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1.0 Introduction 

This issue paper provides summary information on 
a wide variety of in situ technologies for the 
treatment of contaminated soil in both the vadose 
zone and saturated and unsaturated source zones. 
The in situ technologies presented involve applying 
chemical, biological, or physical processes to the 
subsurface to degrade, remove, or immobilize 
contaminants without removing the bulk soil. 

Compared to excavation and ex situ treatment, the 
use of these technologies offers several benefits, 
such as addressing deep contamination and gener-
ally costing less. 

The summary for each in situ technology includes a 
basic description of the technology, its implemen-
tation, applicability based on contaminants and site 
characteristics, general limitations, costs, and status 
of the technology’s application. Information in this 
paper is intended to give project managers and engi-
neers a basic understanding of the technology that 
will allow for further consideration of its applica-
bility at a site. Project managers and engineers 
seeking guidance on the design and operation of 
these technologies should refer to the references 
listed in this paper and other material on the specific 
technology of interest. 

The treatment technologies presented include 
common practices as well as innovative alternatives 
for treating contaminated soil and source zones in 
situ. The paper does not address technologies in the 
experimental phase, such as nanoscale iron injec-
tion, nor does it present containment technologies, 
such as capping, liners, and barrier walls. 

Information provided in this paper comes from a 
number of sources. In general, every attempt has 
been made to use technical literature, including 
articles, textbooks, and U.S. Environmental Protec-
tion Agency (EPA) and other agency documents. 
Where appropriate and possible, Web links have 
been provided for additional information. This paper 
is not intended to serve as guidance or policy, nor 
does it indicate the appropriateness of using a 
technology at a specific site. 

United States Solid Waste and EPA 542/F-06/013 
Environmental Emergency Response November 2006 
Protection Agency 5203P www.epa.gov/tio/tsp  
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A system that uses in situ treatment combined with 
electrokinetic separation is the LasagnaT technique. 
In this system electrode arrays and treatment zones 
(e.g., crushed limestone, zero valent iron) are 
interlayered. The applied current causes the contam-
inants to move through the treatment zones where 
they are either destroyed or immobilized. LasagnaT 
was applied with some success to treat a TCE 
contaminated clay soil at the DOE gaseous diffusion 
plant in Paducah, Kentucky  (U.S. DOE 2002). 

Because of the limited application of electrokinetic 
separation, reliable cost data for full-scale applica-
tions are scarce. Costs will vary significantly de-
pending upon the concentration of the target contam-
inant, presence of non-target ions, and soil charac-
teristics and moisture content. Estimates from three 
vendors were collected by Van Cauwenberghe  (1997) 
and ranged from $20 to $100 per cubic yard for one 
vendor to $60 to $225 per cubic yard for the high 
vendor estimate. 
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3.2 Biological Treatment Technologies 

Biological treatment involves the use of micro-
organisms or vegetation (phytoremediation). Many 
naturally occurring microorganisms (typically, 
bacteria and fungi) can transform hazardous chem-
icals to substances that may be less hazardous than 
the original compounds. Microrganisms also have 
been used to alter the valence of some hazardous 
metals (e.g., Cr(VI)), thereby making them less 
hazardous and less mobile. Several plant species 
have the ability to bioaccumulate heavy metals 
found in the soil, and some tree species can 
sequester, destroy, and/or evapotranspire various 
organic compounds. 

Microbial bioremediation occurs under both aerobic 
and anaerobic conditions and at contaminated sites 
as either intrinsic and/or enhanced biodegradation. 
Intrinsic bioremediation depends on indigenous 
microorganisms to degrade contaminants without 
any amendments. Monitored natural attenuation 
(MNA) often relies on intrinsic bioremediation as an 
important removal mechanism. During enhanced 
bioremediation, biodegradation is facilitated by 
manipulating the microbial environment. Typically, 
the environment is manipulated by supplying 
amendments, such as air, organic substrates, nutri-
ents, and other compounds, whose absence limit 
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treatment. In some cases, bioremediation has been 
enhanced by adding microbial cultures (bioaug-
mentation). 

