California with the
most restrictive in Ventura County and the San Joaquin Valley. Stringent environmental
regulations continue to be developed or implemented in these areas in the effort of reducing

emissions from soil fumigation (CDPR, 2006).

Soil fumigants in California must be registered through the California Department of
Pesticide Regulation (CDPR). Only a few alternative fumigants to MeBr are currently
registered including 1,3-dichloropropene (Telone® or 1,3-D), chloropicrin (CP), and methyl
isothiocyanate (MITC) generators (e.g., metam sodium or dazomet) (Trout, 2006; CDPR,
2007). Methyl iodide (iodomethane) is not currently registered in California except under
Research Authorization. 1,3-D is a good nematocide; CP is a good fungicide and nematocide;
and MITC serves as a good fungicide and herbicide with some capabilities as a nematocide
(Ajwa et al., 2003). Use of these alternatives has been increasing dramatically in various
commodities (Trout, 2006). MITC generators are mostly used on annual fruit/vegetable crops
such as tomato, carrots, potato, leaf vegetables, pepper and melons etc. 1,3-D and CP, mostly
in a combination, have been increasingly used on strawberry crops and perennial trees
(including nurseries and orchard replant). In addition to their toxic properties, most of these
alternative fumigants and some inert formulation ingredients are volatile organic compounds
(VOCs), important air pollutants that can react with nitrogen oxides under sunlight to form
harmful ground level ozone (the bad ozone). Ground-level ozone is the primary constituent
of smog. Regulations have been used to protect public and environmental health by
controlling the use amount, buffer zone and emission loss. Regulations currently in place
include Township Caps (Telone), buffer zones and restricted application techniques, timing,
and rates designed to reduce emissions. Township Caps limit Telone usage to 90,250 Ibs per
township (23,040 ac) (Trout, 2003). Recently, California has further implemented mitigation
measures to reduce total VOC emissions that are required in ozone non-attainment areas
targeting low emissions from May through October (CDPR, 2007a,b; 2009; Segawa, 2008).
To some extent, minimizing fumigant emissions will allow continued availability of

fumigants to growers by meeting environmental safety standards.



1.2 Fumigant Characteristics

Soil fumigants are volatile chemical compounds, i.e., they are capable of transforming and
producing volatile ingredients. These compounds become gases at relatively low
temperatures after application to soils. They generally have low boiling points, high vapor
pressure, and low solubility. Their high volatility and potential to partition into the gas phase
are advantages that allow their dispersal throughout the soil profile to control soil-borne
pests. However, these same benefits also create problems as the compounds quickly
volatilize and may be lost through emissions if they are not properly contained. Properties
and chemical structures of typically used soil fumigants are provided in Table 1-1 and Figure

1-1, respectively.

The more volatile a compound is, the easier it is to disperse in soil and the higher tendency
towards volatilization loss. Alternatives 1,3-D and CP have lower vapor pressures than
MeBr; thus effective dispersion of the chemicals in soil is critical to pest control. Soil-
fumigation is aimed at maximum control of soil-borne pests, which requires an effective
concentration or exposure duration and a uniform distribution of fumigants throughout the
soil. To achieve maximum efficacy and minimum emission loss, it is essential to understand

the number of processes affecting the fate of fumigants after application to soil (Figure 1-2).

Fumigants are subject to partitioning into soil, air, water and solid phases (most importantly
organic matter), degradation (chemical and microbial), volatilization, and potential leaching.
Henry’s law constant (Ky) is a measure of fumigant concentration ratio in gas-phase over its
concentration in liquid-phase at equilibrium and can be used to evaluate the volatility of a
chemical. The higher the Ky, the higher the tendency for the fumigants to transfer from liquid
phase to gas phase and be more easily distributed over a large area. Considering the large air
volume in the atmosphere to the soil, fumigant loss to the air can be high in open systems. On
the other hand, the Ky values for all fumigants are less than one indicating that fumigants
would partition more into aqueous phase than in the air in terms of concentration if surface
sealing or a barrier is applied to create a closed system. Volatilization and leaching processes

result in undesirable consequences for potential air and water contamination with the former



as one of the major air quality concerns for fumigant pesticides. Thus, containment of
fumigants in the rhizosphere is essential for minimizing emissions as well as ensuring good
efficacy. Without proper containment, more than half of fumigants applied can be easily lost
through emissions (e.g., Yates et al., 2003; Gao and Trout, 2007). The fumigant lost to
atmospheric emissions not only contributes to air pollution, but also translates into wasted

resources intended for soil pest control.

