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INTRODUCTION
The remediation of organic chemicals in the vadose zone has been
blessed by remarkable success, but it has also been cursed by challenges
to even our most advanced capabilities. This spectrum of outcomes to
the remedial process is a result of the diversity of conditions encountered at contaminated sites. Organic chemicals are rarely stored or intentionally placed beneath the water table, so the source of most organic
contamination is at the ground surface or in the shallow vadose zone. As
a result, nearly all sites containing organic contaminants have at least
some problems in the vadose zone, and commonly the greatest concentrations of contaminants occur in the vadose zone near the source.
The large number of sites requiring vadose zone remediation presents
a broad range of conditions and circumstances, including factors related
to geologic conditions, properties of the contaminants, and the ability to
access the subsurface. All are critical to the performance of the remedial
technique, and currently no single technique addresses all the factors
found at contaminated sites. Instead, an array of techniques has been
developed, some to target widespread problems and others to address
the more difficult niches.
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The development of soil vapor extraction (SVE) in the mid-to-late
1980s provided a method that can significantly reduce the mass of
volatile compounds at sites underlain by relatively dry, sandy sediments,
in areas readily accessed by conventional drilling. A significant number
of sites meet those criteria, and SVE has been used to close many of
them. SVE is widely available and, along with several companion
techniques, it forms the backbone of our organic chemical remediation
capabilities.
A variety of conditions impede SVE performance. Organic contaminants may partition into the vapor phase only sparingly, or the underlying material may be tight or marked by significant heterogeneities, or
the contaminated region may be beyond the influence of conventional
wells. These factors reduce the effectiveness of SVE, delaying the completion of remediation and increasing costs.
Performance improvement and cost reduction motivated the development of at least a dozen other technologies for remediating organic
chemicals in the vadose zone. Each of these innovative technologies
either stretches the limitations caused by geology, contaminant properties, or access, or reduces the equipment and operating costs of conventional SVE. Some are designed to improve SVE performance itself, for
example, by heating the ground to accelerate the contaminant evaporation and increase the recovery rate. Others draw on different physical or
chemical processes for remediation.
Contaminant recovery is by no means the only remediation method
for the vadose zone. Bioremediation of hydrocarbons has been widespread and successful in many vadose settings. Other possibilities
include chemically altering contaminants to benign compounds, or
injecting chemicals to markedly reduce the mobility of contaminants
and limit their ability to migrate to potential receptors. At some sites,
naturally occurring processes may reduce the concentrations of contaminants so that subsurface monitoring is sufficient to ensure remediation.
The purpose of this chapter is to identify the current state of our capability to remediate organic chemicals in the vadose zone. The first part
of the chapter describes the remedial technologies that are currently
available. The second part of the chapter compares the performance of
these technologies under a variety of conditions at contaminated sites.
Most of the remediation methods considered here fall unambiguously
into one of four major classes of remedial methods: recovery, destruc-
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tion, immobilization, and natural processes, and the chapter is organized
around these classes. However, a few of the technologies are capable of
more than one type of action; for example, heating the subsurface will
improve recovery but it can also destroy some contaminants by oxidization or pyrolysis.
All of the technologies described in the following pages have
advanced through the development process and are now offered as a
service by private companies. Some are widely available, while other
methods are more specialized. A variety of other methods currently
show promise in the laboratory, and it is expected that they will soon be
added to the list of commercially available techniques.
REMEDIATION TECHNOLOGIES

CONVENTIONAL VAPOR EXTRACTION*
Soil vapor extraction (SVE) is the benchmark process for remediation
in the vadose zone. Its widespread application since it was developed in
the 1980s is probably responsible for cleaning up more sites than any
other in situ remedial method. SVE is achieved by inducing air flow
through the contaminated zone (Figure 7-1) to extract the contaminantladen vapors and promote vaporization/volatilization and subsequent
removal of liquid, dissolved, and sorbed contaminants. The pore-scale
situation depicted in Figure 7-1 can occur wherever air flow can be
maintained in the subsurface. Subsurface air flow is induced in a manner analogous to pumping groundwater: vacuum blowers attached to
SVE vents serve the same purpose as pumps in water wells and reduce
pressures in extraction vents. SVE extraction vents resemble water wells
completed in the vadose zone. Air flows downward from the ground surface towards the lower pressure in the extraction vents. Subsurface flow
could likewise be induced by injecting air under pressures greater than
atmospheric, but applying negative pressures (suction) allows the contaminated vapors to be captured and treated.
The subsurface flow of gases can be analyzed using a continuity
equation with Darcy’s law to relate volumetric flux to potential gradient,

*This section was contributed by J.S. Gierke.
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Figure 7-1. Grain-scale view of soil vapor extraction process: fresh air drawn into
contaminated zone under induced vacuum displaces soil gas previously
equilibrated with the contaminant, causing vaporization/volatilization of
liquid, dissolved, and sorbed contaminants, potentially until chemical
equilibrium is achieved. The soil gas becomes progressively more
contaminated and eventually is extracted and treated.

and the ideal gas law to describe the equation of state (see Chapters 1,
3, and 5; Jordan et al. 1995). Because gas density is small, the gravitational component of the fluid potential is typically ignored and flow is
induced primarily by pressure gradients. Analytical solutions exist for
idealized flow conditions (such as homogeneous, steady-state, and
axisymmetric) in either one- or two-dimensional configurations (Johnson et al. 1990a; Shan et al. 1992; Falta 1996). Numerical models
account for non-ideal flow geometries and heterogeneities. By ignoring
compositional effects on gas density and viscosity, and linearizing the
gas flow equation, groundwater flow models can be used to simulate air
flow induced by SVE (Baehr and Joss 1995).
The SVE contaminant removal process can be analyzed using a continuity equation approach with phase-partitioning (Henry’s law for airwater, Raoult’s law for NAPL-air and NAPL-water, and linear sorption)
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between the organic, aqueous, gaseous, and sorbed phases (see Chapters
1 and 5; Baehr and Hoag 1988). Nonequilibrium mass transfer is important for chemical removal at a range of scales (Hiller and Gudemann
1989; Brusseau 1991; Gierke et al. 1992; Armstrong et al. 1994). Different stages of the removal process are characterized according to the
dominant mechanisms: initially, removal is dominated by advection,
which later transitions to diffusion-dominant (nonequilibrium) removal
(Jordan et al. 1995). The advection-dominant phase is shorter as the
degree of heterogeneity (in either the contaminant distribution or soil
permeability) increases.
The effectiveness of SVE in removal of vadose zone contamination is
due to the volatility of the contaminants, and the gas permeability of the
contaminated soil. SVE also enhances in situ biodegradation of many
organic contaminants, especially petroleum hydrocarbons. Biodegradation associated with induced air flow (bioventing) is discussed in more
detail later.
Contaminant Volatility
The property of volatility is characterized by the pure vapor pressure
of a contaminant present as a nonaqueous phase liquid (NAPL), or by
the Henry’s constant if it is present only in dissolved and sorbed phases.
Vapor pressure can be translated in terms of the carrying capacity of the
gas phase of the contaminant. For example, a compound with a vapor
pressure of 0.1-mm Hg at 25°C can achieve a vapor concentration up to
5.4 micromoles per liter of air, corresponding to the minimum vapor
pressure for which SVE is practical (Hutzler et al. 1989). However, this
lower limit of vapor pressure may be optimistic because the maximum
concentration is rarely reached in field applications for reasons
described below.
When contamination is present as a NAPL mixture, the capacity of
the vapor phase for each contaminant is reduced to an amount directly
proportional to its mole fraction in the NAPL phase (Chapter 1). Johnson et al. (1990a) discuss applications of Raoult’s law to SVE performance. The contaminant removal observed by monitoring the SVE offgas
may appear similar to the hypothetical curve shown in Figure 7-2.
The volatilization of a compound from the aqueous phase is primarily a function of its Henry’s constant, which depends on the compound
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Figure 2. Characteristic offgas concentrations observed during SVE in conventional
configurations in permeable soils with NAPL contamination. Adapted from
Hiller and Gudemann (1989) and Johnson et al. (1990a).

vapor pressure and aqueous solubility. In general, compounds with what
is considered sufficiently high vapor pressure usually also have a high
enough Henry’s constant for SVE to be effective, that is, greater than 1
L atm/mole. (Jordan et al. 1995). Notable exceptions are miscible
organic compounds, such as many alcohols, phenol, and acetone, all of
which have high vapor pressures (greater than 80 mm Hg) but low
Henry’s constants (less than 0.04 L atm/mole) due to their high solubility in water.
Mixtures of dissolved contaminants increase, slightly, the volatility of
most of the individual constituents, as their solubilities often decrease in
the presence of other compounds. This effect is minimal and exceptions
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exist when substances (such as surfactants or cosolvents) are present
that increase solubility.
Contamination is always present in a heterogeneous distribution.
Moreover, air flow follows the paths of least resistance (such as the
shortest distance or highest permeability). Therefore, not all of the
induced air flow will contact contamination. This bypassing of the contamination leads to offgas concentrations that are lower than the ideal
concentration based on equilibrium calculations as illustrated in Figure
7-2. Grain-scale mass transfer processes also cause concentrations to be
lower than equilibrium values. Both causes will result in abrupt
increases in offgas concentrations when SVE flow is interrupted. From
a practical view, differentiation between causes of nonequilibrium is
unnecessary, but it remains an area of active research for development
and testing of mathematical models for SVE performance prediction.
Permeability
Permeability is the key factor determining whether a sufficient vapor
flow for practical achievement of cleanup goals can be achieved. In SVE
operations, soil permeability is the ability of air to flow through the
vadose zone. Gas density and viscosity also affect gas flow, but to a
much lesser extent for typical SVE applications (Johnson et al. 1990a;
Falta et al. 1989). Gas permeabilities are a complex function of gasfilled porosity and pore size distribution. The gas permeability is the
product of the intrinsic permeability, k, and the gas phase relative permeability, krg. In the vast majority of SVE projects, gas permeabilities
are estimated in situ by applying suction to a venting well, much like
aquifer permeabilities use pumping tests.
The minimum level of soil-gas permeability at which SVE is practical is difficult to establish because it depends on the extent of contamination and the degree of anisotropy and heterogeneity of the soils,
among other factors. Shallow contaminated zones of limited areal extent
can be treated more efficiently than large zones of contamination. A
highly heterogeneous soil may have a high permeability measured in a
pilot test, but most of the flow is concentrated in localized, highpermeability layers, and flow through the lower permeability matrix
blocks is negligible. In this case, remediation is limited by the rate of
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diffusion from the low permeability zones and may be quite slow,
despite the high bulk permeability.
Implementation
SVE is considered a presumptive remedy for volatile organic chemical (VOC) contamination in the vadose zone, where the flow of air can
be induced at a rate sufficient to flush the gas-filled porosity in the treatment zone on, at most, a daily basis. This qualitative criterion is consistent with the limited performance data available to date. For example,
based on the projects listed in Table 7-1, several hundred to hundreds of
thousands of gas pore volume flushes are required to reduce contamination levels to meet risk-reduction objectives. Quantitative guidance is
not yet readily available because of a lack of predictive tools. Nevertheless, despite the lack of rigorously based approaches, design and operation of SVE has been successful at many sites (Table 7-1).
Table 7-1 lists a range of SVE applications that have been implemented for various site and contaminant conditions. The volume of
treated soil at SVE sites ranges from 650 cubic yards to more than
200,000 cubic yards. Chlorinated solvents and/or fuel contaminants are
the most common problem, and concentrations range from low values,
where probably only dissolved and sorbed phases were present, to sites
where substantial NAPL contamination was present (upwards of 40
pounds of contaminants per cubic yard of soil). Reported costs vary
from a few dollars per cubic yard at large sites with low levels of contamination, to more than a thousand dollars per cubic yard at sites with
severe geological limitations and heavy contamination. Moreover, some
of the projects were completed while others are works in progress. The
information in these reports is useful for compiling evidence of the feasibility of SVE for many sites.
Historical Development
SVE was developed in the early 1980s. Identifying the “first” application is controversial and was the subject of at least one patent suit in
the mid-1980s. The rapid acceptance of SVE as a soil treatment technology was due in part to the relative simplicity of the governing principles (as outlined above), the early development of straightforward

TABLE 7-1

Summary of SVE performance at field sites in the U.S. from USEPA (1996 and 1998).
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Summary of SVE performance at field sites in the U.S. from USEPA (1996 and 1998) (continued).
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design guidance (Johnson et al. 1990b; U.S. EPA 1991; Michaelson
1993), and the standardization of equipment and materials (Hutzler et al.
1989).
SVE gained acceptance more rapidly than any other innovative treatment technology (Gierke and Powers 1997). Two factors contribute to
the continued popularity of SVE: its successful remediation of many
sites where effective flows are established (see more in the “Status” section below, and in U.S. EPA 1995 & 1998), and its effectiveness in
reducing health risks to an acceptable level, so that treatment is no
longer necessary. Demonstrations of complete removal of contaminants
are few.
The basic design, installation, and operational practices have not
changed substantially since those described by Johnson et al. (1990b),
U.S. EPA (1991), Michaelson (1993), and, more recently, in a comprehensive text by Holbrook et al. (1998). Design refinements and new
developments focus on improvements in offgas treatment, blower performance and durability, and efficiency of screens. Predictive tools for
forecasting SVE performance and optimizing system design have been
developed but are not yet fully proven (Jordan et al. 1995).
Design Considerations
The basic design considerations for SVE are the number and placement of extraction vents, selection of blower(s) to achieve desired flow
rates, and selection of the offgas treatment system (Figure 7-3). When
suction is applied using a blower, air flows from the ground surface,
through the contaminated zone, and to extraction vents. An impermeable
barrier at the ground surface may impede the flow of atmospheric air
and is sometimes used to affect air flow pattern to vents. Where the
treatment area is covered or where heterogeneities/anisotropic conditions exist that limit vertical air movement, subsurface flows can be
modified by either allowing air to flow into inlet vents (vents open to the
atmosphere) or by injecting air or treated offgas into vents. Sparge wells,
which inject air below the water table, are also sometimes used in SVE.
Inlet vents are usually sufficient to prevent stagnant zones and encourage flow deep into heterogeneous/anisotropic soils. Air injection can
cause contaminant vapors to move away from the treatment zone. It is
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Figure 7-3. Conventional SVE configurations for removal of volatile contaminants
from the vadose zone shown for a leaky underground storage tank (LUST)
situation.

common to configure extraction vents so they can operate as either
extraction or inlet vents.
Vents

Most SVE vents utilize water-well screens and casing that are
installed vertically in the vadose zone, much like water wells in aquifers.
Preferably, the screen on the vent is located below the contaminated
zone (U.S. EPA 1991; Shan et al. 1992). In shallow settings (less than
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4-m deep), installation of horizontal vents to obtain more efficient vapor
flow is feasible and sometimes more practical (U.S. EPA 1991; Aiken
1992).
The number of vents is usually determined by the size of the contaminated area and the radius of influence (ROI) of the extraction vents.
Vents are situated so that their ROI overlap and encompass the contaminated area (Johnson et al. 1990b and U.S. EPA 1991). This oversimplified approach is increasingly recognized as inappropriate because it
ignores gas residence times (flushing rates) and hence the contaminant
removal rates. A more appropriate approach is to define the treatment
zone around an extraction vent based on a desired flushing rate, which
can be determined for homogeneous conditions using analytical
approaches (Shan et al. 1992) or for more general conditions using
numerical models (Jordan et al. 1995). In either case, induced subsurface air flow is affected by heterogeneities, and rarely will actual flow
patterns follow idealized predictions. Site capping, proper vent installation, and inlet/injection venting are useful methods for flow pattern
control.
Vertical vent installations are predominantly completed in unconsolidated deposits using hollow-stem augers and either pea-gravel or
coarse-sand filterpacks, as depicted in Figure 7-4a. Proper grouting near
the ground surface is necessary to minimize “short-circuiting” of air
through the filterpack. Direct-push technologies can be used to install
vents in high-permeability, coarse-grained soils, but precautions need to
be taken to ensure that screens do not become plugged with fine-grained
sediments. There are no development methods to flush well screens in
the unsaturated zone like those for wells in the saturated zone. Also,
short-circuiting is likely when the top of the screen is near the ground
surface. Horizontal vents can be installed in a back-filled trench as
shown in Figure 7-4b, or with directional-drilling techniques. Directional-drilling installations are susceptible to screen-plugging unless
precautions are taken to minimize screen contact with fines, or clog
removal procedures are performed. Stainless steel wire-wrap screens are
least susceptible to chemical attack and are more pneumatically efficient
than slotted screens. High-density polyethylene and polyvinyl chloride
slotted screens are more economical than stainless steel and are chemically resistant to petroleum hydrocarbons and chlorinated organics when
concentrations are low. Steel and polyvinyl chloride are the two most
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(a)
Casing (steel or PVC)
Grout
(bentonite/cement mixture)
Filter pack
(gravel or coarse-sand)
Screen
(slotted PVC or wire-wrap)
Water table
(b)
Casing (steel or PVC)
Grout
(bentonite/cement mixture)
Filter pack
(gravel or coarse-sand)
Screen
(slotted PVC or wire-wrap)
Water table

Figure 7-4. Vent configurations in Unconsolidated Deposits: (a) vertical and
(b) horizontal trench.

common materials for vent casing and above-ground plumbing. Nominal diameters for screens, casing, and piping are usually between ¾ and
4 inches.
The above-ground plumbing should include valves and ports to allow
flexibility in flow configurations, flow metering (rates and pressures),
and ports for concentration monitoring to optimize system performance.