3.2.1 Bioventing 

Bioventing involves the injection of a gas into the 
subsurface to enhance the biodegradation of a 
contaminant. The gas can be used to keep the sub-
surface aerobic or anaerobic, or to provide a sub-
strate that enables cometabolic degradation to occur. 

Aerobic Bioventing 

Aerobic bioventing has a robust track record in 
treating aerobically degradable contaminants, such as 
fuels. Bioventing involves supplying oxygen to 
contaminated unsaturated soils with low oxygen 
concentrations to facilitate aerobic microbial biode-
gradation. Using the supplied oxygen, the microbes 
oxidize the contaminants to gain energy and carbon 
for growth. Oxygen is typically introduced by air 
injection wells that push air into the subsurface. 

Aerobically degradable contaminants may be treated 
by bioventing, but fuels have received the most 
attention. The U.S. Air Force Bioventing Initiative 
and the U.S. EPA Bioremediation Field Initiative 
evaluated bioventing at 125 sites contaminated by 
petroleum hydrocarbons. At sites where initial studies 
were positive, pilot-scale bioventing was installed 
and operated for one year. The experience from 
bioventing demonstrations at these sites was 
condensed into a manual (U.S. EPA  1995a  &  1995b). 
The manual contains information on bioventing 
principles; site characterization; field treatability 
testing; system design, operation, and installation; site 
closure; and techniques to demonstrate the extent and 
mechanism for contaminant removal. Based on this 
research, bioventing proved to be an economical and 
effective method to treat unsaturated soil 
contaminated by petroleum products. Regulatory 
acceptance of this technology has occurred in 30 
states and in all 10 EPA regions. The use of this 
technology in the private sector has increased 
following the U.S. Air Force Bioventing Initiative 
and the U.S. EPA Bioremediation Field Initiative. 
Estimated costs range from $10 to $60 per cubic yard 
(U.S. EPA 1995b). 

In addition to fuels, aerobic bioventing has treated a 
variety of other contaminants, including nonhalo- 

genated solvents, such as benzene, acetone, toluene, 
and phenol; lightly halogenated solvents, such as 
1,2-dichloroethane, dichloromethane, and chloro-
benzene; and SVOCs, such as some PAHs (Figure 
4). The principles outlined in the manual are also 
applicable for aerobically degradable non-fuel 
contaminants, but since the experience with these 
other types of contaminants is more limited, more 
information may be needed. For example, laboratory 
and pilot-scale studies may be needed to evaluate 
effectiveness, design the bioventing system, esti-
mate treatment times, and demonstrate that bio-
degradation is the primary mechanism of removal. In 
evaluating the feasibility of treating other 
contaminants, the key is to understand the volatility 
relative to the biodegradability. 

Bioventing is typically operated in air injection 
mode to alleviate low oxygen levels in the 
subsurface. The injection system should be designed 
considering soil gas permeability, contaminant 
diffusion and distribution, and environmental 
factors, such as moisture content, pH, temperature, 
and electron acceptor conditions. When building 
foundations or similar structures are close to the site, 
vacuum extraction wells, which draw air through the 
subsurface, may be used to avoid the buildup of 
contaminated, and possibly explosive, vapors in the 
building basements. 

Extracted gases require treatment since volatile com-
pounds may be removed from the ground. In cases 
of remote locations without electric power, passive 
air delivery systems may be used. These systems use 
one-way valves and changes in barometric pressure 
to deliver air to the subsurface; however, passive 
systems may have longer treatment times depending 
on the quantities of air supplied to the subsurface. 
Compared to soil vapor extraction, all bioventing 
delivery systems employ lower air flow rates that 
provide only the amount of oxygen required to 
enhance removal. When operated properly, the low 
flow rates of air injection do not result in the release 
of the contaminants into the atmosphere through 
volatilization. 