}‘I
Methyl bromide H— C‘ — Br
H
H
lodomethane H— C| — 1
H
Cl
| 9
Chloropicrin Cl— C — N
‘ "0
Cl
Cl\ % CH,CI Cl y H
1,3-Dichloropropene C :C\ c—_cC
H H H CH)Cl
Cis-1,3-D Trans-1,3-D
Methyl Isothiocyanate H3C — N— C—S
Dimethyl disulfide H3C— S—S— CH3

Carbondisulfide S=C=S8

Figure 1-1. Chemical structure of soil fumigants (source: Ajwa et al., 2003)



Table 1-1. Physicochemical properties of soil fumigants

Fumigant Molecular ~ Molecular Boiling Density Water Vapor Ku Kd or Kf tin Rf Af

formula weight Point solubility pressure 1=25 cm
(g mol™) °C) (gml™) (gl (kPa) (ml g™ (d)

Methyl bromide ~ CH;Br 94.9 3.6 1.73 (0 °C) 13.4 (25 °C) 227 (25°C) 0.24 (20 °C) 0.04-0.10 4-52 237  0.59

Methyl iodide CH;I 141.9 424 2.28 (20 °C) 14.0 (25 °C) 53 (25 °C) 0.21 (25°C) n.a. 11-43  na.

cis-1.3-D C;H,Cl, 111.0 104.3 1.22 (20 °C) 2.32(25°C) 4.5 (25°C) 0.074 (25 °C) 0.5-1.5 3-17 281  0.04

trans-1.3-D C;H,Cl, 111.0 112 1.22 (20 °C) 2.18 (25 °C) 3.1 (25°C) 0.043 (25 °C) 0.4-0.70 3-17 279 0.02

Chloropicrin C1,CNO, 164.4 112 1.66 (20 °C) 1.62 (25°C) 3.2(25°C) 0.10 (20 °C) 0.14-0.03 0.2-4 n.a.

MITC CH;NCS  73.1 118-119 1.05 (24 °C) 8.2 (25°C) 2.5(20°C) 0.01 (20 °C) 0.012-0.57  1-13 1.34 037

Dimethyl C,H;S, 94.2 110 1.06 (16 °C) 42 2.9 (20°C) 0.05 (20 °C) (Ksw) 1.53

disulfide CS, 76.1 455 1.26 (20 °C) 2.94 47 (25 °C) 0.078 (10 °C) n.a. 0.90

Carbon disulfide

Ky, Henry’s Law constant (dimensionless); Kd or Kf, linearized adsorption or Freundlich coefficient; t;, half-life; Rf, retention

factor; and Af, attenuation factor; n.a., data not available. (Source: Ajwa et al., 2010).
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Figure 1-2. The fate of soil fumigants (Source Gao et al., in press)

1.3 Methods to Reduce Fumigant Emissions

Emissions from soil fumigation are affected by soil conditions (texture, moisture,
temperature, and organic matter content), weather, and surface barriers or treatments as well
as the chemical properties of the fumigant. Generally, lower emissions are expected from
soils with fine texture, high water content, high soil organic matter (SOM) content, and low

temperature as compared to soils that have a coarse texture, are dry, have a low SOM content



and are under high temperature conditions. Approaches to reduce fumigant emissions include
management of application methods such as equipment design/injection depth, physical
barriers, irrigation, soil amendment with chemicals or organic materials to react with
fumigants, and targeted reduced area treatments. The following briefly reviews the

knowledge on these emission reduction methods prior to the project.

