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ABSTRACT constant (dimensionless) is 0.058, and the solubility is
0.024 g g�1 water (Karlson et al., 1994). As a result ofDimethylselenide (DMSe) is a highly volatile gas that is produced
DMSe’s high solubility in water, soil moisture contentby indigenous microorganisms in seleniferous soils and sediments;

however, little is known about the soil conditions that affect the per- may heavily influence Se volatilization, since soil mois-
sistence of DMSe and its transport to the atmosphere. In this study we ture decreases the rate of gaseous diffusion in soil (Zhang
investigated the effect of moisture content, temperature, and organic et al., 1999). Other soil factors known to affect the rate
amendments on the degradation of soil-applied DMSe. The degrada- of DMSe volatilization are temperature, pH, and redox
tion of DMSe was entirely a result of biological mechanisms, but status (Frankenberger and Karlson, 1994a). These soil
changes in temperature (20–40�C) and soil moisture content (30–70% factors, and also moisture content, directly control mi-
of the maximum water holding capacity) had little influence on the

crobial activity and, hence, the Se biomethylation pro-degradation rate. In contrast, amending soil with either 1% casein or
cess. The addition of organic amendments to Se-contam-gluten (by weight) had an inhibitory effect on the degradation of
inated soil and sediment is known to increase the SeDMSe. After 18 d, 2.1 times more DMSe was present in the casein-
volatilization rate by stimulating indigenous microor-amended soil and 2.6 times more DMSe was present in the gluten-

amended soil. The transport of DMSe in packed soil columns was ganisms to methylate Se (Doran and Alexander, 1977a;
also investigated. Increasing the depth to soil surface was found to Karlson and Frankenberger, 1989, 1990). Apparently, or-
significantly decrease the amount of DMSe transported to the air. ganic C is a limiting factor in the microbial methylation
After 6 d, 57% of DMSe injected 10 cm below the soil surface was of Se. Microorganisms have also been isolated that are
volatilized. At an injection depth of 20 cm the cumulative emissions capable of demethylating volatile Se compounds (Doran
were reduced by 38% and at 30 cm the cumulative emissions were and Alexander, 1977b; Oremland and Zehr, 1986). Thus,
reduced by 51%. In columns containing 1% casein or gluten in the

demethylation of DMSe may be an additional significanttop 5 cm of soil the cumulative loss of DMSe was about 9% higher
rate-controlling factor of Se volatilization.than in unamended soil. Increasing our understanding of the soil

The majority of Se volatilization studies have lookedconditions that influence the gaseous diffusion of DMSe should help
at the formation of DMSe in soils and sediments thatin determining the feasibility of using Se volatilization as a remedia-

tion technique. were either naturally contaminated or amended with
Se (Ganje and Whitehead, 1958; Hamdy and Gissel-
Nielsen, 1976; Abu-Erreish et al., 1968; Francis et al.,
1974; Doran and Alexander, 1977a; Zieve and Peterson,High concentrations of selenium (Se) in the envi-
1981; Frankenberger and Karlson, 1995). In these stud-ronment pose a hazardous threat to wildlife and
ies, Se volatilization was only studied from the perspec-humans (Ohlendorf et al., 1986). In seleniferous soils,
tive of Se biomethylation, while an understanding ofsediments, and waters, Se oxyanions and organo–Se
the fate and transport of DMSe was largely unknown.compounds are microbiologically transformed into vola-
Therefore, if Se volatilization is to be effectively usedtile Se compounds, which are subsequently released to
as a remediation technique, the biomethylation of Sethe atmosphere (Francis et al., 1974; Doran and Alexan-
and fate and transport of DMSe should be studied asder, 1977a). In California’s San Joaquin Valley, where
separate phenomena. Only recently have several re-Se-contaminated soils are derived from Se-bearing geo-
searchers have tried to address the latter of these twologic strata, Se volatilization has been proposed as a
(Zhang and Frankenberger, 1999; Zhang et al., 1999;cost-effective bioremedial approach (Karlson and Fran-
Martens and Suarez, 1999; Guo et al., 1999).kenberger, 1988). Dimethylselenide (DMSe, [CH3]2Se),

In this laboratory study we characterized the degrada-the major volatile Se gas detected in the environment,
tion and emission of DMSe added to soil under a varietyplays a significant role in the biogeochemical cycling of
of environmental conditions. The specific objectivesSe and is less toxic than either selenate (SeO2�

4 , Se6�)
were to: (i) quantify the contribution of microbial andor selenite (SeO2�

3 , Se4�) (Franke and Moxon, 1936;
chemical processes to the total degradation of DMSeMcConnell and Portman, 1952), which are the predomi-
as a function of temperature, (ii) determine the effectnant Se species found in seleniferous soils and waters.
of moisture content and organic amendments on theFor DMSe the vapor pressure is 32 kPa, the Henry’s
degradation of DMSe in soil, and (iii) determine the
volatilization potential of DMSe from packed soil col-R.S. Dungan and S.R. Yates, George E. Brown, Jr. Salinity Labora-

tory, USDA-ARS, 450 W. Big Springs Rd., Riverside, CA 92507. umns as affected by soil depth, moisture content, and
W.T. Frankenberger, Dep. of Environmental Sciences, University of organic amendments. It is hoped that through this study
California, Riverside, CA 92521. Received 17 Sept. 2001. *Corre-
sponding author (Rdungan@ussl.ars.usda.gov).
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detector temperature, 280�C; carrier gas, He, 0.76 mL min�1;we will have acquired a better understanding of the
oven temperature, isothermal at 100�C for 11.9 min; capillaryconditions that control DMSe transport and emission
column, AT-624 60 m � 0.25 mm � 1.4 �m (Alltech, Deerfield,from soil. Ultimately, it may be possible to enhance
IL). The average extraction efficiency of DMSe residues fromDMSe emissions by targeting the optimum soil condi-
the time-zero matrix samples was �91%. All statistical analy-tions required for both the biomethylation and volatil- ses were performed at the 0.05 significance level.

ization of Se. This study is unique in that we have shown
that organic amendments known to stimulate the biome-

Column Experimentsthylation of Se also increase the persistence of DMSe
in soil and allow for increased DMSe emissions. The effect of soil depth, moisture content, and organic

amendments on DMSe emission losses were studied with
packed stainless steel soil columns. The system consisted ofMATERIALS AND METHODS
the soil column (12.5-cm i.d. � 70-cm length) and a sampling

Chemicals and Soil chamber (5-cm i.d. � 5-cm length) sealed to the top of the
column (Gan et al., 2000). The columns were packed withCasein and gluten were purchased from Sigma Chemical
Arlington sandy loam in 5-cm increments with an appropriateCo. (St. Louis, MO). Dimethylselenide (99% purity) was pur-
mass of soil to result in a uniform bulk density (�b) of 1.65 gchased from Strem Chemical Co. (Newburyport, MA). The
cm�3 throughout the soil column. At this bulk density, a totalsoil used in this study was Arlington sandy loam (coarse-
of 14.2 kg of dry soil was used to pack each column. To testloamy, mixed, thermic Haplic Durixeralf), obtained from the
the effect of soil depth on DMSe emissions, DMSe standardUniversity of California, Riverside, Agricultural Experiment
(0.5 mL) was injected into the column at 10, 20, or 30 cmStation. The soil was removed from the Ap horizon, passed
below the soil surface through sampling ports on the side ofthrough a 2-mm sieve, and briefly stored at 5�C until used.
the column. To test the effect of moisture content on DMSeThe soil has a pH of 7.2, organic matter content of 0.92%,
emissions, the soil moisture content was adjusted to 30, 50,maximum water holding capacity (WHCmax) of 0.2 kg kg�1,
and 70% of the soil’s WHCmax. To test the effect of organicand Se concentration of �0.1 mg kg�1.
amendments on DMSe emissions (soil moisture adjusted to
30% WHCmax), casein and gluten were applied at 1% (w/w,

Degradation Experiments dry wt. basis) in the top 5 cm of soil. For the moisture and or-
ganic amendment experiments, DMSe standard (0.5 mL) wasTo better understand diffusive transport in soil, experiments
injected 10 cm below the soil surface. A continuous air flowwere conducted to assess the effect of organic amendments
(150 mL min�1) in the sampling chamber was used to sweep(i.e., casein [milk protein] and gluten [wheat protein]) and soil
DMSe emitted from above the soil surface; these samplesmoisture content on the degradability of DMSe. Each of the
from each column were collected through the use of an auto-organic amendments was applied at 1% (w/w, dry wt. basis).
mated gas sampling system (Wang et al., 1999) and analyzedThe amended soils were prepared by thoroughly mixing the
for DMSe with a Hewlett-Packard 5890 GC equipped withorganic amendment and soil in plastic bags. The moisture
a �ECD. The GC conditions were set as follows: injectorcontent of the soil mixtures was then adjusted to 30% of the
temperature, 120�C; detector temperature, 270�C; carrier gas,WHCmax with deionized water. After which, 10 g (dry wt.) of
He, 14 mL min�1; oven temperature, isothermal at 100�C forsoil was added to 21-mL glass headspace vials.
5 min; capillary column, AT-624 60 m � 0.53 mm � 3 �mTo determine the effect of moisture content on DMSe deg-
(Alltech).radation, the soil moisture content was adjusted to 30, 50, and