To determine if bioventing is appropriate at a 
specific site, existing site data should be evaluated 
and, if needed, additional data collected. For 
example, information about the types, quantities, and 
three-dimensional distribution of contaminants is 
needed. This includes the presence and location of 
free product and whether there is a chance of 
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continuing contamination from leaking pipes or 
tanks. Bioventing alone is not sufficient to remediate 
sites with large quantities of free product or ongoing 
releases. Information about the historical water table 
levels and soil characteristics, such as gas 
permeability, is also needed. A soil gas survey can 
provide useful information, especially at sites with 
relatively shallow contam-
ination (depths typically less 
than 20 ft). The soil gas 
survey is useful to determine 
whether oxygen-limited 
conditions exist. Low oxygen 
levels (less than five percent) 
are a good indicator that 
existing bacteria are capable 
of degrading the contam-
inants of concern, because 
soil gas in uncontaminated 
soil generally exhibits oxygen 
concentrations similar to 
ambient air. In addition, the 
soil gas survey can be useful 
in delineating the extent of 
contamination and identifying 
locations for vent wells and 
monitoring points. If this 
preliminary information looks 
promising, more specific in-
formation should be gathered, 
such as soil contaminant con-
centrations and distribution 
and soil characterization. 
Respiration rate, soil gas 
permeability, and oxygen 
radius of influence will be 
needed to properly design the 
system. 

Performance monitoring, after 

and amount of contaminant removed, oxygen 
supply, and carbon dioxide generation, as well as 
mass balances relating the three amounts, may be 
useful in establishing bioremediation as the primary 
mechanism of removal. For sites where non-fuel 
contaminants are to be treated by bioventing, other 
factors may be considered in establishing biological 

a bioventing system has been Figure 4. Amenability of Common Contaminants to Bioventing Technologies 
installed, typically includes (aerobic, anaerobic, and cometabolic) 
soil gas monitoring to ensure 
that the site is well oxygenated, in situ respiration activity as the primary mechanism of removal. 
testing to monitor the progress of remediation, and Finally, measurement of stable isotope ratios may be 
operation and maintenance of the bioventing system. useful in qualitatively validating biodegradation as 
At some sites, surface emissions sampling may be  the mechanism of contaminant removal. This 
needed. At sites using extractive bioventing, the measurement is not required, but it is available to 
degree of volatilization versus biodegradation may be resolve regulatory concerns. 
determined by measuring offgas concentrations. 
Injection-based systems may be briefly reconfigured Aerobic bioventing has proven to be a useful 
to gain similar information. Measurements of the rate cleanup technology at many sites under a variety of 

17 



conditions, but like all technologies, bioventing has 
some limitations. One limitation revolves around the 
ability to deliver oxygen to the contaminated soil. For 
example, soil with an extremely high moisture 
content may be difficult to biovent due to reduced 
soil gas permeability. Similarly, low permeability 
soils limit the ability to distribute air through the 
subsurface; however, in both cases, the design of the 
bioventing system may compensate for low perme-
ability. Sites with shallow contamination also pose a 
problem to bioventing because designing the system 
to minimize environmental release and achieve 
sufficient aeration, may be difficult. In this situation, 
operating in extraction mode may be needed. 

Another limitation is that aerobic bioventing will not 
stimulate contaminant removal if the contaminated 
zone is aerobic. If a soil gas survey measures soil 
oxygen levels consistently above five percent, then 
the soil is sufficiently aerated for biodegradation to 
occur, and oxygen is not limiting degradation. Bio-
venting will not enhance removal in this situation. 
This situation is unusual, and if encountered, may 
indicate that some other species, such as metals, is 
inhibiting degradation. 

While relatively inexpensive, aerobic bioventing can 
take a few years to clean up a site, depending on the 
contaminant concentrations and site-specific removal 
rates. For petroleum hydrocarbon sites, the heavier 
the product being treated, the longer the remediation 
time. If a quicker cleanup is needed, other tech-
nologies may be more appropriate. 

Anaerobic Bioventing 

While aerobic bioventing is useful for degrading 
many hydrocarbons, some chlorinated compounds are 
not effectively treated aerobically. Microbes may 
degrade these contaminants directly via anaerobic 
reductive dechlorination or through anaerobic 
cometabolic pathways. Anaerobic reductive dechlori-
nation is a biological mechanism, typically marked by 
sequential removal of chlorine ions from a molecule. 
Microbes possessing this pathway gain energy from 
this process. In some situations, microorganisms 
fortuitously degrade contaminants, while gaining 
energy and carbon from other compounds 
(cometabolites). These organisms usually do not 
obtain any benefit from contaminant degradation, and 
the removal process is called cometabolism. An-
aerobic bioventing may involve both anaerobic 

reductive dechlorination and anaerobic cometab-
olism to destroy the contaminants of concern. 

