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ABSTRACT

Pantsmay serve aseffective pump-and-treat systemsfor mobile contaminantsincluding volatiles
such as carbon tetrachloride (CCl,) and ethylene dibromide (EDB). Thereis consderableinterest in finding
economical remediation processesfor resduals of these compoundsfrom grain fumigations. Experimental
investigationswith other volatiles have shown that trichloroethylene (TCE) and methyl tert-butyl ether
(MTBE) movefredly through plantsand are rel eased to the atmosphere at very low atmospheric concentra-
tions, evenwhileasignificant fraction of theinput contaminant isremoved from the contaminated soil. Such
compounds are photo-reactive and readily degradein the atmosphere. Metabolic processeswithinthe
plants and associ ated microorganisms also convert aportion of theinput compoundsto lessvolatile materi-
as. Removdl of tightly sorbed EDB and CCl, from microporeswithin the soil may betherate-limiting step
for their remediation. Dewatering promoted by vegetation may enhancethis process, increasing the potential
for gas-phase diffuson within the soil. Plant root exudationsal so increase microbia populations, which may
facilitate co-metabolism of EDB and CCl,. Herewe provide an extensivereview of the published literature
for ethylenedibromide, ethylenedichloride and carbon tetrachloride.

K ey wor ds: phytovolatilization, phytoremediation, ethylene dibromide, and carbon tetrachloride

INTRODUCTION

For someyears, combinations of fumigantsethylenedibromide (EDB), ethylenedichloride, dso
caled 1,2-dichloroethane (DCA), and carbon tetrachloride (CT), were used to control insect activity in
grainbins(Berck, 1965). These compounds aretoxic to other lifeforms, and EDB in particular was banned
for further usein such applications nearly 20 yearsago (USEPA, 1983; ATSDR, 1992). Steinberg et .
(1987) showed that significant levelsof EDB could persist in soilsfor 20 years, potentialy contributing to
low-level contamination of groundwater. Pignatello and Cohen (1990) reviewed the environmenta chemistry
of EDB, while Alexeeff et d (1990) reviewed thetoxicology and risks. Despite a20-year ban on agricul-
tura use, problemswith EDB inwater and soil still occur. Because EDB isapotent carcinogeninanimals,
evenlow levelsin water and food present apotential risk to exposed populations (Alexeeff et d., 1990).
Siteremediation isnecessary.
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All threefumigantsare denseliquids which settlethrough grain, soil, and water until they strikea
solid surface. Thus some sites may contain dense, non agueous-phase liquid pools of one or more of these
fumigants. Thismay be uncommon except at sites used for distribution where spills could have occurred.
However, tracesof CT remainin many locations, including 25 wellsin Kansas (Manning, 2002), whileEDB
and DCA have beenfound in recent water surveys (Idaho, 1999). Some state regulatory limitsfor EDB are
0.02 ny/L for drinking water, while some aquifers have plumes containing >100 ng/L (Hartzell et . 2001,
MESL, 2001). Because d| three solventshad much wider applicationsthan just fumigation, acontaminated
plume may need to be characterized for other materialsto determineits source. For instance, inthe [daho
survey, EDB and DCA were associated with gasoline and diesdl fud spills. They were used aslead scaven-
gersinleaded gasolineand jet fuel from the 1920suntil the phase-out of lead (Alexeeff et a., 1990). In
M assachusetts, recent EDB contamination of water, and potentially of cranberriesgrown with that water
(Xiaand Rice, 2001), has been attributed to fud spills(MESL, 2001). Higtoricadly, CT wasused asa
cleaning solvent, so it may befound in association with trichloroethylene (TCE) and trichloroethane (TCA),
instead of EDB and DCA. The nature and quantity of co-contaminants may affect the remediation strategy
that isto be applied.

PHYSICAL PROPERTIESAND REACTIVITY

Thefully chlorinated tetrachloromethane, CT, isamenabl eto reductive deha ogenation (biotic or
abiotic) under strongly anoxic conditions, including sulfate-reducing conditions. Thelessextensively haloge-
nated EDB and DCA can be deha ogenated oxidatively aswell asreductively (Jafvert and Wolfe, 1987;
Freitasdos Santoset a., 1996; Cox et ., 1998). Reactivities of all three compounds are summarizedin
Vogd et d. (1987). All aremoderately sorbed to organic matter and arerelatively volatile. They havedight
to moderate solubility in water. Table 1 summarizes pertinent propertiesof the three compounds.