70% of the WHCmax. To adjust the soil moisture content, soil
was first added to the headspace vials (10 g dry wt. per vial),

RESULTS AND DISCUSSIONfollowed by the addition of an appropriate volume of deionized
water. The samples were then covered with Parafilm (American Dimethylselenide Degradation Experiments
National Can, Chicago, IL) and allowed to stand overnight at

In Arlington sandy loam, the degradation of DMSeroom temperature before being spiked with DMSe.
To differentiate between chemical and microbial transfor- was a result of biological mechanisms only, since a signif-

mations at different temperatures (i.e., 20, 30, and 40�C), icant (P � 0.05) loss of DMSe only occurred in nonster-
DMSe degradation was measured with nonsterile and auto- ile soil (Fig. 1). With respect to chemical degradation
claved soil. Vials containing 10 g of soil (dry wt.) were auto- of DMSe, it is not a significant process in Arlington
claved twice (1 h at 121�C), with a 24-h period between the soil; however, chemical degradation of DMSe may be
first and second autoclaving. After the second autoclaving, significant in other soil types. Over the 18-d experimen-the soil moisture content was determined and readjusted to

tal period, 68% of the applied DMSe was degraded at30% of the WHCmax with sterile deionized water.
20�C, while about 81% of the DMSe was degraded at 30To initiate each of the experiments, 4 �L of 99% pure
and 40�C. Due to the presence of large numbers of di-DMSe standard was added to the treated vials with a gas-tight

microsyringe, and then the vials were immediately capped with verse microorganisms in soils, the biodegradation of
Teflon-faced septa and incubated in the dark at the specified DMSe may be affected by factors that influence micro-
temperatures. Triplicate samples were removed from each bial activity. Surprisingly, an increase in temperature
treatment at different times and stored at �20�C until ana- from 20 to 30 and 40�C did not substantially increase
lyzed. A Hewlett-Packard (Wilmington, DE) 5890 gas chroma- nor decrease the biological degradation rate (Fig. 1),
tograph (GC) equipped with a micro-electron capture detector although there was a significant difference (P � 0.05)(�ECD) was used to analyze DMSe in the headspace of each

between the 20 and 30�C treatments. It appears that thevial. Column injections were made from a Tekmar (Cincinnati,
microbes responsible for DMSe degradation are activeOH) 7000 headspace autosampler. Prior to the column injec-
over a wide temperature range. The biological degrada-tion, each of the vials were heated to 90�C for 15 min. The

GC conditions were as follows: injector temperature, 230�C; tion of DMSe occurs when a methyl group is removed
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Fig. 1. Degradation of dimethylselenide in nonsterile and autoclaved Fig. 2. Effect of various soil moisture levels on the degradation of
Arlington sandy loam as affected by temperature. The soil was dimethylselenide in Arlington sandy loam. The samples were incu-
autoclaved twice at 120�C for 1 h. Soil moisture content 	 30% bated at 20�C. Error bars represent the standard deviation of tripli-
maximum water holding capacity (WHCmax). Error bars represent cate samples.
the standard deviation of triplicate samples.

Figure 3 demonstrates that DMSe degradation is more
by cleavage of the Se–C bond (Wang and Burau, 1995), rapid in unamended soil than in organically amended
which is also commonly known as a demethylation reac- soil. After 18 d, 2.1 and 2.6 times more DMSe (a statisti-
tion. Dimethylsulfide ([CH3]2S), the analog compound cally significant amount, P � 0.05) was present in the