Anaerobic bioventing uses the same type of gas 
delivery system as aerobic bioventing, but instead of 
injecting air, nitrogen and electron donors (e.g., 
hydrogen and carbon dioxide) are used. The nitrogen 
displaces the soil oxygen, and the electron donor gas 
facilitates microbial dechlorination. Volatile and 
semivolatile organic compounds may be produced 
during anaerobic bioventing that are not 
anaerobically degradable. Volatile compounds may 
be aerobically degraded in the soil surrounding the 
treatment zone. Semivolatile compounds may be 
treated by following anaerobic bioventing with aero-
bic bioventing. Since aerobic and anaerobic biovent-
ing share similar gas delivery systems, the switch 
can be made by simply changing the injected gas. 

Anaerobic bioventing is an emerging technology 
that may be useful in treating highly chlorinated 
compounds, such as PCE, TCE, pentachlorophenol 
(PCP), some polychlorinated biphenyls (PCBs), and 
pesticides, such as lindane and dichlorodiphenyl-
trichloroethane (DDT). Due to the limited experi-
ence with this technique, laboratory, pilot, and field 
demonstrations are recommended to apply this tech-
nology with confidence to remediate a site. 

Particular attention should be paid to the formation 
of degradation products and whether contaminants 
are converted to non-toxic compounds. For example, 
sites contaminated by PCE and TCE may not show 
complete dechlorination, rather dechlorination stalls 
at cis-1,2-dichloroethene (cis-DCE) or vinyl chloride 
(VC). Since VC is more toxic than the original 
contaminants, incomplete dechlorination would not 
be acceptable. The cis-DCE or VC stall may be due 
to the availability of an electron donor or the 
indigenous microbial community. If the electron 
donor is limited, additional donor should be added. 
If the indigenous culture is not able to completely 
dechlorinate the solvents, the site could be switched 
to another type of bioventing (e.g., cis-DCE is 
aerobically degradable through cometabolism, and 
VC is aerobically degradable). Laboratory testing 
can demonstrate whether complete dechlorination 
occurs at a site, provide information about suitable 
electron donors and the quantities required, estimate 
removal rates, and demonstrate whether hazardous 
byproducts are formed. 

18 



As with the other bioventing technologies, the ability 
to deliver gases to the subsurface is important. Soil 
with a high moisture content or low gas permeability 
may require careful design to deliver appropriate 
levels of nitrogen and electron donor. Sites with 
shallow contamination or nearby buildings are also a 
problem, since this technology is operated by 
injecting gases. In addition, anaerobic bioventing can 
take a few years to clean up a site depending on the 
contaminant concentrations and site-specific removal 
rates. If a quicker cleanup is needed, other tech-
nologies may be more appropriate. Finally, no 
rigorous cost models have been developed for 
anaerobic bioventing; however, the costs should be 
similar to aerobic bioventing with the following 
additional costs: laboratory treatability test and field 
testing; nitrogen and electron donor additions; and 
additional soil and gas analyses. 

Cometabolic Bioventing 

Cometabolic bioventing involves injecting air into the 
subsurface along with a suitable gaseous substrate to 
promote cometabolic reactions with the target 
compound. As with anaerobic cometabolism, some 
microorganisms fortuitously degrade contaminants 
while oxidizing other compounds (cometabolites) for 
energy and carbon. The organisms usually do not 
obtain any benefit from contaminant degradation. A 
suitable substrate should be determined in the 
laboratory but may include methane, ethane, propane, 
butane, and pentane. The delivery system is similar to 
other bioventing technologies and subject to many of 
the same limitations. Cometabolic bioventing is 
applicable to contaminants, such as TCE, trichloro-
ethane (TCA), ethylene dibromide, and dichloro-
ethene (DCE), that resist direct aerobic degradation. 
This technology is not applicable to PCE. 