Carbon tetrachl oride partitions mainly to the gas phase, while EDB and DCA partition relatively
strongly to the aqueous phase. The combination of the characteristic boiling pointsand water solubilities
resultsin rather different tendenciesto partition to gasvs agueous phasein dilute solution, asreflected in the
Henry constant (H) value. Washington (1996) provided athorough review of such propertiesand their
implicationsfor remediation of many hal ogenated ethanes and methanes. Unfortunatdy EDB was not one of

them, though helisted severa other compounds having very similar H constant values at 20°C. Of the
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compounds helisted, the tetrachl oroethanes, are most like EDB in boiling point and H constant value.
Carbon tetrachloride, with the H constant value of 1 at 20°, has astronger tendency to partition to gas
phase than TCA (H~0.70), TCE (H~0.4), or chloroform (H~0.15), which are more polar and less
hal ogenated (Staudinger and Roberts, 1996). The other two fumigants, EDB and DCA, tend to remain with
thewater phase, about the same asthe gasoline additive M TBE (H~0.03), which we have studied exten-
sively (Davisetd., 2001; Zhang et d ., 2001a,b). Both EDB and DCA arelesshalogenated than TCE,
TCA, or chloroform. They are several-fold morewater soluble than TCE or TCA, but less solublethan
chloroform, whichisasmaller molecule.

Partitioning between gasand liquid phases, asindicated by the H constant, istemperature-depen-
dent, responding to both the change of water solubility with temperature and the boiling point of the com-
pound (Washington, 1996). Temperature extremesin acontinental climateresult in dramatic annual differ-

encesin the partitioning behavior of thelow-boiling compounds CT and DCA. Thedifferenceiseven more

Carbon Ethylene Ethylene
common Name  rotrachioride  Dibromide | Dichloride
Eormal Name Tetrachloro- 1,2-dibromo- | 1,2-dichloro-

methane ethane ethane
Formula Ccl, C,H.,Br, C,H.Cl,
Molar Mass 153.8 187.88 98.96
Boiling Point (°C) 76.5 131 83.5
Vapor Pressure
(mm Hg, 20° 91 8.1 62
Henry's Constant
(209, dimensionless ! 0.02 0.04
Water Solubility

0.8 4.2 8.7
(gL)
Octanol: Water
Partition (K_ ) 500 44-100 22-30
Estimated log K _, 2.7 1.6-2.0 1.3-1.5

* Cdl culated using dataand equationsin Yaws (1992), and critical review by Staudinger and Roberts
(1996). Valuesfor K reported by Jury et al. (1990) and Walton et al. (1992).
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grikingfor 1,1,1,2-tetrachl oroethane, which may serve asasurrogatefor EDB. Overdl partitioning dso
changeswhen there ative water-filled porosity of the soil varies. At low temperatures (<10° C) and high
saturation (>0.8), 95% of the compound 1,1,1,2-tetrachloroethaneisfound in the aqueous phase, while at
higher temperatures (>20° C) and low saturation (<0.2), 30% of the compoundisintheair phase. Thissix-
fold differencein equilibrium partitioning may result in gregtly dtered transfer behavior insoil.
TRANSPORT CHARACTERISTICS

In previoudly published work, we have shown that the movement of contaminants upward through
moist soil dependscritically ontheir water solubility and H constant value (Narayanan et ., 1999a; Davis
etd., 2001). Plants can facilitate the upward movement of solubilized contaminantsby transpiration (Davis
etd., 1998ab), withdrawing water from the capillary fringewhich may overlieaDNAPL . Aswater flows,
the DNAPL, for instance TCE, dissolveswithinit and isdrawn to the surface (Zhang et al., 1998). The
evapotranspiration rate and rate of trangport of contaminant are both greater when plantsare present to
transpire water and volatile contaminant to the atmosphere (Zhang et al., 1998; Zhang et d., 2001b). A
fraction of the dissolved contaminant may passinto the plant and be rel eased to the atmosphere by transpi-
ration. Much morewill volatilizefromthewater when it reachesthe vadose zone, and relatively littlewill
remaininthe plant to reach theleaves(Hu et d., 1998, Daviset d., 1999). Instead, it may diffuse out
through roots, stems, and petioles. Thisproperty for CT ismore extremethanthat of TCE or TCA; that is,
itwill lesslikely remain with the transpiration stream to reach theleaves.