Plastic tarp. The most commonly adopted practice is to place standard polyethylene (PE)
film, either high density (HDPE) or low density (LDPE) tarp, over the soil after fumigation.
This technology was developed primarily for MeBr but was found not to be effective in
controlling emissions of some alternatives - especially 1,3-D (Wang et al., 1999; Papiernik
and Yates, 2002). Low-permeable films, such as the virtually impermeable film (VIF), have
shown effectiveness on emission reduction. The VIF is typically a multilayer film that
contain high barrier polymers such as ethylene vinyl alcohol or polyamide (nylon)
sandwiched between other polymer layers (typically low-density polyethylene) (Noling,
2002). The VIF is generally much less permeable to fumigants than PE films.

Irrigation or water treatments can drastically alter soil moisture conditions that affect
fumigation emissions. Water seals (applying water with sprinklers to the soil surface) can
effectively prevent rapid fumigant emissions by forming a temporarily saturated or high
water content layer at the soil surface and reducing secondary (macro) porosity. Increasing
soil water content also reduces fumigant diffusion in soil because fumigant diffusion is much
slower in the liquid phase than in the gas phase. Water seals were found to be effective in
reducing emissions of MeBr (Jin and Jury, 1995; Wang et al., 1997), MITC (Sullivan et al.,
2004), 1,3-D and CP (Thomas et al., 2003; Gao and Trout, 2006). The proper timing of water
applications as well as the use of intermittent water applications were important factors for
maximizing emission reduction (Gao and Trout, 2006; Sullivan et al., 2004). There were not
enough field data to quantify the potential of water treatments to reduce Telone fumigant
emissions under practical field operation conditions. The amount of water retained by a soil
is affected by soil texture and bulk density which can vary throughout a field as well as
throughout the soil profile. Finer- textured soils generally hold water longer than coarser-

textured soils.



High soil water content was found to decrease the peak flux and reduce cumulative emission
losses of 1,3-D (Thomas et al., 2003). Thomas et al. (2004) in another field test also found
that soil water content near FC decreased the emissions of 1,3-D and CP as compared to the
air-dry soil. In a column study, Gan et al. (1996) found that high soil water content decreased
the peak flux of MeBr and also delayed the occurrence of the peak. Lower MeBr emission
from wet soils was also reported by Shinde et al. (2000). However, excessive soil moisture
can reduce fumigant distribution throughout the soil profile and is undesirable because of its
potential to reduce pest control (McKenry and Thomason, 1974; Thomas et al., 2003). For
fine-textured soils, the effect of soil water content on fumigant diffusion was most striking
when soils had soil water tension less than 50 kPa at 30 cm depth (McKenry and Thomason,
1974). Generally speaking, the proper amount of water applied and the timing of water
application are not well understood in terms of achieving emission reduction while ensuring
good efficacy as they can vary for different fumigation rates and varying soil/weather

conditions.

Soil amendment with chemicals (e.g., ammonium thiosulfate, thiourea, or polysulfides) had
been shown to degrade fumigants effectively in soils (Wang et al., 2000; Zheng et al., 2003)
and soil columns (Qin et al., 2007) and to reduce emissions from soil columns and small plot
tests (Gan et al., 1998a; Zheng et al., 2006). Thiosulfate was suggested as a reactive surface
barrier to reduce fumigant emissions, because they can react with halogenated fumigants
rapidly to form a dehalogenated product and a halide ion (CI') (Yates et al., 2002; Zheng et
al., 2006; Gan et al., 2000; Gan et al., 1998a). Generally, a greater ATS:fumigant ratio
applied to the soil surface results in faster transformation and effective emission reduction

(Wang et al., 2000).