casein- and gluten-amended soil, respectively. Both ca-of DMSe, is degraded by both aerobic (Kanagawa and
sein and gluten were chosen because they have beenKelly, 1986; Suylen et al., 1986) and anaerobic (Kiene
shown to increase the biomethylation of Se in selenifer-et al., 1986; Visscher and van Gemerden, 1991; Orem-
ous soil and water, resulting in higher Se volatilizationland et al., 1991) bacteria. Although there is abundant
rates (Frankenberger and Karlson, 1989; Thompson-information on Se methylating microorganisms in the
Eagle and Frankenberger, 1990). It has been proposedliterature, very little information is available with re-
that the microbial volatilization of Se can be used as aspect to DMSe demethylating organisms. Doran and
bioremediation technique to remove Se from soils andAlexander (1977b) isolated two demethylating pseu-
sediments (Frankenberger and Karlson, 1994b). Appar-domonads able to utilize DMSe as a sole carbon source.
ently, the DMSe degrading microorganisms are readilyIn anoxic sediments, the demethylation of DMSe was
utilizing the casein and gluten as a C source over thatreported to occur by an obligate methyltroph (Orem-
of DMSe, which results in less DMSe being degraded.land and Zehr, 1986). It cannot also be ruled out that the
In another study, the degradation of DMSe was alsodemethylation of DMSe occurs as a result of fortuitous
found to be inhibited in gluten-amended soil (Guo etmetabolism (Dagley, 1984), not catabolism. The study
al., 1999). The addition of steer manure to the same soilof DMSe demethylating organisms is clearly an area of

vast research opportunities.
Soil moisture not only presents a physicochemical

impediment to Se volatilization, but like that of temper-
ature, it also influences microbial activity. In soil, the
degradation of fumigant pesticides, which have similar
vapor pressures and Henry’s constants to that of DMSe
(Yates and Gan, 1998), has been found to increase with
increasing soil moisture content (Gan et al., 1999). It is
commonly believed that pesticides in the dissolved phase
are readily accessible for soil microorganisms (Shelton
and Parkin, 1991; Walker et al., 1992; Garciá-Valcárcel
and Tadeo, 1999). It could therefore be expected that
DMSe degradation should also increase with increasing
soil moisture content. However, in this study, the rate
of DMSe degradation was unaffected (P � 0.05) by
changes in soil moisture content when adjusted to 30,
50, and 70% of the soil’s WHCmax (or 6, 10, and 14%

Fig. 3. Degradation of dimethylselenide in gluten- and casein-amendedmoisture by weight) (Fig. 2). Guo et al. (1999) found
Arlington sandy loam. The amendments were applied at 1% (dry wt.that changes in soil moisture content 
10% by weight basis), and the incubation temperature was 20�C. Soil moisture

to as high as 43.9% (oversaturation) also had no effect content 	 30% maximum water holding capacity (WHCmax). Error
bars represent the standard deviation of triplicate samples.on DMSe degradation.
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Fig. 5. Comparison of various soil moisture levels on dimethylselenide
Fig. 4. Relationship between dimethylselenide injection depth and flux from packed soil columns. The columns were packed with Ar-

emissions from packed soil columns. The columns were packed lington sandy loam to a bulk density of 1.65 g cm�3 and incubated
with Arlington sandy loam to a bulk density of 1.65 g cm�3 and at room temperature. To initiate the experiment, 0.5 mL of dimethyl-
incubated at room temperature. Soil moisture content 	 30% maxi- selenide standard was injected 10 cm below the soil surface.
mum water holding capacity (WHCmax).

water and, as a result, soil moisture can be an important
produced a similar result. These results demonstrate factor affecting DMSe volatilization to the atmosphere.
that the persistence of DMSe may be increased by the When the soil moisture level was increased, a decrease
addition of a number of organic amendments as long in the maximum DMSe emission rate occurred (Fig. 5).
as they are readily biodegradable by the soil microflora. At a soil moisture content of 30% the WHCmax (6% byTheoretically, increased persistence of DMSe should weight) the maximum DMSe emission rate was 203 mgthen allow for more DMSe to be released from soil h�1, while at 50 and 70% of the WHCmax (10 and 14%through volatilization. moisture by weight, respectively) the maximum emis-

sion rate was only 26.4 and 12.1 mg h�1, respectively.
Dimethylselenide Emission Experiments In addition, the time to reach the maximum emission