For amore soluble, volatile contaminant such as methyl t-butyl ether (M TBE), the contaminant
movesreadily with water, and alarger fraction istranspired. Thekey to what fraction remainswith the
transpiration stream water up to theleavesisfound inthe dimensionlessH constant value. Zhang et al.
(2001a,b) demonstrated the movement of MTBE into and through afafa, and Daviset a. (2001) charac-
terized itsdistribution within soil under various evapotranspiration conditions. The associated modeling
studieswith MTBE showed the predicted soil profiles, assuming the H constant val ue to be between 0.02
and 0.04, varying asafunction of temperature. Thesevaluesarein exactly the samerange asthe hal oge-
nated ethanes, EDB and DCA, considered here. Someresultsare shown for asandy soil that isrelatively
low in organic matter and is supplied water from below. Figure 1 showsthelargeimpact of H constant, with

varying water velocity, on the observed profilesin the vadose zone of soil (Daviset d., 2001).
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SORPTION BEHAVIOR

Hydrophobic compounds sorb to organic matter in soil and the plant. The most important measure
of thistendency isthe octanol/water partition coefficient. Valuesare approximately: 500 for CT, 22-30for
DCA, and 44-100for EDB (Jury et al., 1990; Walton et a., 1992). Thevaluesfor the doubly halogenated
ethanesare similar to or somewhat lower than for the triply hal ogenated TCA (113), TCE (138), or chloro-
form (60-100). Thus, the sorption effectswill be somewhat lessobviousfor EDB and DCA, whilethey will
be stronger for CT, compared to TCE, whichiswell studied (Burken and Schnoor, 1998; Narayanan et al.,
1999a). Washington (1996) showed that the rel ative equilibrium fraction of DCA inwater, air, and solid
phase of soil depended strongly on the organic matter content of the soil. For asoil with 1 % organic matter,
most of the contaminant wasin thewater phasefor saturations>0.3, whilewhen the organic matter was 10
%, 50-90 % of the contaminant was associated with the organic matter, decreasing with increasing soil
saturation. For EDB, the sorption effect would be several-fold stronger.

The ease with which compounds passinto and through plants depends on the same pol arity
property, reflectedinthelog K _ , in acomplex way. Measured resultsfor mobility vslogK  are usually
fitted with aGaussian curvethat hasapeak intherangeof logK _ of 2-3. Very polar and very nonpolar

compounds are poorly transferred into the transpiration stream. Thethree fumigants of interest have
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octanol/water partition coefficientsin the optimum range for uptake and transfer through plants such that
the expected concentration in the transpiration stream water isabout three-fourths of the concentrationin
thewater surrounding the roots of the plant (Briggset al., 1982; Burken and Schnoor, 1998).
LOSSESANDABIOTIC REMOVAL OFTHEHALOGENATED FUMIGANTS

Jury et d. (1990) compared the hypothetical effect of sandy and clayey soil to bury contaminants,
consdering the potentia lossby volatilization while biodegradation occurred. For EDB placed 1 m below
ground in sandy soil, the predicted lossin ayear is53 %, whilein clayey soil the predicted lossisonly 3.6
%. For DCA, predicted |osses are about 30 % and 2 % in thetwo soil types. Theseare only relative values
becausethey are sengtiveto the chosen H constant value, thelog K _ , and the soil porosity. Lossesof CT
would be expected to be considerably greater under similar conditions becausethe H constant valuefor that
compound ismorethan 25 times greater than for the diha oethanes, and the octanol/water partition coeffi-
cientisonly afew-fold greater. Hence, it will be sorbed to the soil abit more but move much morefredly
into the gas phase.

Thechief difference between sandy and clayey soilsisintheair-filled porosity, whichin turn hasan
approximately cubic relationship to the ease of diffusion of contaminantsthrough the soil. Soil moisture
alterstheair-filled porosity. Immediately after arain, the soil may be saturated so that thereis essentially
no gas-phase movement of contaminants. During dry spells, asmuch asone-third of the soil volumemay be
air spaces. Asdiscussed by Washington (1996), therelative water saturation altersthe fraction of contami-
nants partitioning to the available gas phase. Plantswill facilitate dewatering of asoil and thereby increase
the gas-phase movement of contaminants.