Amendment of soils with organic materials such as composted manure can increase
fumigant adsorption and enhance degradation of fumigants in soils to reduce emissions (e.g.,
Gan et al., 1998b; Kim et al., 2003; Dungan et al., 2001; Dungan et al., 2005; and Ashworth
and Yates, 2007). Dungan et al. (2005) evaluated composted steer manure and composted

chicken manure that were incorporated into the surface 5 cm of soil at 3.3 and 6.5 kg m™ (or



33 and 65 Mg ha™', respectively) to reduce emissions from a drip-applied emulsified
formulation of 1,3-D in raised beds. Their results showed that cumulative emission loss of
1,3-D over 170 h were 48% and 28% lower from the steer manure and chicken manure
amended beds, respectively, than from the unamended beds. However, all the studies that
indicated the effectiveness of OM amendment in reducing emissions were tested at a much
lower fumigant application rate, about one third of the maximum Telone application rate in
California (e.g., Dungan et al., 2005; Ashworth and Yates, 2007). There had been no testing
done at the maximum Telone application rate allowed in CA for effective pest control (e.g.,

perennial nurseries and orchards).

Application methods can drastically affect fumigant emissions. Various fumigant
application techniques are being used depending on the cropping system, formulation type,
pests to be controlled, and timing of the application. Liquid fumigants are applied from
pressurized cylinders by directly injecting them into the soil via tractor-driven shanks or
chisels (shank injection). Deeper injection depths allow further movement of fumigants
through soil pores. CDPR considers the 18” depth a deep injection for broadcast shank
application as a low emission application method. Fumigants can also be applied to soil via
irrigation systems such as sprinklers or drip tapes (drip application), which is referred to as
chemigation. The irrigation water acts as a vehicle to distribute and deliver the fumigant to
deeper depths (Ajwa and Trout, 2004). Although most fumigants have low solubility in
water, they can achieve sufficient concentrations for good pest control; some such as 1,3-D
and CP have sufficient solubility and can be applied with irrigation water. Emulsified
formulations (e.g., InLine containing 61% 1,3-D, 33% CP and 6% inert ingredient) are
popularly used for drip-application.

Drip application of fumigants has been shown to be an effective fumigation practice for
raised strawberry beds (Ajwa and Trout, 2004). By 2009, about 50% of strawberry fields in
the coastal areas were fumigated with drip-application. Trout et al. (2003) found that
subsurface drip application of fumigants before orchard replant provided good efficacy.
Many orchards are irrigated with micro-irrigation systems, so drip application of fumigants

may also be a viable option. Subsurface drip irrigation with fumigants was shown to give



lower emissions than shank injections from soil columns and small plot tests (Gan et al.,
1998c; Wang et al., 2001). Emission assessments from subsurface drip applications were

limited under field operation conditions.

For stone fruits/grapevine orchard replanting or any other commodities with low-profit
margins, fumigation methods must be cost-effective to be feasible. Browne et al. (2003)
proposed reducing fumigation areas to tree rows or tree sites for controlling replant
diseases/disorders. Because trees are planted in widely spaced rows, strip application of
fumigants is an option to effectively treat target areas. Reducing fumigation areas may offer
low and effective use of fumigants. Low chemical input automatically reduces emissions.
The target area treatment, however, is not recommended for pest-infected fields, which
require broadcast fumigation. Overall, no adequate assessment had been given regarding the

benefits of target-area fumigation on reducing emissions.

Generally speaking, prior to the project, a fair amount of knowledge and research were
available especially on MeBr and some alternatives that were mostly conducted on a
laboratory scale or in limited field operations. Field data for feasible and effective emission
reduction methods especially representing field operation conditions are needed to help
address the environmental issues by minimizing emissions. There was also a significant lack
of research on what field management practices can be taken to minimize emissions while
ensuring satisfactory pest control with alternative fumigants to MeBr. Numerous studies have
shown that satisfactory pest control for deep-rooted perennial fields require relatively high
rates of Telone products compared to rates used for annual vegetable crops. Do emission
reduction methods offer the same effectiveness for both low and high fumigation rates? With
the increasing awareness and environmental regulations on soil fumigant use, addressing
these issues would help maintain the availability of fumigants to growers especially in
California where many high value crops rely on pre-plant fumigation for sustaining
agricultural productivity. This project was designed to collect data to evaluate a number of

field management options to control emissions.
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1.4 Objectives