rate was delayed by increases in soil moisture; at 30, 50,The volatilization of DMSe was related to soil depth,
and 70% of the WHCmax the maximum flux of DMSemoisture content, and organic amendments (Fig. 4, 5,
occurred at 0.9, 1.6, and 9.5 h, respectively. Despiteand 6). In soil at a moisture content of 30% the WHCmax
DMSe’s high vapor pressure, the ability of water toand an injection depth of 10 cm, 57% of the applied
dissolve large amounts of DMSe may account for theseDMSe was volatilized after 6 d (Fig. 4). Increasing the
differences. Zieve and Peterson (1985) found that ainjection depth to 20 and 30 cm reduced DMSe emis-
loam soil from London (UK) (at about 14% moisturesions by 38 and 51%, respectively. Since DMSe is pre-
by weight) sorbed 2.1 times more DMSe than the samedominantly degraded through biological mechanisms in
soil when air-dried. The importance of soil moistureArlington soil, the deeper injection depth may allow
content on Se volatilization has been reported by otherDMSe longer time to react with the soil microorganisms,
workers. In soil column (4-cm i.d. � 4.5-cm length; bulkthus, increasing the amount of DMSe degraded and re-
density 	 1.33) experiments conducted by Zhang andducing the amount released through volatilization. There-
Frankenberger (1999), 96% of the total injected DMSefore, under natural conditions, the majority of volatile
from an air-dried soil was emitted to the air, whereasSe produced near the soil surface will be released to
only 14% was emitted from a water-saturated soil. Al-the atmosphere, while DMSe produced deeper in the
though increases in the soil moisture content delayedsoil profile will be trapped. Experiments by Martens
and reduced the maximum flux rate of DMSe in thisand Suarez (1999) found that DMSe is predominantly
study, the cumulative loss of DMSe was similar betweenfound in the phosphate-soluble Se pool, suggesting mi-
the moisture treatments (data not shown). At 30 andcrobial oxidation to Se6� and Se4�. In field experiments,
50% of the WHCmax, 56% of the applied DMSe, and atincreased Se emission rates occurred after tillage of
70% of the WHCmax, 51% of the applied DMSe wasseleniferous sediments (Frankenberger and Karlson,
emitted after 45 h. The average DMSe emission rates1992). Tillage increases porosity, which enhances the
were 8.8, 8.7, and 8.1 mg h�1, respectively. Since mois-diffusion of gaseous Se and may also increase contact
ture content within the WHCmax range of 30 to 70% hadbetween the Se and methylating microorganisms. Al-
no effect upon the rate of DMSe degradation, the slightthough varying bulk densities were not tested in the soil
difference in cumulative emissions between the 70%columns, it could be expected that soil bulk density
and 30 and 50% treatments can probably be explainedless than 1.65 g cm�3 would have brought about higher
by increased DMSe absorption. The soil moisture levelsDMSe emissions at all injection depths.

As previously mentioned, DMSe is highly soluble in used in this study were chosen because they fall within
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ganic amendments, and degradation by microorganisms.
The effect of soil depth on volatilization is suspected to
be a result of the increased contact time with soil, which
then allows more time for biological degradation to
occur. Changes in soil moisture content below saturation
had no substantial effect on the degradation and cumu-
lative loss of DMSe. Organic amendments, such as ca-
sein and gluten, which are known to stimulate the bio-
methylation of Se, were found to inhibit the degradation
of DMSe. Microorganisms appear to utilize the added
C sources more readily than DMSe, which increases the
persistence of DMSe in soil. The increased persistence
then permits more DMSe to be released through volatil-
ization. Our results further support the usefulness of
increasing soil porosity through tillage and application
of organic amendments, not only as a means to stimulate
Se biomethylation, but also to increase the transport

Fig. 6. Effect of organic amendments on dimethylselenide emissions of DMSe in soil and its subsequent volatilization to
from packed soil columns. The top 5 cm of soil in column was

the atmosphere.amended with 1% (dry wt. basis) of either gluten or casein. The
soil columns were packed to a final bulk density of 1.65 g cm�3

with Arlington sandy loam and incubated at room temperature. ACKNOWLEDGMENT
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on sorption and degradation of hexazinone and simazine in soil.
J. Agric. Food Chem. 47:3895–3900.CONCLUSIONS

Guo, L., W.T. Frankenberger, Jr., and W.A. Jury. 1999. Adsorption
The results from this study demonstrate that DMSe and degradation of dimethyl selenide in soil. Environ. Sci. Tech-

nol. 33:2934–2938.transport and emissions are affected by soil depth, or-



2050 J. ENVIRON. QUAL., VOL. 31, NOVEMBER–DECEMBER 2002

Hamdy, A.A., and G. Gissel-Nielsen. 1976. Volatilization of selenium carbon dioxide from dimethylselenide in anoxic sediments and by a
methanogenic bacterium. Appl. Environ. Microbiol. 52:1031–1036.from soils. Z. Pflanzenernaehr. Bodenkd. 6:671–678.