Fumigants may remain for long periodsof timewhen covered by animpermeablebarrier such as
asphalt or compacted soil. Current practicefor fumigation with methyl bromide (which isnot yet banned)
includes covering the soil with plastic sheeting and/or irrigation (Jury et d., 1996). Submersion beneath
water allowsvolatilesto remainin place unlessthereisapopulation of dehal ogenating bacteria, and a
carbon, metallic, or other substrate to supply reducing power. Diffusion through the agueous phase is about
10,000 times dower than through the gas phase, which iswhy thewater-filled porosity of soil hassucha
dramatic effect on diffusive movement through soil.

Further complexity isadded in the case of EDB by the observationsof Steinberg et al (1987). They

showed persistence of EDB in topsoilswherethe last known application had occurred up to 19 yearsprior
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to the study. Extremely low rates of diffusion from the soil were observed. Pulverizing the soil markedly
enhanced release, indi cating that tortuous microporeswithin the usual soil particleswereresponsiblefor the
dow desorption. Elevated temperatures increased the rel easerate a so, and 24 h extraction with methanol
at 75° C gave gpparently quantitative rel ease of thetightly sorbed material. Theamounts of EDB present
weresignificant, on theorder of 100 ppb ng/kg soil), and sufficient to contaminate alarge amount of water
to the maximum contaminant limit (MCL) of 0.05 ng/L. Degradation of added spikesof EDB wasrapidin
agueous suspensions, indicating that bioremediation could occur oncethe EDB wasreleased from the
micropores. Thus, thelikelihood of significant groundwater contamination might be low despitethe presence
of resdua EDB, but making reliable predictionsisdifficult. Pignatello et d., (1990) found EDB inan aguifer
after two decades, despite previous studies showing the presence of aquifer organisms potentialy ableto
degrade EDB (Pignatello, 1986b).

The extent to which thisunusua pers stence occursfor the other fumigantsisunknown. Similar dow
desorption behavior has been reported for other more hydrophobic compounds such asPCBs(DiToro and
Horzempa, 1982) but also disputed as an artifact by others (Geschwend and Wu, 1985). Most |aboratory
experimentsare not conducted over sufficient timeto observe dow sorption or desorption profiles, and field
sudiesusudly have several uncontrolled variables.

POTENTIAL FOR BIODEGRADATION

Estimated half-livesof DCA, EDB, and CT intypica soilsarerelatively long, monthsto years.
Theregeneradly are not many bacteriaavail ableto use the fumigantsupon initial exposure (Witt et al., 1999).
High concentrationskill bacteria, so biodegradation depends on severa conditions, including the concentra-
tion of fumigants, availability of necessary energy sources, other nutrients, and presence of suitable bacteria
Supplementation of contaminated waterswith carbon substrates such asvegetable oil hasproven effective
for stimulating reductive deha ogenation of TCE and TCA (Wiedemeier et a.,| 2001).

Witt et d. (1999) showed in mode columnsthat supplementation with acetate could enhancethe
removal of CT by theindigenousbacteria population, but better resultswere obta ned when specific
inoculant was added. Gregory et a (2000) successfully used Fe(0) and methanogenic organismsto
dehaogenate CT in laboratory experiments. Denitrifying strain Pseudomonas stutzeri KC wasableto
remove 50-80% of CT infield conditions (Dybaset ., 1998). McQuillan et d. (1998) described intrinsic
remediation of CT driven by spilled gasoline, whereby the CT levelsdropped 100-fold within two years.
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Therates of degradation under these various stimul ated conditions are much morerapid than the generdly
estimated hdf-life, suggesting that with gppropriate conditions, degradation can occur relaively fast.

For DCA, acompletereview of potential degradation wasdonefor soilsand waters (Chiao, 1994).
Morerecent work would alow an effective update of those published estimates. For instance Cox et dl.
(1998) documented naturd attenuation of DCA and chloroform by acombination of anaerobic and aerobic
processes. Bradley et a. (2000) showed that Mn(1V)-reducing conditions promoted mineralization of DCA.

Remediation of DCA has been successful in agroundwater treatment system, removing ~400 kg/yr
fromwater contaminated with 2-15 ng/mL of DCA by use of aculture of DCA-degrading organisms
(Stucki and Thueer, 1995). A number of pure cultures have been shown to degrade the compound with high
efficiency inthelaboratory, and apathway for full deha ogenationto glycolic acid has been demonstrated
(Janssenet a., 1994). Riebeth et al. (1992) found at,, of 2.6 hwith ahigh density suspension of resting
cellsfrom aculture of Methylosinus. Of course, thisratetrand atesto amuch longer half-lifeat field con-
centrationsof the bacteria.