The goal of this project was to develop field management practices that reduce emissions
from soil fumigation while maintaining good soil pest control. This project focused on
alternatives 1,3-D and CP at relatively high application rates for perennials. The maximum
rate of 1,3-D for broadcast application in CA is 332 Ibs per acre (or 372 kg ha™). This rate
(1,3-D alone or 1,3-D plus additional CP) is used for certified nursery stock production with
standard HDPE tarp (CDFA, 2008). The maximum rate of 1,3-D translates to 33.7 gallons
per acre (or 341 Ibs ac™' =380 kg ha™") of Telone II (97.5% 1,3-D and 2.5% inert ingredient)
or 48.6 gallons per acre (or 544 lbs ac”' = 610 kg ha™") of Telone® C35 (61.1% 1,3-D, 34.7%
CP and 4.2% inert ingredient). Orchard replanting may use lower rates than the nurseries, but
much higher rates than vegetable and field crops to ensure satisfactory soil pest control
according to their labels. We believe that effective emission reduction methods for high
application rates will apply to situations with low fumigation rates. Specific objectives were
chosen for each experiment or field trial (Tables 2-1 and 2-2) to evaluate various surface
sealing or soil treatments on fumigant emissions and fumigant distribution in soil. Although
the agronomic systems were targeted in the San Joaquin Valley, the results should apply to

other agronomic systems or in other geographical areas.

2.0 MATERIALS AND METHODS

A comprehensive approach was used in this project for collecting data and information
needed to conclude the effectiveness of various field methods to control fumigant emissions.
Three lab experiments and three field trials were conducted from October 2005 through July
2008. A summary of the three laboratory experiments and three field trials are given in
Tables 2-1 and 2-2, respectively. Each experiment or trial targeted specific questions with
specific objectives. Conducting field trials is often labor-intensive and costly in addition to
the involvement of more variables that sometimes result in difficulties in interpreting data.
Laboratory experiments can be conducted within a relatively short period of time at low costs

and also allow better control of the study conditions for testing single or multiple variables at
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one time. Laboratory studies, however, may not be directly used to represent what actually
would occur under field conditions. Caution should be taken when extrapolating laboratory

data to the field environment.

2.1 Soils, Chemicals and Plastics

Three different soils were used in this research: 1) Atwater loamy sand (coarse-loamy,
mixed, active, thermic Typic Haploxeralfs); 2) Hanford sandy loam (coarse-loamy, mixed,
superactive, nonacid, thermic Typic Xerorthents); and 3) Madera loam (fine, smectite,
thermic Abruptic Durixeralfs). Properties of these three soils are given in Table 2-3. The
Hanford sandy loam was tested the most among the experiments and was the major soil type
in all field trials. For laboratory studies, soil samples were collected from field surface
(~0—30 cm), air-dried, sieved through a 4-mm sieve, and mixed thoroughly before being
used. The Atwater loamy sand was obtained from a cultivated field in Atwater, Merced
County, CA. The Atwater series soils are distributed along the east side of the San Joaquin
Valley, comprising 36,000 ha in Fresno, Merced and Madera Counties, and mainly used for
production of truck crops, tree fruits, nuts, grain and alfalfa (NRCS, 2004). The Hanford
sandy loam was collected from the USDA-ARS San Joaquin Valley Agricultural Sciences
Center, Parlier, Fresno County, CA. Hanford series soils are widely distributed in the San
Joaquin Valley and in the valleys of central and southern California and typically are used for
growing a wide range of fruits, vegetables and general farm crops (NRCS, 2004). The
Madera loam was obtained from Bright’s Nursery in Le Grand, Merced County, CA. The
Madera soil series is used mainly for irrigated cropland and is distributed in the eastern side

of the Sacramento and the San Joaquin Valley (NRCS, 2004).