The Bioremediation Consortium under the Reme-
diation Technology Development Forum (RTDF) 
conducted cometabolic bioventing demonstrations at 
Dover and Hill Air Force Bases (AFB). At Dover 
AFB, a field demonstration of cometabolic bio-
venting was done at Building 719. The site was 
contaminated with fuel and solvents during engine 
inspection and maintenance operations. The targeted 
contaminants of the demonstration were TCE, as high 
as 250 mg/kg; TCA, 10 to 1,000 mg/kg; and DCE, 1 
to 20 mg/kg. Laboratory tests were used to select 
propane as the cometabolic substrate and predict that 
a substrate acclimation period would be needed. The 
test plot was acclimated to propane addition through 

pulsed propane/air injections for three months, and 
then the test plot was operated for 14 months with 
continuous propane injection. Concentrations of 
TCE, TCA, and DCE were reduced to less than 0.25, 
0.5 and 0.25 mg/kg, respectively. Soil chloride 
accumulation confirmed biodegradation as the 
mechanism of removal  (U.S. EPA 2000). 

Because experience with cometabolic bioventing is 
limited, laboratory and pilot-scale studies are recom-
mended to evaluate effectiveness, select a cometab-
olite, identify needs for acclimation periods, design 
the system, and estimate treatment times. Opera-
tional costs should be similar to those of aerobic 
bioventing except for the addition of the substrate 
gas and additional monitoring of soil and soil gas. 
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3.2.2 Phytoremediation 

Phytoremediation uses plants to extract, degrade, 
contain, or immobilize contaminants in soil, ground-
water, and other contaminated media. The phytore-
mediation mechanisms used to treat contaminated 
soil in situ are phytoextraction, rhizodegradation, 
phytodegradation, phytovolatilization, and phyto-
stabilization. 

Phytoremediation is best used to treat large areas of 
shallow contamination. Because high levels of 
contaminants may be toxic to plants and inhibit their 
growth, phytoremediation is best applied to low and 
moderate levels of contamination, used in conjunc-
tion with other treatment methods, or used as a final 
polishing step in site remediation. 

The various mechanisms of phytoremediation can 
treat a wide range of contaminants, including metals, 
VOCs, PAHs, petroleum hydrocarbons, radio-
nuclides, and munitions, although not all mechan-
isms are applicable to all contaminants. Phyto-
remediation may take longer than other technologies 
to treat a site, but it has the potential to be less 
expensive than excavating and treating large 
volumes of soil ex situ. 

There are a number of limitations to the technology 
that must be considered before it can be imple-
mented at a site. The depth of the contamination 
requiring treatment must be within the range of 
depth of plant root growth; thus, treatment of 
contaminated soil typically focuses on the upper 8 
to 10 inches of the soil horizon, although the roots of 
hybrid poplar trees, a species commonly used in 
phytoremediation, can grow to depths of about 15 
feet. Contaminants must be in contact with the root 
zone to be treated; therefore, a denser root mass is 
preferred to help contact more of the contamination. 
Because treatment depends on this contact with the 
root zone, phytoremediation is limited by the rate of 
root growth. Slower growth rates increase the time 
required to treat a site, and winter months may shut 
down the treatment system completely while plants 
are dormant. 

Another limitation of phytoremediation is possible 
bioconcentration of contaminants up the food chain. 
Several phytoremediation mechanisms work by 
incorporating the contaminant into the plant or 
holding it within the root zone. The contaminated 
vegetation and root zone may impact plant-eating 
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animals and soil organisms. This is particularly a 
concern with metals and radionuclide contamination 
that accumulate in plants and the root zone. Most 
plants do not accumulate significant levels of organic 
contaminants  (U.S. EPA 2000);  thus, bioconcen-
tration is of less concern. The potential for plant-
eating animals to be exposed is greatest when these 
contaminants accumulate in fruits, seeds, and leaves, 
so monitoring the fate of contaminants within the 
plants is important. To avoid bioconcentration in the 
food chain, contaminated plants can be harvested for 
disposal, destruction, or the extraction of metals for 
reuse (“phytomining”). In these cases, perimeter 
fencing and overhead netting can be installed to 
prevent animals from consuming contaminated plant 
matter. 