CHAPTER 7 – REMEDIATION OF ORGANIC CHEMICALS IN THE VADOSE ZONE

Because there is no readily available design guidance for the aboveground plumbing specific for SVE, refer to a fluid mechanics handbook
that includes gas flows. Pressure losses in the piping and fittings can be
significant and should be considered (Peramaki 1993).
Blower Selection

Blower selection is critical to power requirement minimization. In
permeable soils, dynamic-displacement blowers typically are used to
induce gas flow. Positive-displacement blowers, usually rotary-lobe,
are used where the soil permeability is low. Dynamic-displacement
blowers can provide high flows at low suctions, but blower performance diminishes rapidly as suction increases. Positive-displacement
blowers operate at a constant flow rate over a wider range of suction,
but their maximum flow rate is less than that of dynamic-displacement
blowers.
In order to determine blower size for a full-scale operation, a pilot
test measures in situ gas permeabilities. It is common to rent a blower
for the pilot test and size the blower(s) that will be required for the fullscale remediation based on the pilot performance measurements (flows
and vacuums), adjusted for the full-scale plumbing configurations. At
sites where the soils are highly heterogeneous, such as glacial deposits,
several pilot tests in different locations are performed to ensure that the
desired flows can be achieved across the entire treatment area.
Thermally protected, intrinsically safe, explosion-proof equipment
should be used. Blowers should not be throttled to control flow rates
but rather plumbed to bleed in air from above-ground; however, this
condition can be avoided altogether by properly selecting a blower to
minimize power usage. Blowers must be protected from dust by filters
and from liquid droplets by moisture separators or knockout drums, as
illustrated in Figure 7-3. Systems are configured with a float switch to
shut down the blower so that the moisture separator can be drained
when it fills with water. The blower, moisture separator, and associated
electrical controls are purchased as a complete system and configured
to the site requirements. Three-phase 230/460-voltage blower motors
are the most efficient and should be used if the appropriate electrical
service is available.
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Offgas Treatment

The offgas treatment system can be the most expensive part of the
remediation system. Granular activated carbon has the lowest capital
cost, but it can be rapidly saturated, and is a poor choice where chemicals are recovered at high concentrations. Combustion and thermal/catalytic oxidation units are more expensive to purchase than granular,
activated carbon but are cheaper to operate when offgas concentrations
are high and if the contaminants are combustible and/or can be oxidized.
Offgas treatment units/systems can be rented and some vendors provide
pilot-scale units to be tried during permeability tests. Pilot tests tend to
over-predict contaminant removal rates. Therefore offgas treatment
should be considered over the long term by providing for flexibility to
either adjust operating conditions when concentrations diminish or to
switch to other treatment options.
Costs
Extraction vent installation and the purchase of an offgas treatment
system and blower(s) comprise the majority of capital costs. Operating
and maintenance (O&M) costs include the costs of supplying power for
the blower(s) and for operation of the offgas treatment system (such
costs include fuel replenishment, replacement/regeneration of carbon,
etc.). Initial site characterization, performance assessment, and monitoring costs are often close to the costs of remediation alone.
Augmenting Technologies

Conventional SVE performs well at sites where the contaminants are
relatively volatile and soils are relatively permeable to air. Augmenting
technologies can be implemented to enhance both volatility and permeability at sites where these factors are limiting. There are four important
methods for increasing the volatility of contaminants by heating soils:
thermal conduction, radio-frequency, 6-phase joule, and steam injection;
these technologies are described in the following pages. Soils also are
heated by injecting hot air into vents, and this simple augmentation
increases SVE performance. Hot air injection is a straightforward
modification of conventional SVE and it is not described as a separate
technology .
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SVE usually performs poorly in low-permeability soils, especially
those containing clays, because air flow rates are too slow to flush out
contaminants. Rock and soil formations can be fractured to enhance
their permeability. Pneumatic fracturing increases SVE performance in
glacial drift as well as fractured shale (Murdoch et al. 1994; Frank and
Barkley 1995), and hydraulic fracturing also enhances SVE in a variety
of low-permeability formations (Murdoch et al. 1994). The efficacy of
fractured systems for long-term complete cleanup is unknown because
diffusion of contaminants from the unfractured matrix to the fractures
may require a longer time than is known (Grathwohl 1998).
Deep soil mixing disrupts the soil fabric with a large auger, markedly
increasing air flow rates within the mixed volume. Hot air or steam also
can be injected to increase the volatility of contaminants, further
increasing SVE recovery (Siegrist et al. 1995).
Large-scale, small-pressure disturbances associated with weather
systems can cause gas flow into and out of the subsurface; this process
is called “barometric pumping.” Barometric pumping is used as a longterm, low-operating-cost form of SVE for slow removal of diffusionlimited contamination through a combination of volatilization and
enhanced bioremediation.
Monitoring
SVE is monitored in situ by measuring pressures, obtaining gas samples from vents, or obtaining soil samples at various times during the
project. It is monitored aboveground by measuring pressures, flow rates,
and compositions of gases at the access ports in the process equipment.
The variables typically monitored during SVE operation are listed in
Table 7-2, but some of these variables are not necessarily representative
of subsurface conditions. For example, subsurface gas pressures are
needed during pilot tests for determining gas permeabilities; however,
during full-scale operation they are not necessarily indicative of subsurface gas velocities, nor even useful for identifying areas where flow is
occurring, because suction can be observed at vents even where the air
is stagnant. A more effective measure of vent influence is change in concentrations of contaminants, oxygen, or tracers in soil gas.
Concentrations of contaminants are difficult to measure at sites where
contaminants are present as mixtures. Typically, several constituents are
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TABLE 7-2

Variables monitored during SVE design activities and operation.

Property

Measurement
Location

Data Purpose

Operational
Phase

Gas Pressure

In situ at vents

Establish radius of influence

Pilot test(s)

Determine subsurface pressure
gradients and flow directions

Pilot test(s)
& Full-scale operation

Quantify gas permeabilities

Pilot test(s)

Size blower(s)

Pilot test(s)

Ensure operation consistent
with blower capabilities

Full-scale
operation

Control system flow

Full-scale operation

Determine air permeability and
blower performance required

Pilot test(s)

Quantify contaminant mass
removal

Pilot test(s)
& Full-scale operation

Above-ground piping

Gas Flows

Vapor
Concentrations
(total &
contaminants
of concern)

Vent(s)

In situ at vents

Measure performance

Full-scale operation

Above-ground piping

Measure performance

Pilot test(s)
& Full-scale operation

Offgas treatment
discharge

Measure offgas treatment
system performance &
Discharge safety and permit
compliance

Full-scale operation

Soil
Concentration
(total and
contaminants
of concern)

Soil Samples

Delineate contaminated area
Pre-treatment
Establish treatment performance characterization
and compliance

Temperature

Flow meters

Calculation of gas flow rates
and concentrations
corresponding to operating
conditions

Pilot test(s)
& Full-scale operation

Soil moisture

Soil samples

Establish initial conditions

Vent installation

CHAPTER 7 – REMEDIATION OF ORGANIC CHEMICALS IN THE VADOSE ZONE

969

selected as contaminants of concern (COC), such as benzene, toluene,
ethylbenzene, and xylene (BTEX). Equivalent and comprehensive
measures are also used, such as total hydrocarbons/VOCs (gasoline
range organics) or total petroleum hydrocarbons (diesel range organics).
Reductions in COC concentrations do not necessarily correlate to overall contaminant removal.
Flow rates and concentration measurements help to monitor system
performance and can be used, potentially, to improve operations. When
removals are dominated by advection but are transitioning towards diffusion-limited, rising extraction rates increase mass removal rates even
though offgas concentrations may decrease as a result of a higher proportion of bypassing or reduction in gas residence times (allowing less
time for equilibration). When the removal rate is diffusion-limited
(Figure 7-2), increasing the extraction rate provides a negligible increase
in the mass removal rate. Combustion and catalytic oxidation methods
for offgas treatment benefit from high vapor concentrations, so
monitoring concentrations (in terms of fuel value) from individual
extraction vents can be used to optimize the performance of offgas treatment.
Comprehensive site characterization of permeability and contaminant
distributions helps to locate extraction vents in the most permeable,
highest-concentration areas, and maximizes extracted vapor concentrations, leading to maximum offgas treatment efficiency.
Status
SVE is a mature technology with thousands of applications. A selection of detailed case studies (U.S. EPA 1995 & 1998) summarizes site
and contaminant characteristics, system configuration and key design
criteria, operational performance, capital and O&M costs, regulatory
issues, lessons learned, technical contacts, and additional references.

The case studies “Modeling the Performance of a SVE Field Test,” by M.E. Beshry,
J.S. Gierke, and P.B. Bedient (see page 1157), and "Scale Dependent Mass Transfer During
SVE" by C.K. Ho, describe applications of this technology in more detail (see page 1170).
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BAROMETRIC PUMPING: PASSIVE SOIL VAPOR EXTRACTION*
SVE installation and equipment operation is impractical at many
locations where it could benefit remediation. An inexpensive system
using a renewable energy source and operating in the gas phase can fill
the gap in these locations. Natural variations in atmospheric pressure,
due to diurnal temperature fluctuations or weather changes associated
with major fronts, can cause gases to flow to or from wells completed in
the vadose zone. This process, called “barometric pumping,” induces
large enough flow rates to provide meaningful remediation effects and
can also be used for subsurface characterization.
Barometric pressure, an important, easily measured property of the
near surface atmosphere, is the force per unit area generated by the
weight of an air column extending upward 160 km to the top of the
stratosphere (Hodgman 1952). It can be accurately measured using a
simple pressure gauge, or barometer. The weight of the air column
reflects the column’s air density, which varies markedly from the ground
to the stratosphere. Air density is a strong function of temperature and it
responds to heat radiated from land surfaces or water, or absorbed
directly from solar radiation. Density also varies with changes in humidity, atmospheric chemistry, or other dynamic factors associated with
weather systems. As a result, records from barometers show regular
fluctuations or cycles. The daily cycle of sunlight and darkness causes
temperature changes in the atmosphere to produce a diurnal cycle of
barometric pressure that typically varies by less than a percent of the
total average pressure. A complicated interplay of thermal and chemical
effects in many areas cause even larger fluctuations in barometric pressure, typically a few percent of the total pressure, which occur every few
days or weeks in response to major weather systems.
The fluctuating barometric pressure is transmitted into the subsurface
to cause variations in the pressure of vadose zone gases, resulting in air
flow from areas of high pressure to areas of low pressure in the subsurface, just as in the atmosphere. The pressure differences between adjacent zones in the subsurface that drive these flows are small and the
flows that they produce are modest, often only detectable under special

*This section was contributed by J. Rossabi.
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conditions. As a result, the subsurface flow caused by barometric fluctuations, until recently, has been overlooked by an environmental community eager for quick solutions to vadose zone contamination.
However, when specific subsurface zones are connected directly to the
surface by a vadose zone well, pressure differences are much larger and
can produce flows as large as 700 liters per minute from 10 cm-diameter wells. Barometric pumping can move significant volumes of air, it
occurs regularly, and it is free.
Barometric pumping was recognized as an interesting phenomenon
long before it was used for remediation. Native Americans used “blowholes” (areas that mysteriously drew in or blew out air at different times)
to forecast weather and as the focal point of rituals (Fisher 1992). Speleologists recognized that some blowholes were actually caves, and they
showed that the air flow in “breathing” caves varied periodically as a
result of barometric cycles, wind-driven pressures, preferential solar
heating, or a combination of these processes. Hydrologists have recognized barometric effects since at least 1896, when Fairbanks described
a well that intermittently released natural gas when barometric pressure
decreased and drew air in when pressure increased (Science 1896). He
noted that the rate of gas flow increased during periods of changing
weather. An early monograph describing the release of carbonic acid
from soil and its replacement with oxygen from the atmosphere also
mentions this effect (Buckingham 1904). Among other important observations, Buckingham predicted that the pressure fluctuation in the subsurface would lag behind fluctuations in the atmosphere, and the lag
time should increase with depth.
Several processes related to barometrically-derived subsurface flow
are environmentally important. Pressure fluctuations resulting from
barometric effects were observed in the subsurface during experiments
at the proposed Yucca Mountain, Nevada, repository for nuclear waste
(Ahlers et al. 1998). Gas flow accompanying the pressure fluctuations
can change the subsurface moisture content, which could significantly
affect the flow and transport of contaminants over long periods. Thus,
barometrically induced flow could affect the performance of the nuclear
waste repository. The naturally induced flow of radon gas through the
vadose zone and into buildings hits closer to home. Many researchers
(Owczarski et al. 1990; Narasimhan et al. 1990; Tsang and Narasimhan
1992; Garbesi et al. 1993; Robinson and Sextro 1995) have shown that
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barometric pressure fluctuations affect the transport of radon gas into
houses. Other investigators in the environmental field (Little et al. 1992;
Massman and Farrier 1992; Pirkle et al. 1992; Forbes et al. 1993; Shan
1995; Auer et al. 1996; Ellerd et al. 1999; Rossabi 1999) examined the
potential effects of barometric fluctuations on the transport of VOCs.
They describe effects on shallow soil gas surveys, the transmission of
the surface pressure to depth, and resultant gas transport in natural sediments with organic contamination.
Barometric pumping for remediation purposes has led to two primary
applications: the injection of air to increase the oxygen content and stimulate aerobic biodegradation (Zachary 1993; Zwick et al. 1994), and the
recovery of air and contaminated vapors (Rohay and Cameron 1992;
Rossabi et al. 1994; Riha and Rossabi 1997; Ellerd et al. 1999). Both
applications have counterparts, bioventing and SVE, that use mechanical pumps to move air, so the basic remedial processes employed by the
applications are well known. Both passive vapor extraction and passive
vapor injection can be used under the right conditions to control the
migration of subsurface gas (such as landfill gas). Barometric pumping
sacrifices the high flow rates achieved by pumps for the cost of operating and maintaining them. This tradeoff is attractive in circumstances
where contaminants occur at low, but significant, concentrations. However, it is important to be able to estimate the potential effects of barometric pumping before it can be used for remediation.
Characterizing The Effect
At the Savannah River Site in South Carolina, significant flow of contaminated air out of vadose zone wells was observed following drops in
barometric pressure. The conceptual model explaining this occurrence
indicates that the air flow in and out of wells is a result of the difference
in pressure between the formation at the screened zone of the well and
the atmosphere at the surface. Atmospheric pressure fluctuations are
damped and delayed during transmittal through the subsurface. The
delay and attenuation of pressure changes in the subsurface with respect
to the surface pressure produces a pressure differential that drives flow
through wells between the subsurface and the atmosphere.
A test well was instrumented and monitored in detail to evaluate the
conceptual model and to provide data to assess the effectiveness of the-
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oretical predictions. The well was completed with a 2-m-long screen at
a depth of 30 m in partially saturated sands and silts. Barometric pressure and the gas pressure at 30 m depth were recorded along with the gas
flow rate into and out of the well during a 30-day test period in the
spring of 1994.
The barometric pressure varied diurnally by a few mbar, but it varied
by several tens of mbar over periods of three to five days during the test
(Figure 7-5). The subsurface pressure showed little diurnal variation, but
it always lagged approximately 12 hours behind the three- to five-daylong barometric fluctuations. That lag produces a pressure differential
between the atmosphere and pore gases at a depth of 30 m. The pressure
differential was commonly 5 mbar, with the greatest being about
12 mbar (Figure 7-5). In general, the differential was positive (atmospheric pressure is greatest, indicating that air flows into wells) when the
barometer was rising, and it was negative when the barometer was
falling (Figure 7-5).
Pressure differentials were sustained for approximately three to five
days before changing sign. This defined periods of several days when
the flow was either into or out of the well. For example, the pressure differential indicated that air was flowing out of the well on days 0-4, 6-7,

MHV 3A Subsurface Pressure Model (January)

Figure 7-5. Barometric pressure, observed subsurface pressure, and predicted subsurface pressure in a well 30.5 m deep with a 2-m-long screen at
Savannah River Site.
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10-14, 16-17, and 21-26, whereas it flowed into the well on days 4-6,
7-10, 14-16, and 17-21. These flow periods and changes in barometric
pressure corresponded to major weather systems that passed through
east-central South Carolina every three to five days. Barometric pumping at this test well was driven by major weather changes, while it was
largely unaffected by diurnal variations.
Improving Performance
Clearly, barometric pumping can transfer substantial volumes of gas
between the atmosphere and subsurface. The natural process exchanges
gas equally in both directions; that is, the volume of gas that flows into
a well equals the volume that flows out when averaged over several
cycles. However, most applications only require transfer in one direction
(injection for bioventing or recovery for passive SVE), and transfer in
the other direction may actually reduce effectiveness.
At least two check valves have been developed to limit barometric
pumping to unidirectional flows (U.S. Patents No. 5,641,245 and
5,697,437). The valve discussed here is a lightweight ball about 3 cm
in diameter that sits in a conical seat. It functions like a common balltype check valve with an exceptionally small cracking pressure,
markedly improving the performance of barometric pumping for
remediation.
During the demonstration at the Savannah River Site, a check valve
prevented air from flowing into the well during the first two flow cycles,
and then it was removed for the next few cycles (Figure 7-6). During the
flow cycles using the check valve, concentrations of contaminants
increased rapidly and were nearly constant. However, after the check
valve was removed, the contaminants showed a markedly different history. They started at dilute concentrations and increased through the
recovery cycle, but they never reached the concentrations that occurred
during the check valve cycles, because clean air flowed into the well and
diluted contaminant vapors in the subsurface. Eventually the clean air
equilibrated with contaminants in the subsurface, but the gas flow cycle
was faster than the contaminant equilibration process during the Savannah River Site test. Clearly, more mass is recovered when a check valve
prevents unnecessary injections of air.
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Figure 7-6. Concentrations of contaminants recovered from test well CPT RAM 16 by
barometric pumping before and after removal of Baroball check valve.