1,3-dichloropropene either in mixture of isomers or pure Cis- or trans-1,3-D (purity of 98.9%
and 99%, respectively) was provided by Dow AgroScience (Indianapolis, IN). Chloropicrin
(purity of 99.9%) was provided by Niklor Chemical Co., Inc. (Mojave, CA). Ethyl acetate
(pesticide grade), hexane (pesticide grade), and sodium sulfate anhydrous 10-60 mesh (ACS
grade) were obtained from Fisher Scientific (Tustin, CA). All laboratory work with
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Table 2-1. Summary of laboratory soil column experiments and surface treatments on fumigant emission reductions

Exp # Specific Objectives Soils/Fumigants Surface treatments Others
1 To determine the Hanford sandy loam; | 1. Control Lab room
effectiveness of surface cis-1,3-D (122 mg per | 2. Water seal (9 mm of water) temperature:
amendments with column, equivalent to | 3. Chemical seal 1 (ATS 1:1) 22+3°C
ammonium thiosulfate application rate of 65 | 4. Chemical seal 1 (ATS 1:1+HDPE)
(ATS) and composted kg ha) 5. Chemical seal 2 (ATS 2:1)
manure and in 6. Manure (5%, w/w top 5 cm soil) plus water seal
combination with water (Manure)
application or standard 7. Manure amendment plus water seal and tarping
(HDPE) tarp on emission (Manure+ HDPE)
reduction of 1,3-D from
soil columns compared to
a water seal
2 To determine the Atwater loamy sand, 1. Control Lab room
effectiveness of water Hanford sandy loam, | 2. Initial water seal - sprayed 9 mm of tap water onto soil | temperature:
seals on reducing 1,3-D and Madera loam; surface just before fumigant injection 22+3°C
emissions from different cis-1,3-D (122 mg per | 3. Intermittent water seals - initial water seal with 9 mm
textured soils (loamy column, equivalent to water followed by two sprayed water applications of 3
sand, sandy loam, and application rate of 65 mm at 12 h and 24 h after 1,3-D application
loam) in soil column tests | kg ha™)
Treatment 2 was not tested in the loamy sand soil and
instead, a reduced-amount intermittent water seal treatment
(i.e., initial water 3 mm + 1 mm at 12 and 24 h) was tested.
3 To determine the effects Hanford Sandy loam; | Soil water content: Lab room
of soil water content on 1,3-D (mixture of cis- | 1. 30% of field capacity (FC) (W30) temperature:
emission and distribution | and trans-1,3-D 2.45% of FC (W45) 22+3°C

of 1,3-D and CP in soil
columns

isomers) and CP (111
mg each of compound
per column,
equivalent to
application rate of 37
kg ha™)

3. 60% of FC (W60)
4.75% of FC (W75)
5.90% of FC (W90)
6. 100% of FC (W100)
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Table 2-2. Summary of field trials and surface treatments on emission reduction from soil fumigation.

Field Trial/| Objectives Soils/ Surface treatments (detailed information are given under Others
duration fumigants each trial section)
2005 To determine the effects of | Hanford Surface treatment/application method: Daily max. and
(Oct. 26— | soil fumigation methods sandy loam; 1. Bare soil/shank (control) min. air T
Nov. 8, (shank-injection vs. Telone C35 2. HDPE/shank ranged in 13—
2005) subsurface drip-application) | (745 kg ha™) | 3. VIF/shank 27°C and 3—

and surface treatments and InLine 4. Pre-irrigation/shank 12°C,

associated with water (629 kg ha™) | 5. HDPE/drip respectively

applications and plastic 6. Water seals/drip (3” water, microspray before and

tarps on emissions of 1,3-D after)/drip

and CP
2006 To determine the Hanford 1. Control Daily max. and
(Oct. effectiveness of surface seal | sandy loam; | 2. Manure + HDPE (manure application rate: 12,4 Mg ha™). | min. air T
17-31, (tarp or water) and soil Telone C35 3. KTS + HDPE (2:1 KTS/fumigant mass ratio or 1.4:1 ranged in 20-30
2006) treatments (irrigation and (500 kg ha™) molar ratio) and 2-9°C,

amendment with chemical 4. Pre-irrigation respectively

and composted manure), as 5. Intermittent water seals (initial 13 mm water and 4 mm

well as in combinations of water applications at 12 h, 24 h, and 48 h).