Finally, it is important to ensure that unwanted 
transfer of contaminants from soil to other media, 
such as the volatilization of organic compounds to the 
atmosphere through plant uptake and transpiration, 
does not occur or that the transfer results in the 
destruction of the contaminants. Evaluating the 
limitations of phytoremediation in its various appli-
cations, as well as assessing its potential effectiveness 
at contaminated sites, can be done in laboratory and 
field studies prior to implementation. Samples of site 
soil containing the target contaminants in a range of 
concentrations should be tested using the specific 
plants under consideration. Ultimately, sites under-
going phytoremediation must be monitored to assess 
the fate of contaminants. 

In general, phytoremediation has been implemented 
at a number of sites at full-scale (U.S. EPA 2006). 
Also, a wide range of site conditions, plants, and 
contaminants have been studied under laboratory or 
field testing. As of this publication, phytoemediation 
technologies have been selected 18 times by the 
Superfund program. 

Phytoextraction 

Phytoextraction involves the uptake of contaminants 
by plant roots, with subsequent accumulation in plant 
tissue, which may require that the plant be harvested 
and properly disposed of. This mechanism is typically 
used to treat inorganic contaminants, such as metals, 
metalloids, and radionuclides. Organic contaminants 
are more likely to be transformed, rather than 
accumulated, within the plant tissue. Successful field 
applications of phytoextraction to up take metals have 

been limited; however, there is some promising 
research for using phytoextraction on mercury and 
persistent organic pollutants. 

Plants used in phytoextraction include Indian 
mustard, pennycress, and alyssum sunflowers. They 
are typically effective only in the top one foot of soil 
because of their shallow root systems and generally 
slow growth. Ba iiuelos et al.  (2005)  has shown that 
Indian mustard can be genetically modified to grow 
in contaminated soil with greater biomass to hyper-
accumulate selenium in a shorter time than un-
modified Indian mustard. In other genetic research, 
Meagher  (undated)  is modifying various plant 
species to survive in mercury-contaminated soil and 
to transform organic mercury into ionic and/or 
metallic mercury. The mercury is either sequestered 
in the plant or transpired. 

Persistent organic pollutants, many of which are 
pesticides, resist biodegradation and may remain in 
the environment for decades. White  (2001)  and 
Mattina  (2000)  have shown that a number of plants 
are capable of extracting chemicals, such as 
chlordane and 2,2-bis(p-chlorophenyl) 1, 1 -dichloro-
ethene (p.p’-DDE), and storing them in their roots, 
leaves, and fruits. 

Rhizo deg radatio n 

Rhizodegradation is essentially “plant-assisted bio-
remediation” in that the root zone enhances micro-
bial activity, thus increasing the breakdown of 
organic contaminants (such as petroleum hydro-
carbons, PAHs, pesticides, BTEX, chlorinated sol-
vents, PCP, PCBs, and surfactants) in the soil. The 
term comes from “rhizosphere,” which is the zone of 
soil influenced by plant roots. This zone extends 
only about 1 mm from each root. 

The presence of plant roots increases soil aeration 
and moderates soil moisture, making conditions 
more favorable to bioremediation. Bioremediation is 
enhanced by the production of root exudates, such as 
sugars, amino acids, and other compounds, that can 
stimulate the population growth and activity of 
native microbes. Root exudates may also serve as 
food for the microbes, which can result in cometa-
bolism of contaminants as degradation of exudates 
occurs. Because the microbes consume nutrients, the 
plants in a rhizodegradation plot often require 
additional fertilization. 
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The advantage of rhizodegradation is the actual 
breakdown of contaminants, rather than their trans-
location; thus, harvesting is not necessary. In some 
instances, complete mineralization of the contam-
inant can occur. Success, however, is site-specific, 
and laboratory microcosms may not reflect the 
microbial conditions encountered in the field. 
Petroleum hydrocarbons have been shown to be 
successfully degraded in the rhizosphere; however, 
degradation of aged hydrocarbons has been 
demonstrated to be more problematic. 