Predicting Performance
Theoretical models described by Weeks (1978), Shan (1995), and
Rossabi (1999) played an important role in establishing the viability of
barometric pumping. A simple analytical model (Rossabi 1999) using
the pressure observed at the ground surface as a boundary condition precisely predicted the pressure observed during the test described above
(Figure 7-5). A similar analytical model also predicts the volumetric
flow rate into and out of the subsurface (Figure 7-7). Numerical models
were used to predict the effects of a check valve on the flow rate and
concentration at the well (Ellerd et al. 1999; and Rossabi 1999). All of
the predictions are remarkably similar to field observations.
Those modeling efforts have shown that barometric pumping follows
well-known principles, and that the effects can be readily predicted. The
performance of barometric pumping can be forecast based on the characteristics of a particular site. Barometric pumping also can be adapted
as a tool for site characterization; for example, by using the analysis
with a parameter estimation to determine pneumatic conductivity, or
using field data to determine the distribution of contaminants. These
advances pave the way for useful applications of barometric pumping.
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Figure 7-7. Volumetric flow rates as observed at test well CPT RAM 16 and as
predicted using analyses described by Rossabi (1999).

Implementation
Barometric pumping has three primary applications in the environmental field: (1) recovery of contaminants, (2) air injection to stimulate
aerobic biodegradation, and (3) characterization of the subsurface. The
performance of applications that recover contaminants or inject air are
both improved using a check valve at the ground surface. Those applications directly parallel SVE or bioventing processes using mechanical
pumps. Commonly, barometric pumping applications are labeled “passive” SVE or “passive” bioventing. Barometric pumping moves air at
slower rates than mechanical pumps, so it is inappropriate for sites
where remediation must be achieved quickly, or where the rate of remediation is strongly dependent on the rate of air flow through the subsurface. At many sites, the rate of contaminant mass transfer to a mobile
vapor phase is relatively slow. The rate of remediation is limited by this
slow rate of mass transfer, rather than by the rate of vapor flowing
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through the subsurface. In such cases, the higher rates of flow that can
be achieved with mechanical pumps may contribute little to the overall
rate of remediation. This type of mass transfer limitation will occur at
sites where SVE has already been operating for a considerable period,
or where the initial concentrations are relatively low, such as at the
periphery of a plume. At sites where only modest reductions in concentration are required to meet regulatory requirements, barometric pumping can successfully remediate while reducing operating costs.
Some sites are well suited to remediation by SVE or bioventing, but
the economics of installing a pumping system are intractable; for example, at remote locations lacking a connection to electrical utilities, or at
sites where there is not an economically viable, responsible party. Economic issues block any meaningful remedial action around the edges of
many active sites, where monitoring wells penetrate contaminated
ground but are not attached to an SVE system. Barometric pumping is
ideal for these circumstances because it can be implemented quickly and
inexpensively, and it provides a remedial process at locations that would
otherwise be neglected.

The case study “Passive Soil Vapor Extraction at the SRS Miscellaneous
Chemical Basin,”by B. Riha and J. Rossabi, describes an application of
barometric pumping at the Savannah River Site. See page 1177.

Barometric pumping is also used for subsurface characterization.
Flow rates from a well and the accompanying barometric record can be
used to deduce the pneumatic conductivity of the subsurface (Rossabi
1999). Moreover, chemical analyses of the vapors expelled during barometric pumping can provide insights into the amount and distribution of
contaminant mass, and the rate of mass transport in vapor phase. The
concentrations of vapors expelled during the first two cycles of barometric pumping shown in Figure 7-6 (check valve installed) are representative of actual subsurface conditions, whereas the concentrations
during subsequent cycles (no check valve) do not accurately represent
ambient subsurface conditions, because the air flowing into the well
diluted the concentration of vapors. Therefore, check valves are
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recommended to improve the characterization of distribution and
concentration of contaminants.
Passive soil vapor injection can be used to stimulate aerobic degradation of contaminants in the subsurface by providing oxygen from the
atmosphere to zones where oxygen has been depleted by chemical or
biological activity. In these cases, surface air is unable to adequately
penetrate the subsurface because of physical permeability limitations or
because of depletion in shallower zones. A well is used to transmit air
directly to subsurface zones by barometric pumping.
Important Factors
Barometric pumping like SVE and bioventing is best suited to formations that are relatively permeable with relatively low moisture contents. (Like SVE, barometric pumping is hindered by sorption in
extremely dry clays.)
Barometric pumping should be considered at sites where the rate of
contaminant recovery is limited by the rate of mass transfer to a mobile
vapor phase, rather than by the rate of air flow through the site. It also
should be considered at sites that could benefit from SVE, but where the
cost of installing an SVE system cannot be justified. Finally, the use of
barometric pumping as an interim measure, for example, when permit or
design issues delay the installation and operation of more aggressive
treatment methods, is an option that is often overlooked.
Several factors uniquely affect barometric pumping performance. The
process relies on a lag time between the barometric pressure and the
pressure at the depth of the well screen to produce a differential that
drives flow. Generally, the duration of the lag, and the magnitude of the
pressure differential, increases with the depth of the well screen. As a
result, the effectiveness of barometric pumping will usually increase
with depth (assuming other factors are independent of depth).
Effectiveness is improved by the presence of a confining layer, such
as a bed of fine-grained sediment, above the well screen. The ROI of the
well increases, just as it does for a vapor extraction well, but also the rate
of recovery increases by slowing the transmission of the pressure signal
and increasing the pressure differential between the well and the atmosphere. Other factors, such as seasonal moisture changes or ice forma-
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tion, that affect the permeability in layers between the surface and the
target zone in the subsurface impact barometric pumping performance.
Status
Barometric pumping has been used to create passive SVE systems at
DOE, DoD, and private sites in the United States and abroad. Since
1990, hundreds of sites have used barometric pumping to augment more
aggressive remediation systems or as standalone systems. Few careful
studies of the removal effectiveness have been conducted because the
chemical analysis costs are usually far greater than the system operating
costs, or even the system installation costs (Riha and Rossabi 1997). At
least two check valves with a small cracking pressure designed to
improve the performance of barometric pumping have been patented
(US Patent Nos. 5,641,245 and 5,697,437). One is commercially available under the tradename Baroball, and the other should be available
soon. Published methods for designing barometric pumping applications are available largely as a result of research during implementations
at DOE sites. The Passive Voice, an electronic newsletter edited by V. J.
Rohay, was started in 1993 and continues to be an important source of
information describing remedial applications for barometric pumping.

HEATING TECHNOLOGIES
Four methods of heating the subsurface to improve remediation are
currently available. All of them are intended to increase the partitioning
of organic chemicals into vapor phases where they can be recovered by
SVE processes. In addition, one of the heating methods, conductive
heating, creates temperatures, of 500°C or higher that will oxidize contaminants in place. Six-phase resistive heating and RF heating can also
create subsurface temperatures above 100°C, but they have primarily
been used to heat the subsurface to the boiling temperature of water.
This amount of heating will increase the rates of both degradation and
recovery. Hydrous pyrolysis may oxidize organic contaminants under
some conditions, and the rate of biodegradation can increase markedly
with a rise in temperature.
The four heating methods draw on significantly different physical
processes to transport energy into the subsurface, and, as a result, each
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is particularly appropriate for certain site conditions. Thermal conduction potentially creates the hottest temperatures and is relatively insensitive to material properties, but it will only affect a small region around
each heating element. Radio-frequency heating uses electromagnetic
radiation that readily penetrates subsurface formations, extending the
size of the region that can be heated. Steam flooding uses a hot fluid to
carry heat into the subsurface. Steam follows high permeability pathways through the subsurface, however, so it preferentially heats those
paths and leaves the tighter areas relatively cool. Electrical resistive
heating passes an electrical current through the subsurface, heating formations where the electrical current flow is the greatest. Interestingly,
electrical current flows through clays and silts more readily than through
sand, so electrical resistive heating preferentially warms the clay-bearing horizons that are avoided during steam injection.
• Effect Of Heat On Chemical Properties—Heating improves the
performance of SVE by changing the partitioning and transport
properties of contaminants. For example, the following processes
accompany an increase in temperature:
—Vapor pressure of free-phase NAPL increases (Lyman et al.
1990).
—Henry’s law constant may increase due to the rise in vapor
pressure, but can be constrained by smaller increases in water
solubility (Davis 1997).
—Liquid-solid sorption and vapor-solid sorption typically
decrease (Ong and Lion 1991).
—Soil moisture content decreases and very dry conditions can
cause a marked increase in vapor-solid sorption (Ong et al.
1992)
—Removal of soil water opens new flow paths, decreasing diffusion lengths for dead-end pore-space-trapped contaminants
(Davis 1997)
—Diffusivity in water and air increases (Lyman et al. 1990)
—Volatilization of water induces steam distillation, increasing the
volatilization rate of chemical species (Davis 1997)
—Water expansion from liquid phase to vapor phase induces
advection flow and mixing (Davis 1997)
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• Energy Requirements For Heating the Vadose Zone—The four
heating technologies are methods for delivering thermal energy to
the subsurface, and the final temperature that is achieved will
depend on the amount of heat that is delivered. The ambient temperature at a depth of 10 m is roughly 10°C in most areas. Adding
thermal energy will first increase subsurface temperatures from
ambient conditions to 100°C, the boiling temperature of water.
Adding more heat will boil pore water and warm the surrounding
region, but the maximum temperature will be maintained at 100°C
until the liquid water has been removed from the vicinity of the
heaters. After liquid water has been completely removed by boiling, temperatures may rise above 100°C.
The energy required to warm porous materials from ambient
conditions to 100°C depends on the heat capacity. In general, the
effective heat capacity is a weighted average of the heat capacities
of soil solids, CR, and water, Cw. The weighting depends on the
porosity, φ, densities of solids, ρR, and water, ρw, and the degree of
water saturation, Sw. The heat required per unit volume to change
the temperature of a porous material by ∆T is

DM DT = [C R (1 - f ) r R + Cwfrw S w ]D∆T
T

(7.1)

neglecting the change of heat in the gas and non-aqueous phases.
This shows that the heat required to change the temperature will
depend on the degree of saturation; it will decrease as the initial
saturation becomes drier. For example, consider a material with a
porosity of 0.35 containing solids with a density of 2.6 gm/cm3.
The heat capacity of common minerals is roughly 0.2 cal/g°C, and
water is 1.0 cal/g°C. The energy required to heat that soil from
ambient conditions to the boiling point of water (∆T = 90°) is 62
cal/cm3 when the soil is initially saturated, 52 cal/cm3 when the
degree of saturation is 0.7, and 30 cal/cm3 when the soil is initially
dry (Sw = 0).
Temperature will be maintained at 100°C while water is
evaporated. The latent heat of vaporization of water, uvap,water, is
540 cal/gram, and the energy required to boil all the water initially
present in the soil is
∆Mvap = uvap,water φρw Sw

(7.2)

981

982

VADOSE ZONE SCIENCE AND TECHNOLOGY SOLUTIONS

Boiling all the water in the soil cited above, for example, will
require 189 cal/cm3 when the soil initially is saturated, and 132
cal/cm3 when the initial degree of saturation is 0.7. The energy
required to boil water from soil decreases as the initial degree of
saturation diminishes, but clearly, several times more energy may
be required to boil all the water than to raise the temperature from
ambient conditions to the boiling point.
All heating technologies must deliver thermal energy of the
amounts described above to change the temperature or boil water
in the subsurface. The technologies differ in the mechanism used
to transfer the thermal energy through the subsurface, and these
differences in the mechanism of heat transfer are the primary factor affecting their relative performances under different conditions.
• Soil Vapor Recovery And Treatment—Heating increases the performance of SVE, but it can also increase the cost of the SVE operation. One factor affecting costs is related to the increase in mass
of water caused by heating air. The saturated humidity of air at
10°C is 10 gm of water/m3, but increasing the temperature to 40°C
raises the saturated humidity by a factor of 5 to 50 gm of water/m3.
The increase in water content in recovered air needs to be managed
by processing equipment associated with the SVE system. This
typically includes equipment to condense and treat the recovered
water. In addition, water may condense in cooler, low-lying areas
along the SVE pipes. This can restrict vapor flow through the
pipes, and the water may freeze in cold weather. Those problems
can be addressed by including heat tracing or other modifications
in the above ground treatment system.
Conductive Heating*
One of the more straightforward methods of improving SVE is to
warm the subsurface by inserting rods containing electrically resistive
heaters. The rods radiate heat from their outer surface and the heat is
conducted through the enveloping soil (Figure 7-8). The rate of heat
transfer, or heat flux, during conduction is proportional to the tempera-

*This section was contributed by J. Reed and D. Conley.
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Figure 7-8. Thermal wells and blanket heaters used to raise subsurface temperatures
by heat conduction.

ture gradient in the soil. Water near the heaters may be vaporized and the
resulting steam will cause some convective heat transfer into the formation. This effect is relatively minor, however, with most heat transfer
occurring by thermal conduction.
Thermal conduction from a heated rod produces a temperature profile
that decreases with radial distance from the rod (Figure 7-9a). This is an
inevitable consequence of the geometry of a rod-like heater, and it is
analogous to the change in hydraulic head radially away from a well in
an aquifer. Temperatures are greatest in the vicinity of the rod and are
limited only by the thermal integrity of the heating element. As a result,
this process is capable of developing extremely hot temperatures, in
excess of 500°C, particularly when an array of heaters is used. Most
organic compounds are destroyed in the presence of oxygen at those
temperatures. The in situ temperature decreases with distance from the
heater, however, so the zone where oxidization of organic compounds
occurs is confined to within a few feet of the heater. Significant temperature increases occur beyond the zone where organic compounds can be
oxidized. In this region the important remedial effect is evaporation of
organic chemicals, increasing their availability for vapor extraction.
Temperatures in the vicinity of a heated rod will depend on the power
of the heater, the radiant heat transfer between the rod and the soil, the
thermal conductivity and heat capacity of the soil, and the spacing of
neighboring heaters. The heating rate increases with thermal conductivity and decreases with heat capacity of the heated material. Both thermal conductivity and heat capacity depend on water content, but they
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Figure 7-9a. Maximum observed temperatures in °C along a cross-section through an
array of heater wells arranged in a hexagonal pattern (above). Temperature field based
on measurements at thermocouples spaced every 1 to 3 ft. Data from Vinegar et al.
(1998; fig. 5).
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are relatively insensitive to grain size or mineral content. As a result,
temperature changes resulting from conductive heating will be relatively
independent of the type of sediment or rock being heated. Moreover, the
change in temperature will be relatively uniform even in formations that
are heterogeneous, such as interbedded sands and clays or fractured
rock. The temperature field resulting from conductive heating depends
primarily on the distance and geometry of the heat source, not on variations in geologic conditions.
Water content plays an important role in conductive heating because
it changes the thermal conductivity and heat capacity of the formation.
In general, as the water content decreases, the thermal conductivity
diminishes much more rapidly than the heat capacity. As a result, steeper
temperature gradients are required to conduct a unit of heat through a
dry formation than through a saturated one. This has several important
consequences during conductive heating in the subsurface. Boiling of
water in the vicinity of the heater can markedly dry the formation and
decrease the thermal conductivity, steepening the temperature gradient
and elevating the temperature in the vicinity of the heater. Thus, drying
near the heater causes temperatures to be even higher than they would
otherwise be in a uniformly saturated material, which is an important
asset where hot temperatures are desired to oxidize contaminants in situ.
Below the water table, or in large perched zones, water readily flows
toward the heater if the formation is permeable, so the effects of drying
in the vicinity of the heater may be negligible. Convection increases the
rate of heat transfer in such cases, so the temperature increase will be
smaller, but spread over a larger area compared to conductive heating in
the vadose zone.
Implementation