methods, to reduce 6. Intermittent KTS applications (initial 2:1 KTS/fumigant

emissions of 1,3-D and CP ratio and 1:1 ratio at 12, 24, and 48 h, the same amount of

from broadcast applications water as treatment #5)

of Telone C35
2007 To determine the effect of | Hanford 1. Control Daily max. and
(Nov. 12— | soil amendment with Sandy loam; | 2. Manure at 12.4 Mg ha™ min. air T
22,2007) | composted manure with or | Telone C35 3. Manure at 24.7 Mg ha™ ranged in

without water applications | (553 kg ha™) | 4. Manure at 12.4 Mg ha™ + HDPE tarp 17-24,2-10°C,

on fumigant emission 5. Water seals (initial 11 mm water sprinkler applied respectively

reduction and the potential following fumigation and 4 mm water at 12, 24, and 48

impact on pest control h, respectively)

6. Combination of treatments 2 and 5 (Manure + water
seals)
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Table 2-3. Selected properties of soils used in this project

Soil properties Atwater Hanford Madera
loamy sand  sandy loam  loam
Bulk density, g cm™ 1.6 1.4 1.4
Sand, g kg 880 548 404
Silt, g kg™ 50 396 344
Clay, g kg™ 70 56 252
Water content at 33 kPa suction, g kg™ 54 170 230
Organic matter content, g kg 7.2 7.4 11.2
Cation exchange capacity, cmol, kg™ 33 6.8 20

fumigants and solvents was conducted under well-vented hoods. Only glassware and Teflon

materials were used for all samples containing fumigants.

Fumigant products used in field fumigation included Telone II, Telone C35, and InLine (61%
1,3-D, 33% CP and 6% inert ingredient). The label information for these products can be
found on the Dow AgroScience Inc. website

(http://www.cdms.net/manuf/mprod.asp?mp=11&lc=0&ms=3691 &manuf=11). Plastic films

tested in this project included standard (1 ml or 0.025 mm thickness) HDPE film (Tyco
Plastics, Princeton, NJ) and Bromostop VIF (0.025 mm thickness, Bruno Rimini Corp,
London, UK). The fumigant products and plastics as well as fumigation service for all field

trials were provided by TriCal Inc. (Hollister, CA).

2.2 Fumigant Analysis in the Laboratory

Laboratory analysis for fumigants is mainly for 1,3-D and CP. 1,3-D is comprised of cis- and
trans- isomers (Figure 1-1) that are quantified individually and simultaneously. Total 1,3-D,
is reported as the sum of the two isomers unless otherwise specified. Air or soil-gas samples
were collected in various experiments that were quantified either directly with gas
chromatography (GC) equipped with a micro electron capture detector (WECD) or trapped in
resin sampling tubes for later extraction and quantification. ORBO 613, XAD 4 80/40mg
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(Supelco, Bellefonte, PA) sampling tubes were used for trapping gas samples. The XAD
resin traps both 1,3-D and CP efficiently at sampling flow rates below 200 ml min (Gao et
al., 2006). After collection, the XAD sampling tubes were stored under frozen conditions (-
18 to -80°C) until ready for extraction. The extraction included breaking the tubes and
transferring all materials into 10 ml headspace glass vials. After 5 ml of hexane solvent was
added, the vials were sealed immediately and then shaken for 1 h. After settling for a
minimum of 2 h, a portion of the clear hexane extract was transferred to a 2 ml GC vial. The
vials were stored in the -18°C freezer until analysis. Based on analysis of 130 samples before
and after storage of one month, relative standard deviations were 2.2 (+4.6), 1.8 (+4.9), and

1.5 (£10.6) for cis 1,3-D, trans 1,3-D, and CP, respectively.