Thereisalimited amount of literature on the biologica degradation of EDB. Most recently, Hartzell
et a. (2001) showed that cometabolism in the presence of propane, methane, or natural gaswas highly
efficient when aconsortium of organismswas added in lab-scalebatch reactors. Earlier agroupinthe
Netherlands had shown that several bacterial speciescontain aha oakane-dehalogenase genecarried ona
plasmid, with much similarity of theenzymein different species(Poelarendset d., 2000). Theaerobic
degradationisattributed to attack by acytochrome P-450 (Castro et a., 1989), which servesasahy-
droxylating-dehal ogenase yiel ding aha ogenated d cohol whichisfurther metabolized.

Speciesableto mineraize EDB have been found in several |locations, and aerobic reactionismore
rapid than anaerobic (Pignatello, 1986a,b; Castro, 1993). In soil containing the appropriate organisms,
starting levelsof 6-8 ny/L EDB dropped to bel ow detection (0.02mg/L) within afew days, whileat mg/L
starting concentrations, degradation was considerably dower.

PLANT INTERACTIONSWITH EDB

Someyearsago, | saacson and Gent (1986) showed that tobacco and radish |eavesreadily sorbed

EDB intotheleaf. For radish, they showed that it could betrand ocated from petioleto leaf with atranspira

tion stream concentration factor of 0.86, but the concentration measured intheleaf never was morethan
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about one-tenth that in the petiole. Thisshowsthehigh fugacity of EDB, that isitstendency to partitionto
and diffusethrough the gas phase of theleaves. When an intact radish plant wastreated similarly by feeding
contaminant to therootsfor two hours, the concentration found in theroot (*tuber”) was about 54% that of
theinput water, whilethe petiolelevel wasonly 12% of input and the leaves showed lessthan 1%. Unfortu-
nately, without knowing the fresh and dry massof the plant, it isimpossibleto cal culate whether sufficient
time elgpsed to alow sorption equilibrium within the varioustissues. Thelarge difference between root and
petioleindicatesthat it may not have been, and the authorsindicated that asteady state transfer from
solutionto air was not attained. Onewould expect that withalogK _near 2 and adry weight fraction of
10% or more, the root ought to have ahigher concentration than theinput solution at steady state. For most
nonpolar compounds, theroot concentration factor is>1 (Briggset al., 1982; Burken and Schnoor, 1998).

Although thework of 1saacson and Gent (1986) allowsno quantitative measure of thetransfer of
EDB through plants, it makesclear that it isreadily transported. It would also likely be metabolized to some
extent, depending on thelevel of expression of endogenous cytochromes P450. Plants havethe ability to
degrade awiderange of compoundsin much the sameway that the mammaian liver does. Indeed, a“ green
liver” model has been used to describe the pathways. Many herbicides and pesticidesare modified and
usualy detoxified by plantsviacytochrome P450-dependent pathways.

Frink and Bugbee (1989) examined theimpact of soil fumigation with EDB on concentrations
detectablein radishesand rye grass planted just oneweek after the fumigation event. During thefirst grow-
ing season, there was measurable EDB within the plants, but in the second season therewas not, despitethe
presence of methanol-extractable EDB at alevel of about 100 ng/kg inthesoil. During thefirst growing
season, the hexane-extractable EDB decreased morethan 100-fold from aninitia level of above 10 mg/kg,
whilethe methanol extractableleve declined only 10-15 fold. Theauthors suggest that the hexane-extract-
ablelevel may better reflect the amount availableto the plants. During half adozen sampling eventsfor
batchesof radish (planted at intervalsand harvested at the same age), inthefirst year after fumigation, the
rootsinitially had an EDB level abovethat of the soil, whilethe shoots always had lessthan the soil. The
root concentration fell morerapidly than that of the shoots, becoming identical with it at two months after
fumigation. Both were about five-fold below the soil leve by four months. Concentrationsfoundin grass

foliagewere 10-fold lower thanin soil at thefirst sampling and about 100-fold lower by 4.5 months. The

2002 Proceedings—Waste Resear ch Technology



large change of observed EDB within the grass suggeststhat the fraction availableto plants had decreased
100-fold over thistime period, asfor the hexane-extractablefraction.