Phyto deg radatio n 

Like phytoextraction, phytodegradation involves the 
uptake of contaminants; however, the contaminants 
are subsequently broken down through metabolic 
processes within the plant. Phytodegradation also 
comprises the breakdown of contaminants in the soil 
through the effects of enzymes and other compounds 
produced by the plant tissues (other than the roots). 

Phytodegradation is applicable to organic contam-
inants. Their uptake is affected by their hydro-
phobicity, solubility, and polarity. Moderately 
hydrophobic and polar compounds are more likely to 
be taken up after sorbing to plant roots  (Schnoor et al. 
1995  and  Bell 1992).  Contaminants with the potential 
for phytodegradation include chlorinated solvents, 
herbicides, insecticides, PCP, PCBs, and munitions. 

Phyto volatili.Zatio n 

Phytovolatilization is the uptake of a contaminant 
into a plant and its subsequent transpiration to the 
atmosphere, or the transformation or phytodegra-
dation of the contaminant with subsequent trans-
piration of the transformation or degradation pro-
duct(s) to the atmosphere. Phytovolatilization is more 
commonly applied to groundwater, but can also be 
applied to soluble soil contaminants. 

Phytovolatilization involving transformation or 
degradation of the contaminant has the advantage of 
potentially creating a less toxic product that is 
transpired; however, this also poses a potential 
drawback in that degradation of some contaminants, 
like TCE, may produce even more toxic products 
(e.g., vinyl chloride). This possibility has to be asses-
sed on a site-specific basis, and measurement of 
transpired compounds can be difficult. Once in the 
atmosphere, these products may be more effectively 
degraded by sunlight (photodegradation) than they 
would be by the plant (phytodegradation). 

Both organic and inorganic contaminants have been 
treated by phytovolatilization. Inorganic contam-
inants include selenium, mercury, and arsenic; how-
ever, simply volatilizing a contaminant may not be 
an acceptable alternative. 

Phy to s ta b ili.Za tio n 

Phytostabilization is a mechanism that immobilizes 
contaminants—mainly metals—within the root zone, 
limiting their migration. The contaminants are 
immobilized by adsorption of metals to plant roots, 
precipitation of metal ions (e.g., due to a change in 
pH), formation of metal complexes, or a change to a 
less toxic redox state. Phytostabilization can occur 
when plants alter the chemical and microbial 
makeup of the soil (e.g., through the production of 
exudates or carbon dioxide), which affects the fate 
and transport of the soil metals. Phytostabilization 
also encompasses the use of plants to prevent 
migration of soil contaminants with wind and water 
erosion, leaching, and soil dispersion. 

Since contaminants are retained in the soil, phyto-
stabilization does not require the harvesting and 
disposal of plants. A phytostabilization system must 
be evaluated, however, to ensure that translocation 
of contaminants into the plant tissue is not 
occurring. Since contaminants remain in the root 
zone, the health of the plants must be maintained to 
prevent future release of contaminants when the 
plants die or are inadvertently destroyed. Mainte-
nance may include the addition of fertilizers or soil 
amendments. 
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3.2.3 Monitored Natural Attenuation 

Monitored natural attenuation (MNA) encompasses 
the dilution, dispersion, chemical and biological 
degradation, sorption/precipitation, and/or radio-
active decay of contaminants in soil and 
groundwater  (U.S. EPA 1999).  It has been applied 
mainly to groundwater contamination, but the same 
principles apply to soil. Because MNA is a passive 
process in which the reduction in contaminant 
concentration is due solely to natural mechanisms, 
continuous sources of significant contamination 
should be addressed before implementing MNA. If 
MNA is implemented, reaching remediation goals 
may take longer than other remedies. 

Site contaminants most amenable to MNA include 
petroleum hydrocarbons, low-molecular weight 
alcohols, ketones, esters, ethers, and iron and man-
ganese. Under a narrow range of conditions, MNA 
may be applicable to halogenated solvents, lightly 
halogenated aromatics, polychlorinated biphenyls, 
nitroaromatics, some pesticides, and chromium, cop-
per, cadmium, lead, zinc, and nickel  (NRC 2000). 