Thermal conduction can be implemented as a remedial technique
either in the subsurface using rod-like heaters that function as thermal
wells, or at the ground surface using slab heaters or thermal blankets
(see Figure 7-8). Rod and slab heaters were used for remediation in
approximately 10 full-scale demonstrations by TerraTherm Environmental Services. All of the examples in this section are based on the
TerraTherm data . In Situ Thermal Desorption (ISTD), the process used
by TerraTherm, is used as a trade name describing a particular implementation of thermal conduction heating (Vinegar et al. 1993, 1994).
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Heating by thermal conduction offers two important effects that
improve remediation. Like other heating methods, conduction increases
SVE effectiveness by accelerating evaporation. Unlike the other methods, conduction is particularly effective at creating a zone of hot temperatures (greater than 500°C) near the heating elements. Organic
contaminants can be destroyed in the presence of oxygen at those temperatures, so conduction heating can both destroy and accelerate the
contaminant removal. As a result, the ISTD process is particularly
robust, effectively remediating a variety of organic contaminants, which
can be present initially at high concentrations. For example, ISTD has
been used to remove free-phase NAPLs in the vadose or saturated zones.
Perhaps even more significantly, it has also been used to effectively
remediate regions containing organic contaminants with low vapor pressures, such as polychlorinated biphenyls (PCBs), which defy remediation by conventional SVE.
Thermal Wells

The petroleum industry developed the technology of thermal wells to
increase recovery from oil reservoirs as deep as 600 m. A thermal production well contains a casing and well screen, much like a conventional
SVE well, and also an electric heater. Gas and vapors are recovered by
connecting the casing to a suction source, and the heater increases
volatilization. Another type of thermal well contains only an electric
heater in a solid casing. It is designed to heat the ground, but it lacks a
well screen, so no fluids can be recovered from a heater-only well. Thermal wells are installed using conventional drilling methods, and they
have been used to depths of 30 m to improve remediation (although
greater depths are possible).
Thermal wells are typically arranged in a hexagonal pattern (see Figure 7-9a), with a thermal production well surrounded by a ring of six
heater-only wells. The area between the wells is covered with an impermeable vapor barrier and insulating blanket. Thermal energy heats the
soil, water, and contaminants, and the targeted treatment zone is maintained under suction. Vapors and gases generated by the process flow
through the heated soil and are recovered at the production wells. The
impermeable barrier increases the depth of air flow and inhibits fugitive
emissions of contaminants.
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The positions of the well screens and heaters are determined by the
distribution and type of contaminant. The spacing of the wells is determined by the temperature required, the rate at which water can flow to
the heated region, and other factors. Well spacings for most applications
that require high temperatures are on the order of 5 to 8 ft (see, for
example, Figure 7-8).
The process uses electrical heaters that can produce temperatures of
800°C or more. The thermal blankets apply 100 kW of radiant energy
to the soil. Electrical heaters used in the thermal wells typically radiate
several tens of kW each.
The effects of heating by conduction are illustrated by an example of
the ISTD process where 12 thermal wells were used to heat PCB-contaminated ground at the Cape Giradeau site in Missouri (Vinegar et al.
1998). An array of 14 temperature monitoring wells with thermocouples
spaced every 0.3 m with depth was used to determine heating effectiveness. The process was operated for 41 days, and there were 3 distinct
periods of heating. Temperatures increased from ambient conditions to
100°C as the soil and water was heated during the first 10 days of the
project (Figure 7-9b). Boiling of pore water occurred throughout the
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Figure 7-9b. Temperature as a function of time at a depth of 2 m at the 14 thermocouple locations shown in a. Temperatures were relatively uniform prior to day 21, but
they ranged over about 100° C after that time. Based on Vinegar et al. (1998).
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region for the next 12 to 16 days, and temperatures were maintained at
100°C. The temperatures increased again between days 22 and 26,
apparently because liquid water was removed completely in that time
frame. Temperatures increased from 100°C to more than 400°C during
the last two weeks of the project (Figure 7-9b).
Thermal Blankets

Thermal blankets are slab-like heaters that are placed on the ground
surface. They consist of a network of heating elements that form a panel
2.5 m by 6 m (8 by 20 ft), with a layer of high-temperature insulation
0.3 m (1 ft) thick used as backing to the heaters. The area in the vicinity of a thermal blanket is sealed with sheets of silicone rubber. Access
piping within or beneath the heaters is attached to a suction source to
recover vapors generated during heating.
Thermal blankets are designed to address contamination at shallow
depths. While they are particularly effective at creating temperatures as
high as 800°C within a few days to weeks, the treatment depth is limited
to the upper 0.5 m. Organic contaminants are destroyed by pyrolysis and
oxidation within the high temperature region beneath the heating elements. In addition, contaminant gases and volatile decomposition products flow upward into the high temperature region as a result of applied
suction, destroying some mobile contaminants in situ. The remaining
contaminants are collected and treated above ground.
Above-ground Treatment

Process and control equipment is used to maintain temperatures in the
heating modules and to collect and treat vapors from the treatment area.
Process gases removed from the heated soil matrix typically contain
original contaminants, oxidation products, water vapor, and atmospheric
gases. These gases are treated as required using appropriate technology.
For example, the risk associated with PCB releases requires that a
flameless thermal oxidizer and granulated activated carbon filter be used
to treat off-gases at PCB sites.
Monitoring And Control

The temperature distribution in the subsurface is the single most
important quantity affecting the subsurface remediation. Temperatures
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are monitored using in situ thermocouples. The resulting data gives the
temperature distribution in the treatment area (Figure 7-9a) or the temperatures as a function of time (Figure 7-9b).
Factors Affecting Performance

The ISTD process is remarkably robust and it appears to be effective
over a wide range of geologic conditions and contaminant properties.
Nevertheless, it is by no means a technology that is suited to every case
of contamination in the vadose zone. The technique is equipment- and
power-intensive, and so it is relatively expensive. As a result, it is best
suited to relatively small areas with high concentrations of recalcitrant
compounds that defy remediation using other methods. Sites containing
high concentrations of PCBs are good candidates, but a variety of other
compounds have been remediated with remarkable efficiency.
The technique is particularly well suited to shallow depths where
thermal blankets can be used. The cost of installing heater wells at the
close spacings required to raise temperatures to several hundred °C may
be prohibitive at substantial depths. The economics of this application
depend on the magnitude of improvement that can be achieved and what
alternatives are available, and so they should be evaluated on a site-bysite basis. This technique will be infeasible at some sites, however,
where sensitive structures at the ground surface preclude the installation
of either thermal wells or blankets.
The ISTD process is remarkably effective at removing organic compounds from the vadose zone. For example during one of the applications of the ISTD process, the concentration of PCBs in soil was reduced
from more than 500,000 ppb to an average of 0.003 ppb (Vinegar et al.
1998).
Status

The ISTD technology covered by U.S. Patents No. 5190405 and
5318116 has been used to treat formations contaminated with chlorinated VOCs, aliphatic and aromatic hydrocarbons (BTEX), and PCBs.
The results of approximately 10 demonstrations have shown that ISTD
reduces the concentration of PCBs from more than a few percent initially in a soil to less-than-detectable after treatment. Based on data from
the demonstrations, ISTD was issued an interim or “draft” permit by the
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U.S. EPA Office of Pollution Prevention and Toxics, as an alternative
treatment for soils containing PCBs.
The status of the ISTD process has taken an important turn during the
time this book has been in preparation. TerraTherm, the company that
developed the process, has been dissolved and the patent rights have
been transferred to the University of Texas. Licensing arrangements are
currently being developed and the technology should be available from
several vendors in the near future.
The case study "PCB Destruction and Removal," by John Reed and
Denis Conley, describes an application of this technology. See page 1178.

Heating Using Radio Frequency Energy*
Heating earth materials using radio frequency (RF) energy was first
explored during the oil crisis of the 1970s, when tar sands were heated to
recover petroleum products. This process was later refined to improve the
remediation of vadose zone soils (Smith and Hinchee 1993; Davis 1997;
Jarosch et al. 1994; Weston 1992; EPA 1995a, 1995b; Phelan et al. 1997).
RF heating occurs as a changing electromagnetic field interacts with
molecules in the subsurface. Water is a primary target molecule, but
interactions with other molecules can also be important. Water is heated
in an RF field because its polar molecules rotate when the polarity of the
electromagnetic field reverses. The rate at which the rotation occurs
depends largely on the dipole moment of the molecule, but other factors,
such as attraction to different molecules, may also be important. The
dipole moment is important because optimal heating occurs when the
frequency with which the electromagnetic field reverses is tuned to the
rate at which the molecules can rotate. When the electromagnetic field
changes polarity much faster than the molecules can rotate, then the
effect of the field on the molecule is subdued. Similarly, when the
change in polarity is slow compared to the rotation rate, the molecules
may realign themselves and return to their original state. When the
frequency of the electromagnetic field is tuned to the rotation rate, how-

*This section was contributed by J. Phelan.
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ever, the molecules resonate and move rapidly. Molecules other than
water can also be heated by RF energy. The mechanisms will be somewhat different, but, in general, the mechanisms all produce rapid molecular motions that are manifested as an increase in temperature.
Tuning the RF transmitter to the proper frequency is important to
effective heating. Microwave ovens transmit electromagnetic radiation
with a frequency of 2450 MHz because water molecules are strongly
influenced by this frequency. However, the depth of penetration of electromagnetic field radiation is inversely proportional to the frequency,
and microwave ovens use relatively high frequencies that have limited
penetration in soils. The optimum frequency range to both penetrate and
interact with molecules in soils is 2 to 40 MHz, and RF transmitters that
will generate this range of frequencies are typically used for soil
heating.
The dielectric constant of the soil is an important property affecting
optimum frequency. The dielectric constant of water is 78, whereas it is
between 4 and 6 for most minerals, and it is 1 for air. The bulk dielectric constant of a soil is an average value weighted to the proportions of
water, minerals, air and other components (for example, contaminants)
in the soil. The dielectric constant of water is much greater than the
other common components of soil, so the volumetric water content is an
important control of the bulk dielectric constant of soil. This means that
the bulk dielectric constant will decrease as water is removed from the
soil during heating. This change can be significant because it complicates the impedance matching required to optimally tune the RF transmitter to soil conditions.
Initial application of RF energy warms both soil and minerals and
causes subsurface temperatures to increase to 100°C. This is followed
by a period where the maximum temperatures are maintained at 100°C
as pore water boils. RF heating continues to be effective after the liquid
water has been removed, so the maximum temperatures may increase
above 100°C. Maximum temperatures of 250°C have been achieved
using RF heating, but 100°C is the design temperature for many remedial applications.
Field Implementation

Two approaches have been developed for applying RF energy to soils.
IIT Research Institute in Chicago, IL, uses a tri-plate array. Beginning
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with a totally enclosed rectangular wave-guide, the narrow side and bottom walls are removed and the three plates are then converted into electrode arrays (Figure 7-10). The center row of electrodes is used as an
exciter array and the outer row is used as guard electrodes, to reflect
energy back into the central cavity. Vapor recovery occurs through one
or more of the center electrodes. Electrode length and spacing depends
upon the area requiring restoration. Electrode lengths demonstrated to
date have been up to 8.5 m (28 ft) long with interelectrode spacing of
1.2m (4 ft) and row spacing of 3.5 m (10 ft). A single transmitter feeds
all of the electrodes in the tri-plate array and is sized according to the
required heating rates. An impedance-matching network between the
transmitter and the electrode array is periodically adjusted as the soil
heats up and soil water is removed. The exciter array electrodes are connected aboveground by the center conductor of the RF feed. A specially
designed structure shields this element to keep free-field RF emissions
below occupational health and communications interference criteria.

Figure 7-10. Tri-plate array for applying RF energy to soils.
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KAI Technologies, Inc., in Woburn, MA, uses a dipole antenna. RF
energy is directed through a flexible coaxial transmission line to a downhole antenna or applicator (Figure 7-11). The dipole antenna can be
from 2.5 to 15 cm (1 to 6 in) in diameter and 1.5 to 15 m (5 to 50 ft)
long. The borehole must be completed with a non-metallic casing that
can withstand the near-field temperatures induced by the RF energy.
Vapor phase contaminant removal is performed with SVE, through the
antenna borehole or an adjacent borehole. The antennae are spaced 10
to 20 feet apart to achieve uniform heating of soils in a given area.
Antennas that are placed in near-surface soils must be shielded to limit
radiative emissions.
Monitoring

Measurement systems for RF heating include diagnostics for the RF
forward and reflected power, and the impedance-matching network.
Measurement of soil temperature is complicated because RF power
interferes with standard temperature measurement technologies (resistance temperature devices, thermocouples, and thermisters). Temporarily
turning off the RF power and making the temperature measurements
with traditional technologies, or using fiber-optic-based temperature
sensors while the RF energy is applied, are two options available. Moisture and contaminant monitoring are also important when evaluating
system performance during operation.
Limiting Conditions

Due to the bulk heating nature of RF energy, there are few instances
where application of RF heating technology is not appropriate. Soil heterogeneities and moisture content variability are not significant issues
since the RF energy is able to reach all areas. However, geographic areas
with high precipitation rates may be problematic due to the increased
energy requirements for heating and volatilization of the additional
water. This will be true for all the heating technologies, however, and
probably can be mitigated by covering the area to be heated.
Economics

The cost of RF heating will include energy costs to power the system,
as well as the cost to deploy and monitor the operation. Energy costs
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Figure 7-11. Dipole antenna for applying RF energy to soils.

depend on the soil type and degree of saturation (Figure 7-12), as well
as the amount of heating required. The mass of water in soils varies significantly with the type of soil, and hence, porosity and the percent saturation of the soil pore space (Table 7-3). The amount of water in soils
plays a critical part in the energy balance because it affects the bulk heat
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Figure 7-12. Energy and cost to heat and evaporate soils of variable saturation.

TABLE 7-3

Water Content of Soils (kg/m3)
Saturation (%)

Clay

Silt

Sand

100

547

472

358

90

492

425

323

80

438

377

287

70

383
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274

236

179

40

219

189

143

30
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108
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109

94
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capacity (equation 7.1) and the bulk heat of vaporization. Figure 7-12
shows the energy requirements to heat one cubic meter of soil (clay, silt,
and sand) to 100°C, with varying soil moisture saturation levels to the
point where all soil moisture has been evaporated. Even with no soil
water, about 50 kWhr/m3 is needed to warm the soil from ambient temperatures to 100°C. This figure can be used to estimate the energy costs
of heating to this point.
Steam Flooding*
Controlled steam injection can be a rapid and effective NAPL source
remediation technique for many vadose zone sites. The process involves
the injection of steam in one or more injection wells, with extraction of
water, NAPL, and vapors from one or more extraction wells (Figure
7-13). Steam flooding can be used both with LNAPL and with DNAPL,

Figure 7-13. Simplified diagramof the steam injection process for remediation of NAPL
source zones.
*This section was contributed by R.W. Falta.
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although issues of unwanted NAPL migration can arise at DNAPL sites.
Although Figure 7-13 shows a NAPL with steam injection above the
water table, steam remediation can also be performed below the water
table in systems where there is strong layering or anisotropy (Newmark
and Aines 1997; Newmark 1994).
Steam injection for the recovery of NAPL is a well-established practice in the petroleum industry. Steam flooding has been used for
enhanced oil recovery (EOR) since the 1930s (Stoval 1934). Texts by
Prats (1982), Burger et al. (1985), Boberg (1988), and Baibakov and
Garushev (1989) are among those included in an extensive literature
base on steam flooding for EOR.
Experience with steam injection for EOR projects, along with related
developments in geothermal reservoir engineering, has helped promote
the use of the steam injection application for environmental remediation.
However, there are substantial differences between the application of
steam injection for environmental purposes and for EOR applications.
Vadose zone NAPL source areas are usually in shallow, unconfined
systems, and are limited in scale to a few acres or less. In contrast, a
typical EOR steam injection application might involve a tightly confined
formation, located at a depth of a thousand feet or more, with an overall
injection/extraction pattern covering tens or even hundreds of acres. In
the EOR case, the oil is uniformly distributed over a large area, at high
phase saturations in the range of approximately 50 percent. On the other
hand, typical NAPL source zones involve much smaller quantities of
NAPL at lower saturations, with a highly heterogeneous and often
unknown distribution.
The goals of EOR and environmental remediation differ as well. The
goal of an EOR project is to economically produce oil, and a small
amount of oil left in the formation after a steam flood is inconsequential. A NAPL source zone remediation project will have a completely
different objective, to remove all, or nearly all, of the NAPL from the
treatment zone.
Physical Processes