A recent laboratory study by Koch (2002) showed low levelsof EDB in cranberry plants exposed
toirrigation water contaminated with EDB during one season, with no detectable level appearing during the
second year when EDB was not introduced to thewater. Given aHenry’ sconstant smilar tothat of MTBE
andalogK _similar to TCE, onewould expect relatively low EDB concentrationsin the above-ground
tissues, at steady state. Asdescribed by Zhang et al. (2001b), inthe case of alfafa, the concentration within
thestem fell by afactor of two for each 10-15 cm aong the stem. For larger diameter stems, the declineis
proportionaly longer, depending on the radius across which the compound must diffuse out of the stem.

Non-polar compounds such asEDB are expected to movefreegly through lipid membranesand
cuticular waxes, accumulating within them to aconcentration above that of the bulk water of the plant.
Lipidsand waxesareasmall fraction of most plants. Sorption to celluloseisnegligiblefor TCE and TCA,
and sorption to lignin has not beendetermined. Overall thealfalfa: water sorptionratiois10for TCEand 5
for TCA, onadry weight basis(Daviset al., 1998c). The sorption ratio of EDB will beinthisrange aso.
Thus, observed concentrationsin above-ground plant partswill depend on the concentration of input water,
the averageresidencetime of thewater in the stem, dry weight, tissue composition, and the portion of the
plant being sampled. Becausethefruit of the cranberry growsdowly, itisunlikely to be contaminated viathe
transpiration stream, given thefreediffus.on of EDB asit movesup through the plant and then down through
thevery fine steminto thefruit. Contamination could occur by direct transfer from water to cuticular wax
during bog flooding at harvest (Xiaand Rice, 2001).

ENGINEERING PLANTSTO DEGRADE CONTAMINANTS

A specific cytochrome, P-450 (2E1), from humans has been engineered (transformed) into tobacco
plantsin an effort to enhance metabolism of various ha ogenated contaminants (Doty et ., 2000). When
hydroponically grown cuttingswereexposedto 2 ng/mL of EDB, the compound wasremovedto a
significant extent. Upto 0.24 mg/mL Br wasleft inthe water surrounding theroots, while 98% of the EDB
disappeared. For untransformed plants, nearly two-thirds of the EDB disappeared from solution, but only

tracesof Br werefound in the culture solution. The observation of Br-inthe culture suggeststhat some of
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the P450 must be closeto the exterior of the plant roots, becauseit was claimed by Doty et al. (2000) that
Br-ionwasnot sgnificantly taken up by plants.
PRACTICAL IMPLICATIONS

Although EDB in particular hasbeen used asafumigant tokill plant tissuesremaining inthefield
following harves, at low concentrations, plantsarelikely abletodetoxify it effectively. In addition, plants
harbor high populations of microbesin, on, and around their roots. Some of these may havethe capacity to
fully minerdizethefumigants, starting from relatively low, non-toxic concentrations. Through their ability to
dewater soil and to supply nutrientsto sustain microbia populations, trees or other deep-rooted plantssuch
asdfdfaarelikely to makeasgnificant contributionto remova of EDB or other contaminantsin shalow
aquifers, particularly inrelatively dry climateswhere potentia evapotranspiration exceedsrainfall.

Treatment of EDB, CT, TCE, tetrachloroethylene, and TCA has successfully been doneusing
sprinkler irrigation (Richardson and Sahle-Demessie, 1998). Inthisinstance, the primary lossmodewas
volatilization to the atmosphere while the plants used up the water that remained. The authors documented
that therisk viaatmaospheric contamination waswel | within acceptable limits, and for an agricultura areg, the
economicswerefavorable. Overall losseswere 20 to 40-fold during irrigation. Removal of EDB was>95%
inthe collected spray stream from theirrigation system, but thisextent of losswould not sufficeto lower the
concentrationtothe MCL if the sarting level inwater wasabove 1 ngy/L. Further reduction of contaminant
levelsmight beattained inthe soil or plant, but thiswas not monitored. The cited publication isimportant
becauseit indicatesthat intermediatransfer of the contaminants does not present an unacceptablerisk. It
may befeasbleto use commercia row cropsunder irrigation to provide an efficient pump-and-treat
remediation of thevolatile contaminants.

Thelimiting step in remediation may well bethe dow desorption of EDB or other non-polar con-
taminants out of soil micropores (Pignatello and Cohen, 1990). It isexpected that desorption and out-
diffusonwill befagter in dry than moist soil, so the dewatering ability of plantswill prove beneficid. When
contaminant levelsin soil arelow, crop plantsmay providethe most economical meansto remediatethe

residual traces, assuring that they do not moveto groundwater.
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