Shelton, D.R., and B. Parkin. 1991. Effect of moisture on sorptionKanagawa, T., and D.P. Kelly. 1986. Breakdown of dimethyl sulphide
and biodegradation of carbofuran in soil. J. Agric. Food Chem.by mixed cultures and by Thiobacillus thioparus. FEMS Microbiol.
39:2063–2068.Lett. 34:13–19.

Suylen, G.M., G.C. Stefess, and J.G. Kuenen. 1986. ChemolithotrophicKarlson, U., and W.T. Frankenberger, Jr. 1988. Effects of carbon and
potential of a Hyphomicrobium species, capable of growth on meth-trace element addition of alkylselenide production by soil. Soil Sci.
ylated sulphur compounds. Arch. Microbiol. 146:192–198.Soc. Am. J. 52:1640–1644.

Thompson-Eagle, E.T., and W.T. Frankenberger, Jr. 1990. Protein-Karlson, U., and W.T. Frankenberger, Jr. 1989. Accelerated rates of
mediated selenium biomethylation in evaporation pond water. En-selenium volatilization from California soils. Soil Sci. Soc. Am.
viron. Toxicol. Chem. 9:1453–1462.J. 53:749–753. Visscher, P.T., and H. van Gemerden. 1991. Photo-autotrophic growthKarlson, U., and W.T. Frankenberger, Jr. 1990. Volatilization of sele- of Thiocapsa roseopersicina on dimethyl sulfide. FEMS Microbiol.

nium from agricultural evaporation pond sediments. Sci. Total En- Lett. 81:247–250.
viron. 92:41–54. Walker, A., Y.-H. Moon, and S.J. Welch. 1992. Influence of tempera-

Karlson, U., W.T. Frankenberger, Jr., and W.F. Spencer. 1994. Physio- ture, soil moisture and soil characteristics on the persistence of
chemical properties of dimethyl selenide and dimethyl diselenide. alachlor. Pestic. Sci. 35:109–116.
J. Chem. Eng. Data 39:608–610. Wang, B., and R.G. Burau. 1995. Oxidation of dimethylselenide by

Kiene, R.P., R.S. Oremland, A. Catena, L.G. Miller, and D.G. Capone. ��MnO2: Oxidation product and factors affecting oxidation rate.
1986. Metabolism of reduced methylated sulfur compounds in an- Environ. Sci. Technol. 29:1504–1510.

Wang, D., F.F. Ernst, and S.R. Yates. 1999. Automated sequentialaerobic sediments and by a pure culture of an estuarine methano-
sampler for collection of highly volatile atmospheric contaminants.gen. Appl. Environ. Microbiol. 52:1037–1045.
J. Environ. Qual. 28:345–349.Martens, D.A., and D.L. Suarez. 1999. Transformations of volatile

Yates, S.R., and J. Gan. 1998. Volatility, adsorption, and degradationmethylated selenium in soil. Soil Biol. Biochem. 31:1355–1361.
of propargyl bromide as a soil fumigant. J. Agric. Food Chem. 46:McConnell, K.P., and O.W. Portman. 1952. Toxicity of dimethylsele-
755–761.nide in the rat and mouse. Proc. Soc. Exp. Biol. Med. 79:230–231.

Zhang, Y.Q., and W.T. Frankenberger, Jr. 1999. Effect of soil mois-Ohlendorf, H.M., D.J. Hoffman, M.K. Saiki, and T.W. Aldrich. 1986.
ture, depth, and organic amendments on selenium volatilization.Embryonic mortality and abnormalities of aquatic birds: Apparent J. Environ. Qual. 28:1321–1326.

impact of selenium from irrigation drain water. Sci. Total Envi- Zhang, Y.Q., W.T. Frankenberger, Jr., and J.N. Moore. 1999. Effect
ron. 52:49–63. of soil moisture on dimethylselenide transport and transformation

Oremland, R.S., R.P. Kiene, I. Mathrani, M.J. Whiticar, and D.R. to nonvolatile selenium. Environ. Sci. Technol. 33:3415–3420.
Boone. 1991. Description of an estuarine methyltrophic methano- Zieve, R., and P.J. Peterson. 1981. Factors influencing the volatiliza-
gen which grows on dimethyl sulfide. Appl. Environ. Microbiol. tion of selenium from soil. Sci. Total Environ. 19:277–284.
55:994–1002. Zieve, R., and P.J. Peterson. 1985. Sorption of dimethylselenide by

soils. Soil Biol. Biochem. 17:105–107.Oremland, R.S., and J.P. Zehr. 1986. Formation of methane and