Steam flooding for remediation depends on the delivery of energy to
a targeted zone, and on the subsequent mobilization and recovery of
contaminants in that zone. The processes of energy delivery and con-
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taminant removal are quite different, although they are equally important to successful remediation.
Energy Delivery

Energy delivery can be done either through the injection of hot fluids,
such as steam, hot air, or hot water, or through the direct addition of
energy. Examples of direct energy addition include radio frequency
heating, microwave heating, and resistive heating. These direct energy
techniques can be used in conjunction with steam injection to target
zones, which are not effectively heated by the steam (Newmark and
Aines 1997).
The heat energy required to raise the temperature in a subsurface volume depends on the heat energy content of the volume before and after
the heating, and on heat losses from the volume. The heat content consists of contributions from the soil grains or rock, and from the various
fluid phases present in the porous media: gas, aqueous, and NAPL. The
heat content of a unit volume of vadose zone material was given in
Chapter 1 as:

M h = (1 - f )r R C R T + fSg r g u g + fSw r w u w + fSn r n un

(7.3)

As shown earlier in this chapter, the amount of energy required to
raise a unit volume of the treatment zone from ambient conditions to
steam zone conditions is computed by subtracting the value of Mh for
the ambient conditions from the value for the steam zone conditions.
The energy requirement calculated above corresponds to fairly modest
energy costs, on the order of a few dollars per cubic meter. In general,
the cost of energy is usually not a limiting economic consideration in the
design of a steam flood.
Energy delivery by hot fluids can be accomplished through the injection of steam, hot water, hot air, or some combination of the three. For
a given mass injection rate, the rate of energy input is determined by the
injected fluid’s specific enthalpy. As discussed in Chapter 1, the specific
enthalpy of fluids varies dramatically depending on whether they are
liquids, condensable gases (such as steam), or noncondensable gases
(such as air). For example, the specific enthalpy of liquid water at 100°C
is 419 kJ/kg, while the specific enthalpy of steam at this temperature is
much higher, 2676 kJ/kg (Sonntag and van Wylen 1982). The difference
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is heat of vaporization, which is the energy required to evaporate a unit
mass of the liquid. Steam has a very high specific enthalpy due to the
high heat of vaporization of water, 2257 kJ/kg at 100°C. For this reason,
a large amount of energy is used to convert liquid water into steam initially, in the boiler. This energy is released when the steam condenses at
the steam front. The steam condensation at the steam front forms the
basis for a very efficient heat transfer mechanism.
The steam condensation front velocity and the steam Darcy velocity
in the steam zone are important features of a steam flood. The steam
front velocity is the speed at which the leading edge of the steam zone
advances. The steam front is characterized by an exponential decline in
the temperature from the steam zone temperature, which is nearly constant (Menegus and Udell 1985; Stewart and Udell 1988; Hunt et al.
1988). These profiles, as well as the pressure profile and the steam front
velocity, can be determined analytically for one-dimensional conditions
(Menegus and Udell 1985; Stewart and Udell 1988). Typical field steam
front velocities are in the range of a few meters per day, depending on
the geometry and injection rates.
Behind the steam condensation front, the steam Darcy velocity is
very high. From a simple mass balance, the maximum steam Darcy
velocity behind the condensation front is:
•

Vs =

min X
ρg

(7.4)

•
2
where m
in is the injected water mass flux (kg/m s), X is the injected
•
steam quality (the mass fraction of steam in m in ), and ρg is the steam
density, about 0.6 kg/m3. The steam Darcy velocity behind the steam
front is about two orders of magnitude larger than the advancing front
velocity due to the change in volume that occurs as steam condenses
back to liquid water. A noncondensable gas such as air would not have
this property, and the magnitudes of the advancing gas front velocity and
the gas velocity behind the front would be much closer.
Fingering of the injected steam may occur due to heterogeneities in
the vadose zone. Interestingly, steam floods have properties that may
substantially reduce this effect, especially compared to the injection of
a noncondensable gas such as air. The rate of advance of a steam front
is largely controlled by the rate of heating that occurs at the front. If a
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small finger of steam forms, it is subject to large heat conduction losses
and tends to collapse back into liquid water, stabilizing the front (Miller
1975; Stewart and Udell 1989; Lake 1989). The large pressure gradient
in the steam zone compared to the pressure gradient ahead of the steam
front provides additional stability to the front (Lake 1989; Udell 1994).
While the mechanisms discussed above stabilize the steam front, it is
still affected by permeability heterogeneity. This behavior has been
observed in two-dimensional laboratory studies by Basel (1991), and in
the field tests reported by Udell and Stewart (1989) and Newmark and
Aines (1997). The heat conduction mechanism discussed above also
reduces this effect for small-scale heterogeneities. Thus, it is expected
that mainly the larger scale heterogeneities will influence the steam
front propagation (Udell 1994).
Contaminant Removal

The primary means by which steam injection improves NAPL recovery from a source zone is through a greatly increased rate of evaporation
in the steam zone (Stewart and Udell 1988). This occurs, in part,
because of the strong increase in chemical vapor pressures with increasing temperature, and, in part, because of the high steam velocities which
are generated in the steam zone. Over the temperature range of interest,
about 10°C to 100°C, a chemical’s vapor pressure can increase by a factor of 50 or more. For a given gas phase velocity through the NAPL
zone, the rate of evaporation of a single component NAPL is a linear
function of its vapor pressure. The evaporation of a multi-component
NAPL such as gasoline is somewhat more complicated. The effective
vapor pressure of each chemical component in a multi-component
NAPL is a function of the product of the component’s mole fraction in
the NAPL, with its pure vapor pressure. Nonetheless, the vapor pressure
of all of the components in the multi-component mixture will increase
with increasing temperature. This distillation effect has been investigated by Hunt et al. (1988), Basel (1991), and Adenekan (1992), among
others.
The high steam velocity behind the condensation front provides an
efficient mechanism for NAPL evaporation. While it is obvious that contaminants with boiling points lower than the steam temperature will be
removed, contaminants with higher boiling points also can be removed
efficiently, as long as the NAPL evaporation front velocity is as large as
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the steam condensation front velocity (Falta 1992b; Yuan and Udell
1993). Using a numerical analysis, Falta et al. (1992b) concluded that
steam flooding would operate most efficiently for chemicals with boiling points less than about 175°C. Yuan and Udell (1993) arrived at a
similar conclusion using a theoretical analysis which included the
effects of mass-transfer-limited NAPL evaporation.
These theoretical results are consistent with the experiments of Basel
(1991), which demonstrated efficient steam removal of xylene from a
two-dimensional sand pack, and with the experiments of Stewart and
Udell (1988), Basel (1991), and Yuan and Udell (1993), using mineral
oil, diesel fuel, and dodecane, where the removal was much slower.
Experiments by Hunt et al. (1988); and Basel (1991) have shown that
volatile or semi-volatile NAPL evaporated from the steam zone can condense into a high saturation NAPL bank at the steam condensation front.
This concentration of the NAPL at a high saturation results in an
increase in the NAPL relative permeability, making it mobile. Other features of a steam flood which help improve separate phase NAPL displacement at and ahead of a steam front include: reduction of NAPL
viscosity with increased temperature; high displacing pressure gradients, due to the high steam zone velocities, and reduced capillary effects,
due to lower surface tension at high temperatures.
If the NAPL in the treatment zone is an LNAPL, this mobilization is
likely to be beneficial to the steam flood efficiency, and there is probably little danger in unwanted mobilization. However it may not be desirable to concentrate and mobilize a DNAPL ahead of the steam front.
Since most DNAPL chemicals (for example, PCE, TCE, DCE, TCA,
carbon tetrachloride, and chloroform) have boiling points below 175°C,
they can be expected to form a mobile bank ahead of the steam front.
Unless there is some type of confining unit below the steam zone, it is
possible that the DNAPL bank ahead of the steam front might migrate
downward, out of the treatment zone. The downward mobilization of
NAPL can be reduced by using special steam flood designs.
The large steam Darcy velocity behind the steam front provides a
powerful stripping effect for a chemical dissolved in the pore water. Due
in part to the volume reduction that occurs when steam condenses back
to liquid water, hundreds of pore volumes of steam are injected for each
pore volume of porous media swept by the steam condensation front.
This steam stripping is enhanced by the increase in the Henry’s constant
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that takes place when the pore water is heated to the steam temperature.
The combination of these effects makes it unlikely that much dissolved
chemical remains far behind the steam front unless it has a very
low Henry’s constant, or unless it is strongly adsorbed (at the steam
temperature).
Udell (1994) shows that a large reduction of dissolved VOC concentrations can result from vaporizing the pore water in the steam zone.
Boiling off only a few percent of the pore water in a steam zone (by
dropping the pressure) could lead to a reduction of the aqueous VOC
concentration by several orders of magnitude, due to the volume change
which occurs when the liquid water vaporizes into a gas, followed by
equilibration of dissolved VOC with the gas.
Other possible mechanisms for contaminant removal by steam injection include enhanced thermal desorption of adsorbed compounds
(Udell 1994), dilution of dissolved nonvolatile contaminants (Vaughan
et al. 1993), and hydrous pyrolysis/oxidation of dissolved organic compounds (Knauss et al. 1997; Leif et al. 1998). The long-term effects of
steam flooding on biodegradation rates are not well known, but the
results of a field test conducted at Lawrence Livermore National Laboratory showed the presence of microbial communities in all soil samples
from the steam zone, including samples collected at a temperature
greater than 90°C (Newmark and Aines 1997).
Predictive Capabilities

The complexity of the steam flood process limits the applicability of
analytical solutions to one-dimensional systems, so numerical models
are typically used to model field applications. At least seven numerical
steam flood simulators have been presented in the environmental literature. The codes include T2VOC (Falta et al. 1995; Falta et al. 1992a; b),
M2NOTS (Adenekan et al. 1993), NUFT (Nitao 1993), MAGNAS
(Panday et al. 1995; Huyakorn et al. 1994), COMPFLOW (Unger et al.
1995; Forsyth and Shao 1991; Forsyth 1994a; b), MUFTE (Helmig et al.
1994) and STOMP (White and Oostrom 1996a, b). All of these codes
are fully implicit, three-dimensional, three-phase flow simulators that
can handle anisotropic, heterogeneous, porous media properties. All of
the codes assume local thermal and chemical phase equilibrium, and
they allow for complete phase appearance and disappearance. Several of
these codes have been validated with steam flood experimental data, and
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they are useful tools for steam flood design and analysis. The mathematical basis for these codes is described in Chapter 5.
Field Studies

The first field test of steam injection for source zone remediation was
performed in 1988 by Udell and Stewart (1989) at an industrial site in
San Jose, CA. An industrial solvent treatment facility was located on
this site beginning in 1973, and investigations begun in 1983 indicated
widespread VOC contamination in the upper 20 feet of soil. These contaminants, which included xylenes, ethylbenzene, 1,2-dichlorobenzene,
1,1,1-trichloroethane, TCE, PCE, and acetone, were found at total concentrations exceeding 10,000 mg/kg in some locations. The site hydrogeology consisted of a shallow unconfined aquifer perched on
continuous clay aquitard at a depth of 19 ft. The aquifer consisted of
interbedded sands, silts and clays, with a 2- to 5-ft thick sand layer near
the base of the aquifer. The depth to groundwater was about 17 feet, and
the formation permeability was measured with a vacuum extraction test
at 8.7 Darcys.
Six steam injection wells were installed in a hexagonal pattern around
a central recovery well, with five-foot spacing between the injection and
recovery wells. The 18-inch diameter injection wells were drilled to a
depth of 19 feet, and screened over the bottom 5 feet. The recovery well
was drilled to a depth of 21 feet and was screened from the bottom to
the ground surface, and the ground surface around the pattern was
sealed. Prior to steam injection, a 40-hour vapor extraction study was
performed at a flow rate of 23 scfm. The contaminant concentrations
were high, approximately 60 grams/m3 of gas. The total recovery of
contaminants from the vapor extraction test was estimated at 222 lbs.
Following the vapor extraction test, steam was injected for 140 hours
at an average rate of 250 lb/hr, with an injection pressure of about 6 psig.
The recovery well contained a submersible liquid pump at the bottom
and was also used as a vapor extraction well. The steam broke through
in the recovery well after 20 hours of injection. After three days of steam
injection, the steam was found in the bottom 5 feet of the flood zone, but
as the test progressed, the steam zone grew vertically. Following the
140-hour steam injection, the system was shut down for eight days.
Finally, the system was cycled with steam and vacuum for about two
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weeks. By the end of the test, the steam zone extended to the ground
surface.
A total of 540 lbs of contaminants were removed during the steam
flood part of the experiment, with about 95 percent of the recovery
occurring in the vapor phase. Udell and Stewart (1989) report a reduction in total contaminants from about 1,200 mg/kg to 23 mg/kg in the
high permeability parts of the treatment zone, with lower recovery in the
low permeability regions.
A full-scale field demonstration of steam flooding with supplementary electrical heating was performed at the Lawrence Livermore
National Laboratory, Livermore, CA, in 1993 (Newmark 1992; Newmark 1994; Udell 1994; Newmark and Aines 1997). The contaminant at
this site was gasoline, which leaked into the subsurface from underground tanks. The site hydrogeology consists of alluvial deposits, with
strong layering. These layers range from coarse gravels to fine silts and
clays, with large variations in permeability in adjacent units. Site characterization results yielded an estimate of 6,200 gallons of gasoline,
located both above and below the water table. The gasoline was found
as far as 30 feet below the water table due to past water table fluctuations. Figure 7-14 from Udell (1994) is a cross section of the site showing the initial gasoline distribution. As shown in the figure, there were
two continuous high permeability layers in the contaminated zone, one
above and one below the water table, separated by a contaminated clay
layer.
The steam treatment system consisted of six steam injection wells,
and three extraction wells, as illustrated in Figure 7-15. The injection
wells surrounded the contaminated zone in a rough hexagonal pattern,
with the extraction wells located near the center of the zone. The spacing between the injection and extraction wells ranged from about 35 to
about 90 feet. The six steam injection wells had special completions,
with screened zones in the permeable layers and electrodes in the clay
layer. Three electrical heating wells were also installed in the pattern,
with electrodes in the clay between the high permeability zones, and
above the upper high permeability zone. The recovery wells were
screened across the contaminated zone. Figure 7-14 illustrates the various well completions.
The remediation operation included three phases: (1) an initial electrical heating of the clay zones and an initial steam flush, (2) a second
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Figure 7-14. Cross section through the Lawrence Livermore gasoline site prior to steam
flood (from Udell 1994).

steam flush, and (3) a final electrical heating and vapor and ground
water extraction (Newmark and Aines 1997).
The electrical resistance heating involved a power input of up to 800
kW, with each electrode applying several hundred amps at up to 600
volts. In this operation, the clay zones are preferentially heated due to
their higher electrical conductivity compared to the gravel zones. This
heating was performed for a period of about two months, with a total
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Figure 7-15. Site layout for the Lawrence Livermore steam flood demonstration (from
Udell 1994).

energy input of about 202 MW-hours, heating some areas of the clay
above 70°C.
The first steam injection operated for 37 days, with a steam injection
rate of 11,000 kg/hour. This was generated using an 8 MW gas-fired
boiler. Steam first broke through in the extraction wells after 12 days of
injection. Following this initial breakthrough, the individual injection
well rates were adjusted so the gasoline would continue to be driven
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towards the center of the pattern without excessive steam losses outside
the pattern. During this initial steam flood, about 1,700 gallons of gasoline were removed from the subsurface, mainly (about 85 percent) in the
form of a vapor (Newmark and Aines 1997).
During the first steam flood, the gasoline vapor recovery was limited
by the capacity of the treatment system. Following the first steam flood,
the system was shut down for three months, and the vapor treatment system capacity was increased. The second steam flood operated for 46
days in a cyclical manner. The highest rates of gasoline vapor recovery
occurred before the start of steam injection and immediately following
the termination of steam injection periods, when the system was depressurized by the vapor extraction (Udell 1994). The total gasoline recovery during this phase of operations was about 5,000 gallons. Soil
concentrations in the treatment zone after the second steam flood indicated that the NAPL had been removed from most of the treatment zone,
except for part of the clay between the high permeability zones. This
clay was cooler than the steam zone, and it was estimated that about 750
gallons of gasoline remained there. Figure 7-16 shows the distribution
of gasoline after the second steam flood.
The final stage of operations involved electrical heating, groundwater
extraction, and vapor extraction, without steam injection. This phase
removed an additional 1,000 gallons of gasoline, for a total recovery of
about 7,700 gallons. In 1995, termination of groundwater pump-andtreat and vapor extraction operations at the site were approved, and in
1996, the San Francisco Bay Region Regional Water Quality Control
Board determined the remediation effort to be complete (Newmark and
Aines 1997).
A field demonstration of steam flooding for chlorinated solvent
removal was performed at Hill Air Force Base, Utah by Stewart et al.
(1998). This site, known as Operable Unit 2, is located on a hillside and
contains two former trenches used to dispose of spent solvents. These
DNAPL liquids (trichloroethylene, Freon 113, 1,1,1-trichloroethane,
and tetrachloroethylene) accumulated along a subsurface channel
located on a clay layer at a depth of about 15 m below the ground surface. Prior to the demonstration, nearly 100,000 liters of DNAPL had
been recovered from the site by pumping.
A series of extraction wells were installed along a 16.8 m segment of
the subsurface channel, with a central steam injection well screened near
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Figure 7-16. Cross-section through the Lawrence Livermore gasoline site after the
second steam flush, but before final treatment (from Udell 1994).

the bottom of the channel (Figure 7-17). These wells were initially used
to dewater the site, and about 5,300 liters of DNAPL were removed during this activity. Next, SVE was performed for several days. Initial SVE
extraction rates were about 27 kg/hr, but these rates decreased by an
order of magnitude within six days.
Steam was injected into the central well, with groundwater and vapor
extraction from the outer wells. Following steam breakthrough after
three days, the steam was injected at a reduced rate for eight days. A
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Figure 7-17. Cross-section through the Hill AFB OU2 steam flood experiment
(from Stewart et al. 1998).