Analysis of cis-1,3-D, trans 1,3-D and CP in hexane extracts was carried out using an
Agilent Technology 6890N Network GC system pECD (Agilent Technology, Palo Alto,
CA). A DB-VRX capillary column (30 m length x 0.25 mm i.d. x 1.4-pum film thickness,
Agilent Technologies, Palo Alto, CA) was used for separation of fumigants. The GC carrier
gas (He) flow rate, inlet temperature, and detector temperature were set at 2.0 ml min™', 140
°C, and 300 °C, respectively. The oven temperature program began initially at 65 °C,
increasing by 2.5 °C min™ to 85 °C. Using this method, retention time was 5.2, 5.9, and 6.6
min for cis-1,3-D, trans-1,3-D, and CP, respectively. Slight modifications of the program
were used from time to time. The detection limit (three times the standard deviation of the
background noise level) was 0.01, 0.01, and 0.001 mg L for cis-1,3-D, trans-1,3-D and CP,
respectively, when an injection volume of 1 pl solution was used. Depending on the sample
concentration range, a high standard range (1 to 100 mg L) and a low range (0.1 to 10 mg L~
" were used at various times. If the sample concentration was above 100 mg L™, sample
dilution was made to below 100 mg L' and reanalyzed. Numerous duplicate analyses of

samples were run that often resulted in standard deviation of less than 5%.

When fumigant in the soil-gas phase was sampled and analyzed directly with the GC such as
in laboratory soil column experiments, the gas sample was injected into 20 ml clear
headspace glass vials. To prevent moisture effects on fumigant stability, 0.2 g sodium sulfate

was added to the vial before sample injections. The sample analysis was performed using a
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GC-pnECD and an automated headspace sampler (Agilent Technologies G1888 Network
Headspace Sampler) system. A DB-VRX capillary column was used with the same
dimensions as the fumigant analysis mentioned above. Conditions for the headspace
autosampler were: equilibration temperature, 100°C; equilibration time, 2 min; and sample
loop, 1 ml. The GC carrier gas (He) flow rate, inlet temperature, and detector temperature
were set at 2.0 ml min™', 150°C, and 300°C, respectively. The oven temperature program was

the same as the liquid sample analysis with GC-uECD as described above.

For residual fumigant analysis, soil samples were collected at the end of experiments or field
trials. Soil samples were stored under frozen conditions upon collection. The extraction of
soil samples followed methods by Guo et al. (2003). While the vials were still frozen, an
equivalent dry weight of 8 g of soil was weighed into a 20 ml clear glass vial. Eight ml of
ethyl acetate and a proper amount of Na,SO4 were added to the vial to adsorb soil moisture.
The amount of Na,SO, was estimated at a 7:1 w/w Na,SO4:water depending on soil sample
water content. The vial was crimped with aluminum seals containing Teflon-faced butyl-
rubber septa, mixed and incubated at 80°C in a water bath overnight. After centrifuging, a
portion of the supernatant was transferred into a 2 ml GC vial for fumigant analysis using the
GC-puECD as described above, except that ethyl acetate was used as the standard and sample

solvent

2.3 Soil Column Experiment 1

The specific objective of this laboratory experiment was to determine the effectiveness of
surface amendments with ammonium thiosulfate (ATS) and composted manure or in
combination with water application or standard (HDPE) tarp on emission reduction of 1,3-D
from soil columns and compared to a water seal. This experiment was designed to test
whether applying chemicals or manure to soil surface with small amounts of water or in
combination with the HDPE tarp could reduce emissions effectively as large amounts of

water may affect fumigation efficacy. The Hanford sandy loam soil was used.
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The Hanford soil with a soil water content of 5% (w/w) was packed into close-bottomed
stainless steel columns (63.5 cm high x 15.5 cm i.d.) to a height of 61.5 cm and the top 2 cm
was left empty in the column allowing surface water application. The columns were packed
in 5 cm increments to a uniform bulk density of 1.4 g cm™. Sampling ports for soil gases
were installed at depths of 0 (under plastic 