A full characterization of subsurface conditions at 
the site, including a delineation of the extent of 
contamination and the development of a site 
conceptual model, are necessary before MNA can be 
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considered. As part of the characterization, the 
microbial species present (more important for 
chlorinated compounds), redox potential, pH 
conditions, mineralogy, and geochemistry should be 
evaluated. If the evaluation concludes that the 
conditions may exist to support natural attenuation, 
the next step is to determine if it is occurring. This is 
accomplished by looking at such parameters as 
microbial respiration products, chemical reaction 
products, prevalent metal species, degradation pro-
ducts, and declining concentrations of target com-
pounds/species over time. For a more complete list 
and discussion, see Kram and Goetz 1999. If a large 
amount of historical data is not available to confirm 
that the contaminant mass is stabilized or contracting, 
it probably will be necessary to model the fate and 
transport of the contaminants to show that migration 
is unlikely to occur. 

Performance monitoring is an integral part of any 
MNA effort (Pope et al.  2004  and Wiedemeier, 
Lucas, and Haas  2000).  The monitoring system 
should be tailored to site conditions to enable 
detection of any changes in the assumptions used to 
select MNA. Key parameters, such as degradation 
products or an increase in target metal concentration 
that would indicate mobilization, should be chosen 
along with an appropriate frequency. The frequency 
of sample collection is related to the uncertainties 
inherent in the site conceptual model and the conse-
quences of failure. As a precaution, a preapproved 
site remedial contingency plan should be created that 
can be implemented if monitoring indicates MNA is 
not meeting the project’s performance goals. 

The Naval Facilities Engineering Command provides 
an estimate for implementing MNA of between 
$50,000 and $200,000 per acre. This cost does not 
include site characterization, which may be higher 
than that for a site not being considered for MNA. 
These cost estimates were developed for a 
groundwater scenario. 
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3.3 Thermal Treatment Technologies 

Five technologies are grouped under the in situ 
thermal treatment classification: electrical resistance 
heating, steam injection and extraction, conductive 
heating, radio-frequency heating, and vitrification. 
With the exception of vitrification, all of these 
treatment technologies rely on the addition of heat to 
the soil to increase the removal efficiency of volatile 
and semivolatile contaminants. Vapor extraction is an 
integral part of these remediation systems to ensure 
the removal and treatment of mobilized contaminants. 
Liquid extraction is also used during steam injection, 
and sometimes with other thermal technologies when 
groundwater flow rates are high and/or when the 
contaminant being recovered is semivolatile. 

In situ vitrification is unique among the thermal 
technologies in that the temperatures used will vitrify 
soil. The stable glass that is formed by vitrification 
will immobilize any nonvolatile contaminants that are 
present, including metals and radioactive materials. 

Davis  (1997)  provides a general discussion of the 
effects of heat on chemical and physical properties of 

organic contaminants. Vaporization is the main 
mechanism used in these technologies to enhance 
the recovery of VOCs. Vapor pressures of organic 
compounds increase exponentially with temperature, 
causing significant redistribution to the vapor phase 
as the subsurface is heated. When a NAPL is 
present, the combined vapor pressure of the NAPL 
and water determine the boiling temperature, and 
co-boiling of the two liquids occurs at temperatures 
less than the boiling point of water. Thus, by raising 
the temperature of the subsurface above the 
co-boiling temperature, NAPL can be removed. 
Continued heating of the subsurface recovers 
contaminants from the dissolved and adsorbed 
phases as well. 

Increasing the temperature also decreases viscosity, 
increases solubility, and decreases adsorption, all of 
which aid in the recovery of VOCs and SVOCs. For 
some SVOC NAPLs, such as creosote, viscosity 
reduction may be an important mechanism for 
increased contaminant recovery  (Davis 1997). 
Hydrolysis may play a role in the destruction of 
some contaminants (e.g., chlorinated methanes and 
ethanes) as the soil temperature approaches 100

o
C; 

however, the breakdown products may be more 
recalcitrant than the original contaminants 
(Washington 1995). 

Care should be taken in designing the systems to 
ensure that all plumbing, including monitoring 
wells, are capable of withstanding high heat. In the 
presence of clay, vadose zone heating by resistivity, 
conductance, or radio frequency may result in some 
settlement of the treatment area due to the drying of 
the clay. 
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