DNAPL bank was produced ahead of the thermal front, and about 1,900
liters of DNAPL were produced from the test zone in the first five days
of the test. Figure 7-17 shows the approximate locations of the steam
condensation front during the test. The experiment concluded with 12
days of ambient air injection and SVE, along with groundwater pumping for an additional week. The total volume of DNAPL removed was
3,440 liters.
Post-test soil sampling showed 96 percent reduction of contaminant
concentrations in the treated zone, and 50 percent reduction of concentrations in the underlying clay zone. Stewart et al. (1998) report that the
cost for the demonstration was $230 per cubic yard treated, and $165 per
gallon of DNAPL removed. They conclude that future applications
could be conducted for about one-half of this cost.
The largest environmental steam flood to date is currently underway
at a utility pole treating facility in Visalia, California. This full-scale
application of vadose zone steam flooding is described in the accompanying case study.
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“A Case Study of Steam Flooding: The Visalia Project,” by R.L. Newmark, R.D. Aines,
K.G. Knauss, R.N. Leif, M. Chiarappa, G.B. Hudson, C. Carrigan, J.J. Nitao, A. Tompson,
J. Richards, C. Eaker, R. Weidner, and T. Sciarotta, describes a steam injection/vacuum
extraction operation at Southern California Edison's Visalia Pole Yard site. See page 1181.

Heating Using Electrical Resistance*
Earth materials can be heated by electricity, just as an element on an
electric stove is heated when an electric current flows through it. This
process of electrical resistive heating will increase temperatures
throughout a region between electrodes in the ground. Electrical resistive heating can raise the temperature of the subsurface to the boiling
point of water, which creates an in situ source of steam to strip contaminants from the subsurface. As the contaminants are converted to vapors,
they are captured and removed using standard SVE techniques. The
ability to produce steam in situ between electrodes can produce a more
uniform distribution of temperatures than steam flooding and conductive heating, where heat moves outward from wells.
Electrically, the soil and groundwater behave as a distributed matrix
of resistors. As an electrical current I is passed through a soil of resistance R, the resulting power P, is P = I2R. The heating rate is equivalent
to the power dissipated in the subsurface, so heating will be greatest
where the current flow is greatest. The applied voltage, rather than the
current, is adjusted in the field to produce the current that is needed to
induce resistive heating at whatever rate is required to accomplish
timely remediation. Ohm’s law states the relationship between the
applied voltage and the induced current is V = IR.
The configuration of electrodes is critical to creating a uniform distribution of heat. The optimal configuration uses six metal electrodes
placed in a circle around a central neutral electrode. Conversion of
three-phase electricity from standard power lines into six electrical
phases using standard electrical transformers powers this array. The six
phases are used to energize the six metal electrodes, and the electrodes
*This section was contributed by W. Heath.
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are connected in a spatially phase-sequenced pattern so that each electrode conducts to every other electrode in the formation, as shown
schematically in Figure 7-18, with the central electrode acting as an
electrical neutral. This electrical configuration produces a remarkably
uniform heating pattern, as shown by the infrared thermal image in
Figure 7-19. Figure 7-20 shows a typical field installation.
Six-phase heating appears to be an effective method to uniformly heat
soil and groundwater. This technique was originally developed by Battelle Memorial Institute for the U.S. Department of Energy as a method
to enhance the removal of VOCs from low-permeability soils. It is now
commercially available from Current Environmental Solutions, a joint
venture with Battelle Memorial Institute.
Because the soils are heated internally, low-permeability clay soils
and complex heterogeneous soil formations can be effectively treated
with six-phase heating.
The current generated by six-phase heating concentrates within zones
having higher electrical conductivity in the subsurface. The electrical
conductivity depends primarily on moisture content and the concentration of free ions. As a result, low-permeability zones like silts and clays
are heated preferentially because they exhibit higher moisture contents
than permeable sands. This natural effect aids the treatment process by
focusing heat on formations that resist advective flushing.

Figure 7-18. Electrode configuration and current flow paths for six-phase heating.
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Figure 7-19. Infrared photograph of heating pattern.

Figure 7-20. Six-phase electrode array in a typical field installation.
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For large-scale remediation efforts, multiple arrays of electrodes are
operated simultaneously to treat large volumes of soil. In general, the
design and placement of the six-phase heating electrodes are optimized
for each site based on the following criteria:
• Size and shape of the remediation area, and total depth of site
impact
• Site lithology and depth to groundwater
• Total organic carbon content and electrical resistivity of site soil
• Buried utilities and immediately adjacent surface structures
In addition to the electrodes and power supply, the major components
of a six-phase heating treatment system are:
• Vapor extraction vents and monitoring wells (temperature and
pressure) installed subsurface
• An off-gas collection and treatment system (including piping, a
blower, a steam condenser, a condensate holding tank, and an offgas treatment unit)
• A computer control and data acquisition system with fully remote
communication
During the heating process, subsurface vapor extraction wells are
used to remove steam and contaminant vapors as they are produced. A
steam condenser separates the mixture of soil vapors, steam, and contaminants, which is extracted from the subsurface into condensate and
contaminant-laden vapor. If these waste streams require pre-treatment
before discharge, standard air abatement and water treatment technologies are utilized. Figure 7-21 shows a typical process scheme used for
offgas treatment.
The case study “Vadose Zone Remediation Using Six-Phase Heating,”
by W. Heath describes an application of this technology. See page 1187.

The remote communication system enables complete system control
(including startup, shutdown, and voltage and power adjustments) from
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Figure 7-21. Simplified process schematic for 6-phase heating with SVE.

a remotely located computer via phone lines. The system also transmits
the operational status of the six-phase heating power supplies and data
from in situ and aboveground sensors. During system operations, the
six-phase heating equipment is remotely monitored and controlled in
consultation with onsite personnel.
Case Studies

Six-phase heating technology has been deployed at the time of this
writing on both pilot-scale (single electrode array) and full-scale (multiple arrays) to treat the following contaminated sites:
• Savannah River—chlorinated solvents in tight clay in vadose zone
• Dover Air Force Base—DNAPL in flowing aquifer
• Niagara Falls—groundwater heating
• Ft. Richardson—recalcitrant compound demo
• Fort Wainwright—bio/cold region demo
• Skokie Site I—full-scale DNAPL cleanup
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• Cincinnati Site—LNAPL smear-zone demo
• Skokie Site II—full-scale DNAPL cleanup
• Seattle Site—full-scale groundwater cleanup

BIOREMEDIATION*
Contaminants can be transformed to harmless compounds during biochemical reactions orchestrated by microbes in the subsurface, and
bioremediation is an engineered action that will increase the rate at
which the transformation process takes place (Figure 7-22). Some
organic contaminants, such as petroleum hydrocarbons, are oxidized as
microbes use them as a source for carbon and energy. Other compounds,
such as chlorinated solvents, are degraded by enzymes produced by
microbes, even though those compounds offer no known benefit to the
microbes. In other cases, metals and radionuclides can be transformed
to other valance states or compounds, directly, by the microbes’ use of
them as electron acceptors, or indirectly, by oxidation of chelators. Both
inorganic and organic compounds can be made more mobile or less
mobile by stimulating production of biological surfactants or by degrading surfactants. Thus, bioremediation of contaminants can result in the
complete mineralization of the contaminants, transformation to less
toxic forms, immobilization, or mobilization in the vadose zone. Bioremediation is described in more detail by Hazen (1997) and McCullough
et al. (1999). Terminology related to bioremediation is defined in Table
3.1 in Chapter 3.
Biotransformation is any alteration of the molecular or atomic structure of a compound by microorganisms. Biodegradation is the breakdown of organic substances by microorganisms into smaller organic or
inorganic components. Mineralization is the complete biodegradation of
a contaminant into inorganic constituents, such as carbon dioxide and
water. Under anaerobic conditions, the ultimate product of biodegradation may be methane. This complete degradation of a compound is the
end result of numerous biodegradation steps. These transforming and
degrading processes result from the microorganisms’ use of the contam-

*This section was contributed by T. Hazen.
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Figure 7-22. Both ex situ and in situ technologies use either liquid or gas to treat the
vadose zone and can use horizontal wells (shown) and infiltration galleries
(not shown) with strategies for biofilters, bioremediation, bioventing,
biosparging, bioimmobilization, bioreactors, phytoremediation,
biomobilization, biocurtion, bioaugmentation, and biostimulation.
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inants as a source of nutrients or energy, changing them through various
metabolic reactions. Microorganisms also can interact with contaminants and transform them from one chemical form to another by changing their oxidation state. In some cases, the solubility of the altered
species increases, increasing the mobility of the contaminant and allowing it to be flushed more easily from the environment. In other cases, the
opposite occurs, and the contaminant is immobilized in situ, thus reducing the risk to humans and the environment. Both kinds of transformations present opportunities for bioremediation of metals and
radionuclides—either to lock them in place or to accelerate their
removal.
Although bacteria are usually the agents in most types of bioremediation, fungi, protozoa, algae, and higher plants also can transform and
degrade contaminants. Bioremediation depends on the presence of the
appropriate organisms or their products in the correct amounts and combinations, and under the appropriate environmental conditions. Optimum environments for microbe growth typically consist of temperatures
ranging between 15 and 45°C; pH values between 5.5 and 8.5, and nutrient ratios of 120:10:1 (carbon: nitrogen: phosphorous or C:N:P). Atmosphere and moisture also must be conducive to many types of microbial
growth, and the contaminants must be close enough to the microbes, in
a form that they can utilize.
Engineered bioremediation involves either adding nutrients to
encourage the growth of indigenous organisms in a process called biostimulation, or adding specialized organisms themselves in a process
called bioaugmentation. Both processes may be useful depending on the
requirements of the site. A dozen or more specific techniques are associated with engineered bioremediation, and they are briefly described in
a lexicon at the end of this section.
Biostimulation
Biostimulation, the most common method of bioremediation in the
vadose zone, requires that indigenous organisms capable of degrading
contaminants already exist at the site, and that their activity can be
increased to achieve a useful effect. Many contaminants, especially
organic compounds, are naturally occurring or have natural analogs in
the environment. As a result, indigenous organisms in most terrestrial
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subsurface environments have been exposed to contaminants for
extended periods of time and have adapted, or have even been naturally
selected, to utilize the contaminants in their normal metabolic functions.
Rarely can a terrestrial subsurface environment be found that is free
from organisms that degrade or transform any compound present.
Indeed, even pristine environments have bacteria that degrade contaminants. It has been shown in deep drilling studies that plasmids of bacteria living in the sediment increase as depth increases. Plasmids are
exogenous pieces of DNA code for enzymes that can break down complex organics, like contaminants. Thus, as the environment becomes
increasingly hostile with depth, the ability of bacteria to degrade more
recalcitrant compounds increases. (Fredrickson et al. 1988).
Biostimulation involves first identifying the compounds that limit the
activity of organisms capable of degrading contaminants, and then
implementing a method for delivering those compounds to the subsurface. Water, oxygen, carbon, nitrogen, and phosphorus are essential for
microbial activity, and shortages of one or more of these compounds
limit biochemical degradation reactions at most sites. Not only must the
compounds be present in the subsurface, but, typically, they must occur
within a certain range of concentrations, and they must be in a chemical
form that is available to microbes.
All significant biochemical reactions occur in the aqueous phase, so
water is a key ingredient for biostimulation. Water is usually present in
sufficient quantities to sustain biodegradation in most natural settings,
although it must be added in some cases where previous actions, such as
heating, have desiccated the subsurface.
Oxygen is often limiting since the contaminant can be used as a carbon and energy source by the organisms, and the contaminant concentration greatly exceeds the oxygen input rate from natural sources in that
environment, such as diffusion from the surface. Oxygen is used as a terminal electron acceptor in respiration, allowing production of much
greater amounts of energy from metabolism of organics than simple fermentation processes. Aerobic respiration is the organism’s preferred
mechanism of metabolism, resulting in complete scavenging of oxygen
from the environment. Oxygen is commonly introduced to the vadose
zone by injecting air into wells, or by tilling when contaminants are near
the ground surface. Barometric pumping or wind turbines can increase
air flow into the subsurface without the use of pumps. Applications in
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the saturated zone use air or oxygen injected into sparge wells, or hydrogen peroxide injected into wells or distributed through infiltration galleries, a process that stimulates aerobic organisms, which are extremely
effective at degrading petroleum hydrocarbons (Thomas and Ward
1992).
A C:N:P ratio of 30:5:1 is generally accepted as ideal for unrestricted
growth of soil microbes (Paul and Clark 1989). However, the ratio of
these compounds in pore water may differ markedly from the ideal.
Carbon can be a limiting nutrient in settings where the contaminant is
a poor carbon or energy source. For example, tetrachloroethylene is a
double-bonded, 2-carbon compound with 4 chlorine atoms attached.
The energy required to break the double bond and cleave the chlorine
atoms prevents the organism from gaining energy during degradation of
this compound (Horvath 1972). A source of organic carbon other than
the contaminant also is required if the total organic carbon concentration
in the environment falls below 1 ppm and the contaminant clean-up levels still have not been met. As a result, fluids with a C:N:P ratio of
50:5:1 are injected for biostimulation, to slightly enrich pore fluids in
carbon compared to the idealized ratio cited above (Litchfield 1993).
Methane, methanol, acetate, molasses, sugars, agricultural compost,
phenol, and toluene all have been added as secondary carbon supplements to the terrestrial subsurface to stimulate bioremediation (National
Research Council 1993). Methane can be injected as a gas and is suited
to applications in the vadose zone; the other compounds are liquids or
solids and are best suited either to applications at the ground surface,
such as mixing with soils by tilling, or to injection into wells in the saturated zone.
Nitrogen may be depleted where anaerobic conditions persist for
extended periods of time and where the contaminant has a high carbon
content. Such conditions promote denitrification and may cause nitrogen to limit the biodegradation rate. Denitrification in the saturated zone
is more common than in the vadose zone. Nitrogen has been successfully introduced into the terrestrial subsurface for biostimulation by
injecting ammonia, nitrate, urea, or nitrous oxide (U.S. EPA 1989).
Phosphorus is an important nutrient, but it is only required in small
concentrations relative to the other nutrients. This is fortunate because
phosphorus concentrations are quite low in natural waters. Phosphorus
occurs most commonly in the mineral apatite, but this compound is
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Bioventing—A Simple Example of Bioremediation Design
By Brian B. Looney
Two common bioremediation methods, bioventing and biosparging, rely on
the engineered movement of air through
the soil and shallow groundwater to
deliver oxygen and other necessary
materials. When implemented as bioventing, the method directly targets
vadose zone hydrocarbon contaminants.
Bioventing is closely related to soil vapor
extraction and provides a good example
of simple bioremediation design principles. Bioventing is distinguished from
vapor extraction by incorporating modifications that maximize the role of biological destruction/detoxification (using
lower airflow rates, for example). Bioventing can be implemented using either
air injection or soil gas extraction,
depending on site needs. Injection systems are typically less expensive and
more popular because they are simpler
to design and minimize offgas emission
or treatment issues. This process has
proven robust at a large number of sites
and provides an instructive example of
general bioremediation design concepts
(Leeson and Hinchee 1996).
Bioventing implementation is normally customized for each site based on
straightforward field tests. Also, as
noted below, bioventing concepts can
be modified and expanded for other
classes of contaminants and other
objectives (for example, cometabolism
for chlorinated solvents destruction,
redox manipulation for metals stabilization/detoxification, and the like.). Such
modifications include innovative delivery
systems, alternative reagents, and intro-

duction of alternative microorganisms.
In each case, it is critical to develop a
simple and consistent design concept
that accounts for heterogeneity to maintain reliable performance.
In situ treatment methods, particularly in situ bioremediation, require controlled, uniform delivery of amendments
to the contaminated zone. In many
cases, microbial activity and contaminant destruction rate are limited by a
lack of oxygen and other nutrients. In
bioventing, air is injected to transport
oxygen into the vadose zone.
The amount of air required to degrade
hydrocarbons can be estimated by
assuming a representative compound
(typically hexane) is degraded according
to a respiration equation:
C6H14 + 9.5O2 = 6CO2 + 7H2O
This reaction indicates that 9.5 moles
of oxygen are required to degrade 1
mole of hexane. This stoichiometric relationship is combined with with soil properties and subsurface conditions to
estimate rates of contaminant destruction and oxygen utilization. Details of
these calculations are given in EPA
(1995a) and EPA (1995b).
The degradation reaction cited above
identifies a molar ratio between the utilization of carbon and oxygen. As a
result, the rate at which oxygen is
depleted from soil gases immediately
after a bioventing system is shut down
can provide a measure of performance.
This type of “field respirometry” test
continued
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provides an integrated measure of
hydrocarbon destruction in the vadose
zone (in units of mg of hexane equivalent
hydrocarbon per kg of soil per day)
according to
Hydrocarbon destruction rate =
kB = (0.68) (oxygen depletion rate)
where oxygen depletion rate is measured in units of % O2 per day
The equation was derived using typical values for porosity, moisture content,
bulk density, oxygen density, and the
like. Extreme conditions can be evaluated using the full equation presented in
EPA (1995b).
Bioventing and biosparging have
been used successfully under a wide
range of conditions. Typical system
designs generally fall into the following
ranges, but there are no theoretical limits on system size:
• Typical site size = 1000 to 6000
m2 (0.25 to 1.5 acres)
• Air injected into vadose zone
using blower/compressor (1 to 10
hp)
• Typical total air flow = 0.6 to 2.8
m3/min (20 to 100 scfm)
• Typical radius of influence for
each well = 6 to 23 m (20 to 75
feet)
System performance and the ability
to reach closure criteria are commonly
enhanced by increasing the density of
wells to overcome mass transfer and
heterogeneity limitations. Traditional
bioventing relies on the interaction of
microrganisms, oxygen (electron acceptor), moisture, nutrients, and aerobically
degradable contaminants (electron
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donor). Each of these conditions must be
present, or supplied, for successful
cleanup. A phased implementation normally is used to ensure viability and efficient use of resources. The typical
phases are:
1. Assessment of biodegradation
potential (are organisms present
and active)
2. Assessment of air flow and in
situ respiration rates
3. System design
4. Full scale operation
5. System monitoring and verification
Many sites can be remediated by
bioventing alone, but the presence of
recalcitrant compounds (such as chlorinated solvents), nutrient limitations, or
other chemical conditions may inhibit
the effectiveness of bioventing. Recent
research has shown that the addition of
alternate carbon sources, redox modifiers, or macronutrients may be able to
overcome some site-specific limitations.
One example developed by the DOE is
the addition of gas-phase phosphorus to
overcome limitations caused by the
scarcity of this nutrient. This example
is described in more detail below
to show how general design concepts
can be adapted to implement “new”
technologies.
While bioventing design has traditionally been related to respiration stoichiometry, characterization of the
hydrocarbon utilization by the biological
community can be expanded to include
an equation for microbial growth. The
continued
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equations below show the biomass formation stoichiometry for a representative contaminant (in this case
ethylbenzene). Maximum contaminant
degradation rates are generated when
biomass is increased and overall site
respiration rates are concurrently

increased. The equation for biomass presented below includes all of the primary
macronutrients represented in cell mass.
The equation is expanded to facilitate
discussion of technology limitations and
development potential.

Biomass Formation (Growth)
hydrocarbon + oxygen + nitrogen + phosphorus = biomass + water + other products
C8H10 + 2.17 O2 + 1.6 NH3 + 0.133 HPO42- =
0.133 C60H87O23N12P + 1.53 H2O + 0.0266 OH-

It is clear that oxygen is the primary
element limiting both respiration and
microbial growth during aerobic
biodegradation. Microbial growth rates
at hydrocarbon-rich sites can be further
limited by nitrogen (N) and phosphorus
(P). Bioventing and biosparging provide
both oxygen and nitrogen (via fixation)
as air moves through the soil and shallow groundwater. This leaves phosphorus as a rate-limiting nutrient at some
bioventing sites. Phosphorus can be
injected into the the vadose zone as an
aqueous fertilizer solution; however, liquid injection increases costs and complexity and has not reliably increased
performance (EPA 1995a and 1995b).
Liquids injected into the vadose zone
decrease the gas-phase permeability
and tend to affect relatively small areas
near the injection locations, whereas the

bioventing process is a large-scale volumetric process that occurs throughout
the contaminated vadose zone with minimal impacts of typical levels of heterogeneity.
To overcome these limitations, scientists working for DOE developed a
process that exploits the vapor pressure
of alkyl phosphate esters to deliver phosphate as a component of the injected air.
This process provides process control
and accelerated cleanup (by incresing
biomass) for bioventing and biosparging
applications where phosphorus is a limiting nutrient. As with many new environmental technologies, this example
shows that scientific advances are generally made in a disciplined fashion in
which the baseline is improved in a stepwise manner.
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nearly insoluble and effectively eliminates the bioavailability of the
phosphorus it contains. Several inorganic and organic forms of soluble
phosphate have been successfully used for biostimulation where phosphorus is a limiting nutrient (U.S. EPA 1989).
Even plants, such as poplar trees, have been used to biostimulate
remediation of subsurface environments (Schnoor et al. 1995). In this
case, the plants act as solar-powered nutrient pumps stimulating rhizosphere microbes to degrade contaminants (Anderson et al. 1993).
Biostimulation can be measured and monitored in the vadose zone
using a number of direct and indirect techniques, including measurement of degradation products, like daughter products and carbon dioxide, or changes in degrading organism density. See Chapter 3 for
discussion of techniques that can be used.
Bioaugmentation
Bioaugmentation is used where indigenous microbes suitable for
degrading contaminants are absent, or where non-indigenous microbes
are particularly well-suited to degrading a contaminant under conditions
that can be established at the site (Hazen, 1997). This approach may be
particularly well-suited where:
1. Contaminants were released recently and the indigenous bacteria
have not had time to adapt to the contaminant
2. Contaminants are particularly recalcitrant so that only a limited
number of organisms are capable of transforming or degrading
them
3. Harsh environmental conditions inhibit the establishment and
maintenance of a critical biomass
4. The project objective is to cause growth that will plug the pores of
a formation for contaminant containment
5. The environment can be carefully controlled, as in bioreactors,
prepared beds, composting, bioslurry reactors, and land farming,
so that specific inocula of high rate degraders is effective.
Novel organisms injected into the subsurface have successfully
enhanced the in situ bioremediation of compounds that are recalcitrant
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to degradation by indigenous organisms such as PCBs, chlorinated solvents, polycyclic aromatic hydrocarbons (PAHs), and creosote (National
Research Council 1993). Surface applications of bioaugmentation for
petroleum contaminants in prepared beds and land farming are routine
since they help jump-start the bioremediation process. For controlled
and carefully optimized environments, such as bioreactors, biofilters,
biopiles, and bioslurry reactors, bioaugmentation is ideal, since it is relatively easy to control conditions that maximize rates of biochemical
transformation or degradation.
Bioaugmentation may cause rapid growth that clogs pores and
restricts additional fluid flow. This is certainly a problem where it occurs
mistakenly, but it can be an important method for rapidly creating a barrier that contains contaminants. The oil industry has used bioaugmentation to plug certain zones in order to enhance oil recovery (Cusack et al.
1992), and similar processes have been applied to improve containment
of contaminant plumes.
The relative merits of bioaugmentation and biostimulation can
become blurred when the details of the processes are scrutinized.
Microorganisms are commonly present in the nutrients used for biostimulation, particularly when the nutrients are in liquid form, and those
organisms may augment indigenous populations when they are injected.
Likewise, dead organisms are an excellent source of nutrients for most
indigenous organisms. Specialized organisms injected for bioaugmentation may quickly die only to provide nutrients for indigenous organisms,
which degrade contaminants. As a result, it is nearly impossible to determine if the augmentation of organisms provides a significant advantage
over nutrient stimulation alone. Even some of the best controlled
bioaugmentation field studies, such as caisson studies of PCB biodegradation in Hudson River sediment, failed to show that bioaugmentation
was superior to biostimulation alone (Harkness et al. 1993).
Due to the high cost of organism production, and the lack of proof of
its effectiveness, bioaugmentation probably is limited to applications
where exceptional improvements are possible. For example, this is the
case with genetically engineered microorganisms. It is possible that a
genetically engineered microorganism could be constructed with unique
combinations of enzymes to facilitate a sequential biotransformation or
biodegradation of a contaminant. This would be particularly helpful for
contaminants that are extremely recalcitrant, such as PCBs, or for con-
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taminants that can now only be degraded under restricted conditions,
such as tetrachloroethylene and carbon tetrachloride. In addition, genetically engineered microorganisms could be modified to have unique
survival or adherence properties, making them better suited to the environment where they are used. Genetic engineering has been used to create microbes that will emit light when degrading contaminants, so that
the rate of in situ biodegradation can be measured using fiber optic
probes (Ripp et al.1999).The effectiveness of genetically engineered,
light-emitting microbes to signal the biodegradation of napthalene was
proven during field studies in large lysimeters at a DOE site (Ripp et al.
1999). Permitting was once thought to be prohibitive to the release of
genetically engineered microorganisms, but experience and many agricultural examples have eased these concerns, and regulators in many
states are willing to consider these options.
Factors Affecting Performance
The major factors affecting the performance of bioremediation in the
vadose zone include the following:
1. Site Evaluation—Ambient biochemical processes and other subsurface conditions, such as contaminant concentration or permeability distribution, must be assessed at the site.
2. Biochemical Process—Biochemical processes must be identified
that will occur under conditions that can be sustained at the site
and are capable of degrading contaminants of concern.
3. Delivery—Materials required to sustain degradation reactions, or
microbes themselves, must be delivered to the location of the contaminants.
4. Monitoring—Subsurface conditions must be monitored to determine the location of the desired biochemical processes, and to
adjust the process as required.
Biochemical processes can be identified that are capable of degrading
all but the most recalcitrant compounds. However, those biochemical
processes may require conditions that are challenging to achieve at
many sites. For example, some chlorinated solvents can be degraded
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under anaerobic conditions using biochemical processes that are currently well understood. Such conditions are common in the saturated
zone, but anaerobic conditions suitable for the degradation of chlorinated solvents rarely occur naturally in the vadose zone. Experimentally,
it is possible at some sites to create and sustain anaerobic conditions by
infusion of high-oxygen-demand organics like lactate. In addition, some
chlorinated solvents can be degraded quite effectively under aerobic
conditions if a carbon source, like methane, is mixed with air and
injected. (Hazen 1999b, Hazen et al. 1997). Correct assessment of
ambient site conditions and evaluation of a feasible biochemical
pathway for degrading contaminants are critical factors for successful
bioremediation.
Biochemical reactions are restricted to compounds dissolved in
water, and the concentration of the dissolved compounds is an important
factor affecting performance. Some compounds may be toxic to
microbes when present in high concentrations, even though lesser concentrations can be readily degraded. This means that bioremediation
efforts cannot degrade NAPLs directly, and the high dissolved concentrations that accompany NAPL occurrence may also inhibit bioremediation. Typically, it is necessary to remove NAPLs that are floating on the
water table or smearing the capillary fringe zone before biostimulation
is successful (Keet 1995). This strategy greatly increases the biostimulation response time by lowering the highest concentration of contaminant the organisms are forced to transform.
The delivery of compounds to increase biochemical reaction rates is
an essential part of nearly any bioremediation effort. Biostimulation and
bioaugmentation have specific delivery problems, because the factors
affecting transport of chemical nutrients in the vadose zone and groundwater are somewhat different from those affecting transport of organisms (Alfoldi 1988). Both bacteria and chemicals can be retarded during
flow through porous materials, but even the smallest bacterium has different transport properties than dissolved chemicals. For example, the
pores in clayey soils may be smaller than bacteria and physically prevent
their movement, whereas this type of physical filtering never affects dissolved nutrients. Clays also may electrostatically bind negatively
charged microbes, where divalent metals form cationic bridges that create a local positive charge, which will then attract microbes. Dissolved
chemical nutrients also may be electrostatically attracted to the surfaces
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of clay minerals, but this interaction can go well beyond simple sorption. Inorganic chemicals injected for biostimulation may precipitate
metals, swell clays, change redox potentials, and modify either or both
the hydraulic or electrical conductivity, all changes that can have major
effects on water flow and biochemistry.
The permeability of the contaminated formation is the single most
important site characteristic affecting delivery. The minimum average
hydraulic conductivity is generally 10-4 cm/sec where conventional
methods are used to deliver nutrients to the saturated zone (Thomas and
Ward 1989). The lower limit for successful bioaugmentation is even
greater, 10-3 cm/sec or greater, depending on the size and adherence
properties of the organism being applied (Baker and Herson 1990).
Recent studies have shown the less adherent strains of some contaminant-degraders can be isolated and produced to improve formation penetration (DeFlaun et al. 1994). Such innovations make it feasible to
inject microbes into tighter formations.
Pneumatic conductivity, which decreases with increasing water content, as described in Chapter 1, affects the average delivery rate of nutrient gases in the vadose zone. Heterogeneity in the subsurface markedly
affects bioremediation by influencing the flow paths of fluids or
microorganisms. In general, heterogeneities cause preferential flow
paths to develop so that delivery is concentrated in certain regions and
avoided in others. Unfortunately, remediation will follow a similarly
patchy pattern, leaving significant regions contaminated. Bedded sedimentary formations and fractured rock, or fine-grained sediments, will
be particularly susceptible to this problem.
Infiltration galleries, ponding, or sprinklers are the primary method
for liquid delivery to the vadose zone. Surface structures and land use
prevent construction of infiltration galleries at many locations. Moreover, the flow of water from infiltration galleries downward through the
vadose zone nearly always follows preferential pathways, either due to
heterogeneities or from fluid instabilities at the wetting front. As a
result, it is difficult (or perhaps impossible) to uniformly deliver liquids
to the vadose zone where pores are partially saturated.
Delivering nutrients as a gas phase is one way to improve biostimulation in the vadose zone, largely because diffusion will smooth the
irregularities in concentrations caused by preferential flow of gases
much more quickly than it does in liquids. Oxygen, carbon, nitrogen,
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and water can be injected as gas or vapor, and so most biostimulation in
the vadose zone uses gas injection. Gaseous nutrient injection has also
been used to remediate chlorinated solvents in fractured rocks at several
sites (Hazen 1999a). Microbes are typically suspended in water when
they are delivered, so bioaugmentation cannot use gases.
The effects of the biostimulant itself may change the permeability of
the formation. Hydrogen peroxide is an excellent source of oxygen, but
it can trigger such a dense growth of microbes that the pores around the
injection well become plugged and block the flow of additional nutrients. Hydrogen peroxide will raise the redox potential, which may cause
metals to precipitate and clog pores even further (Thomas and Ward
1989). Injecting ammonia also can be problematic because it decreases
permeability by swelling clays around an injection well. Ammonia also
rapidly sorbs to clays and can change the pH in poorly buffered
environments.
Many of the liquid delivery problems in the vadose zone can be
addressed by excavating the soil and treating it in a bioreactor, prepared
bed, land farm, bioslurry reactor, biopile, or compost pile. In these cases,
the permeability can be controlled or manipulated to allow better stimulation of the biotreatment process.
Where excavation is infeasible, alternative methods of delivering fluids in situ may improve the performance of bioremediation, particularly
in formations where low permeability or heterogeneities present problems. Liquid nutrients can be injected laterally outward from a lance that
is temporarily pushed into the subsurface (Siegrist et al. 1998). Fractures can be induced by injecting liquids or gases to increase the flow of
fluids in the subsurface. Both pneumatic and hydraulic fracturing methods have been used to improve bioremediation in tight soils (Murdoch
et al. 1994).
Status
Biostimulation is particularly effective at petroleum-hydrocarbon
degradation under aerobic conditions in the vadose zone. This application is probably the most commonly used method for treating soils containing petroleum hydrocarbons at the ground surface. Bioventing is
widely used to remediate petroleum hydrocarbons because it is an effective method for low-to-moderate concentrations, and it is relatively inex-
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pensive. Bioventing is used as a specific design objective, and it also can
be implemented inadvertently during vapor extraction.
Bioremediation of some chlorinated solvents requires anaerobic conditions when indigenous microbes are used. It is possible to create
anaerobic conditions in the vadose zone by injecting inert gas to displace air or to markedly increase the water content. However, these conditions are difficult to maintain in the vadose zone, so this process rarely
is attempted above the water table. Fortunately, many chlorinated solvents can be bioremediated under aerobic conditions by addition or use
of some secondary carbon source like methane, propane, or petroleum
co-contaminants. Co-metabolic bioventing and biosparging has been
used to cleanup a large number of sites in the last 5 years.
Genetically engineered microorganisms (GEMs) have been demonstrated to remediate polycyclic aromatic hydrogen (PAH) compounds at
DOE sites in lysimeters (Ripp et al. 1999). The next step, still in the
planning stage, is a large-scale field application at a contaminated site.
This technique holds great promise for both remediation and monitoring. A large number of agricultural releases of GEMs and several bioremediations using GEMs suggest that this could become an important
remediation technique, especially as the public and regulators become
more comfortable with the technology.

INJECTION OF LIQUID OXIDANTS*
In the 1990s, in situ chemical oxidation emerged as a promising
remediation method for sites contaminated with organic chemicals
(Siegrist 1998; U.S. EPA 1998). Its promise is because many toxic
organic chemicals can be either completely destroyed or partially
degraded as an aid to subsequent bioremediation. Early studies were primarily focused on hydrogen peroxide (H2O2) or Fenton’s Reagent
(H2O2 plus Fe+2), applied to the ex situ treatment of individual organic
chemicals in water (Barbeni et al. 1987; Bowers et al. 1989; Watts and
Smith 1991; Venkatadri and Peters 1993). Subsequent research began to
explore peroxide and Fenton’s reagent oxidation in soil environments
(Watts et al. 1990; Watts and Smith 1991; Watts et al. 1991; Tyre et al.

*This section was contributed by R.L. Siegrist, O.R. West, and M.A. Urynowicz.
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1991; Ravikumar and Gurol 1994; Gates and Siegrist 1993; 1995; Watts
et al. 1997). Research was also initiated into alternative oxidants, such
as ozone (Bellamy et al. 1991; Nelson and Brown 1994; Marvin et al.
1998) and potassium permanganate (KMnO4) (Vella et al. 1990; Vella
and Veronda 1994; Gates et al. 1995; Schnarr et al. 1998; West et al.
1998; Siegrist et al. 1998a, b, 1999; Struse 1999). Field demonstrations
and full-scale applications have evaluated alternative methods for delivering oxidants, including permeation by vertical lances (Jerome et al.
1997), flushing by vertical or horizontal groundwater wells (Lowe et al.
1999; Schnarr et al. 1998; West et al. 1998), and reactive zone emplacement by hydraulic fracturing (Murdoch et al. 1997; Siegrist et al.
1998a, b; Siegrist et al. 1999). This section presents the principles and
practices of in situ chemical oxidation using peroxide and permanganate, including reaction chemistry and delivery systems. Figure 7-23
illustrates the types of systems being deployed while Table 7-4 highlights some of their key features and factors affecting performance.
Much of the research and many of the applications of liquid oxidants
have been in the saturated zone. Nevertheless, there has been some
important work done on vadose applications, and the technique is viable
at least under some conditions in the vadose zone. One of the primary
concerns with applications of this technology, or other remedial technologies where liquids are injected into the vadose zone, is the development of preferential flow paths that limit the contact between the
oxidant and contaminants. These effects will be particularly important in
strongly heterogeneous materials, or in coarse-grained sediments in the
vadose zone where gravity dominates capillary forces. Effective methods for mitigating the development of preferential pathways, for example, by modifying well design, injection strategy, or other means, are
important to the remedial performance of liquid oxidants in the vadose
zone.

The case study “Case History of Liquid Oxidant Injection Into the Vadose Zone,”
by R.L. Siegrist, N.E. Kort, O.R. West, and M.A. Urynowicz, describes a field
trial of liquid oxidant intection at the DOE Portsmouth Plant. See page 1191.
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Figure 7-23. Applications of in situ chemical oxidation systems (Siegrist et al. 1999).

TABLE 7-4

Features of peroxide, permanganate, and ozone oxidants
as used for in situ remediation.
Features

Reagent
Characteristics

Oxidation In Situ

Peroxide
(Fenton's)

Permanganate

Ozone

Form

Liquid

Liquid or solid

Gas

Point of
generation

Offsite,
shipped onsite

Offsite,
shipped onsite

Onsite
during use

Quantities
available

Small to large

Small to large

Small to large

Delivery
Methods
Dose
concentrations
Single / multiple
dosing
Amendments

GW wells, soil
lances
5 to 50 wt.
percent H2O2
Multiple is
common
Fe+2 and acid

GW wells, soil
lances, fractur.
0.02 to 4.0 wt.
percent MnO4
Single and
multiple
None

GW sparge
wells
Variable

Subsurface
transport
Rate reaction /
transport
Companion
technology

Advection

Advection and
diffusion
Moderate to
high
None required

High or very high
None required

Multiple
Often ozone
in air
Advection
Very high
Soil vapor
extraction
continued
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TABLE 7-4

Features of peroxide, permanganate, and ozone oxidants
as used for in situ remediation (continued).
Features

Oxidation
Effectiveness

System Effects
on Oxidation

Permanganate

Ozone

Susceptible
organics
Difficult to treat
organics
Oxidation of
NAPL
Reaction
products
Gas evolution

BTEX, PAHs,
phenols, alkenes
Some alkanes,
PCBs
Direct oxidation
possible
Organic acids,
salts, O2, CO2
Substantial gas
evolution

BTEX, PAHs,
alkenes
Alkanes, PCBs

BTEX, PAHs,
phenols, alkenes
Alkanes, PCBs

Direct oxidation
possible
Organic acids,
salts, MnO2, CO2
Minimal gas
evolution

Direct oxidation
possible
Organic acids,
salts, O2, CO2
Minimal gas
evolution

Effect of NOM

Demand for
oxidant
Most effective in
acidic pH
Reduced rate at
lower temp.
Limited effects

Demand for
oxidant
Effective over pH
3.5 to 12
Reduced rate at
lower temps.
Limited effects

Demand for
oxidant
Effective over pH
3.5 to 12
Reduced rate at
lower temp.
Limited effects

Lowered if
inadequate
buffering
Minor to high
increase
Potential for
redox metals

Lowered if
inadequate
buffering
None to minor
increase
Potential for
redox/exch.
metals
Potential for
reduction due to
MnO2 colloid
genesis

Lowered if
inadequate
buffering
Minor to high
increase
Potential for
redox metals

Effect of pH
Effect of
temperature
Effect of ionic
strength

Oxidation Effects
on System

Peroxide
(Fenton's)

pH

Temperature
Metal mobility

Permeability loss

Potential for
reduction due to
gas evolution
and colloids

Potential for
reduction due to
gas evolution
and colloids
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Principles
The chemical principles governing the degradation of toxic organic
chemicals by peroxides were first recognized during studies focused on
petrochemicals, such as naphthalene, phenanthrene, pyrene, and phenols, but later work included chlorinated solvents like TCE and tetrachloroethylene (PCE) (Watts et al. 1990; Watts and Smith 1991; Watts
et al. 1991; Tyre et al. 1991; Ravikumar and Gurol 1994; Gates and
Siegrist 1993; 1995; Watts et al. 1997). Oxidation using H2O2 in the
presence of native or supplemental Fe+2 produces Fenton’s reagent,
which yields free radicals (OH) that can rapidly degrade a variety of
organic compounds (Table 7-4). However, the application of peroxide to
soil and groundwater systems involves a variety of competing reactions
as follows:
(7.5)
H2O2 + Fe+2 ➝ OH- + Fe+3 + OH•
•
+3
+
+2
(7.6)
H2O2 + Fe ➝ HO2 + H + Fe
(7.7)
OH• + Fe+2 ➝ OH- + Fe+3
(7.8)
HO2• + Fe+3 ➝ O2 + H+ + Fe+2
•
•
(7.9)
H2O2 + OH ➝ H2O + HO2
(7.10)
RH + OH• ➝ H2O + R•
•
+3
+2
(7.11)
R + Fe ➝ Fe + products
Hydrogen peroxide can also autodecompose in aqueous solutions
with accelerated rates upon contact with mineral surfaces or carbonate
and bicarbonate ions (Hoigne and Bador 1983) according to
H2O2 ➝ 2H2O + O2

(7.12)

The simplified stoichiometric reaction for peroxide degradation of
TCE is
3H2O2 + C2HCl3 ➝ 2CO2 + 2H2O + 3HCl

(7.13)

Fenton’s Reagent oxidation is most effective under very acidic conditions, such as pH 2 to 4, and becomes ineffective under moderate to
strongly alkaline conditions and/or where free radical scavengers like
CO3-2 are present. The reaction is strongly exothermic and can produce
substantial gas and heat. The oxidative reactions are extremely rapid and
follow second-order kinetics.
For application in situ, there are three processes that have been
patented based on reaction chemistry and/or mode of delivery: the
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CleanOX, GeoCleanse, and ISOTEC methods. While the specifics of an
application will be very site-dependent, in situ chemical oxidation with
peroxides has typically included H2O2 concentrations in the range of 5
to 50 percent by weight and where native iron has been lacking or
unavailable, ferrous sulfate is often added at mM levels. In some cases
acetic or sulfuric acids are also added to reduce the pH to a more favorable acidic range. Delivery methods include common groundwater wells
or specialized injectors. In many cases, multiple doses or application
cycles are used to facilitate more uniform delivery of reagents and efficiency of treatment.
Compared to peroxide, oxidation of soil and groundwater using permanganate has more recently been studied for in situ treatment of chlorinated solvents, such as TCE, PCE, and petrochemicals such as
naphthalene, phenanthrene, pyrene, and phenols (Vella et al. 1990;
Leung et al. 1992; Vella and Veronda 1994; Gates et al. 1995; Yan and
Schwartz 1996; Schnarr et al. 1998; West et al. 1998; Siegrist et al.
1998a,b; Lowe et al. 1999; Siegrist et al. 1999; Struse 1999). The reaction stoichiometry and kinetics in natural systems are quite complex and
are not yet fully understood. Permanganate (typically as KMnO4, but
also available in Na, Ca, or Mg salts) can participate in several reactions
as determined to a large degree by system pH. For example, between a
pH of 3.5 and 12, permanganate ion reacts slowly to form manganese
dioxide (equation 7.14). Above a pH of about 12, manganate ions (Mn
(VI)) may be formed (equation 7.15). Hydroxyl radicals may also be
formed in alkaline solutions (equation 7.16). In slightly acidic solutions,
the permanganate ion can decompose slowly to form manganese dioxide with a release of oxygen (equation 7.17). Below a pH of about 3.5,
Mn(II) cations are formed (equation 7.18). Under acidic conditions, the
permanganate ion can then oxidize the Mn(II) to form manganese dioxide (equation 7.19).
MnO4- + 2H2O + 3e- ➝ MnO2 (s) + 4OHMnO4- + H2O ➝ MnO4-2
MnO4- + H2O ➝ MnO4-2 + OH• + H+
4MnO4- + 4H+ ➝ 3O2 (g) + 2H2O + MnO2 (s)
MnO4- + 8H+ + 5e- ➝ Mn+2 + 2H2O
2MnO4- + 3Mn+2 + 2H2O ➝ 5MnO2 (s) + 4H+

(7.14)
(7.15)
(7.16)
(7.17)
(7.18)
(7.19)
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The stoichiometric reaction for the complete destruction of TCE by
KMnO4 is
2KMnO4 + C2HCl3 ➝ 2CO2 + 2MnO2 + 2KCl + HCl (7.20)
Under neutral or acidic pH, oxidation is speculated to occur through
the formation of a cyclic ester with further reaction yielding organic
acids and aldehydes as well as CO2 and MnO2(s) (Arndt 1981; Leung et
al. 1992; Yan and Schwartz 1996). Halogenated substitution with Clmay facilitate C-C cleavage during oxidation, although the rate of reaction slows with increasing Cl- substitution (Yan and Schwartz 1996). For
example, PCE degradation is slower than TCE. The reaction appears to
be second order with a rate constant of about 0.6 L mol-1s-1 (in clean
groundwater). Solution pH between 4 and 8 has little or no effect on
rate, but temperature does affect the rate as described by the Arhenius
equation (Case 1997). In alkaline solutions, hydroxyl radicals may be
formed and contribute to oxidative destruction (equation 7.16). The
reaction can include destruction by direct electron transfer or free radical advanced oxidation. The pH of the reacting system can decline to
strongly acidic conditions, such as pH 2 to 3, depending on the buffering capacity of the system. Key reaction products can include intermediate organic acids along with production of manganese oxide solids and
chlorides.
Pseudo first- or second-order kinetic models often describe the kinetics of oxidant reaction with target organic chemicals. For example, during the past year kinetic studies have been completed for treatment of
TCE over a wide range of concentrations (0.5 to 800 mg/L) in simulated
and site groundwaters using permanganate solutions or solids at stoichiometric dosages in the range of 5x to 10x. The reaction order and
kinetic parameters have been examined using pseudo first- and secondorder kinetic models fit to the data:
First order
Second order
Pseudo first order

d[C1]/dt = -k1[C1]
d[C1]/dt = -k2 [C1][ C2]
d[C1]/dt = -k′[C1]
k′ = k2 [C2]

(7.21)
(7.22)
(7.23a)
(7.23b)

where, d[C1]/dt is rate of change in concentration of the target compound (ML-3T -1), k1 is the first-order rate constant (T-1), C1 is the con-

1035

1036

VADOSE ZONE SCIENCE AND TECHNOLOGY SOLUTIONS

centration of the target compound (ML-3), k2 is the second-order rate
constant (L3M-1T-1), C2 is the concentration of the oxidant (ML-3), and
k′ is the pseudo first-order rate constant (T-1).
The degradation of TCE by KMnO4 in the absence of natural organic
matter (NOM) is clearly second order, according to a series of recent
tests conducted using KMnO4 solutions ranging from 0.6 to 6.3 mM.
The tests determined that a second-order reaction model with k2 = 0.9 L
mol-1s-1 could explain the all experimental data with a relative error of
only 12 percent.
The kinetics of oxidation of a given target organic chemical are also
affected by matrix conditions; most notably, temperature and the concentration of other oxidant-demanding substances such as natural
organic matter (NOM). Temperature effects can be described by the
Arhenius equation (Case 1997). However, the effects of NOM or minerals on the rate and extent of oxidant demand is poorly understood. Limited research suggests that the rate of oxidant consumption is
comparable or slower than that of most target chemicals and that only a
fraction of the total NOM is susceptible to oxidation. It is clear, however, that the rate and extent of demand must be accounted for, or a
kinetic model, such as equation (7.23), will grossly over-predict the rate
of destruction of a target like TCE. Moreover, if the NOM demand is
high, it may deplete the oxidant and cause the reaction with the target
organic chemical to cease altogether.
Another factor affecting the kinetics of destruction is the phase of the
target organic contaminant; for example, whether the organic chemical
is dissolved, sorbed, or occurs as a nonaqueous liquid phase. Most
research has been conducted with dissolved organic chemicals. Limited
research with Fenton’s reagent (Tyre et al. 1991; Li et al. 1997; Watts et
al. 1997) and permanganate (unpublished CSM work) suggests that
sorption is not rate-limiting under the usual high-oxidant doses and
energetic reaction conditions. Research on the oxidative destruction of
nonaqueous phase liquids is limited, but preliminary results indicate that
the rate of pure phase dissolution and degradation is accelerated by permanganate in the bulk solution.
Implementation and Augmenting Technologies
The standard of practice for the design and implementation of in situ
chemical oxidation technologies is still evolving. While there have been
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numerous laboratory studies and an increasing number of field-scale
trials and full-scale projects, there are still gaps in the current knowledge
base and performance deficiencies have been observed. Engineering of
in situ oxidation technologies must, therefore, be done carefully, with
due attention to reaction chemistry and to delivery and transport
processes. As illustrated in Figure 7-24, the design and implementation
process should rely on an integrated effort involving screening-level
characterization tests and reaction and transport modeling, combined
with treatability studies at the lab and field scale.
The method of delivery and distribution throughout a subsurface
region is of paramount importance due to the relatively indiscriminate
and rapid rate of reaction of oxidants, and it is of particular importance
in the vadose zone, where preferential flow may cause the oxidant to
bypass much of the contamination. Oxidant delivery systems in the
vadose zone often employ infiltration galleries or injection probes.
These can be coupled with delivery in the saturated zone by vertical or
horizontal wells. Forced advection should be employed in both cases if
permeability is adequate to rapidly move the oxidant away from the initial point of entry into the subsurface region to be treated (Figures 7-23
and 7-24). In low permeability media such as silts and clays, or when

Evaluation of
site conditions
and COCs

System conceptual design for an
oxidant and delivery system

Lab bench-scale
testing

Reaction
processes

Lab pilot-scale
testing
Field full-scale
demonstration

Transport
processes

Detailed design of oxidant dosing,
amendments, delivery system, process monitoring
and control, performance assessment,
and the like

Figure 7-24. Process design approach for in situ chemical oxidation.
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oxidant reaction rates are extremely high, oxidant delivery systems can
employ vertical lance injection or sparging systems, enabling high-density delivery to minimize transport distances and enhance contact with
target chemicals. In contrast to peroxide and ozone oxidants, permanganate is less prone to decomposition and is more stable. As a result, it
can migrate by diffusive processes, albeit at slow rates of transport
(Struse 1999).
Critical Factors Affecting Performance
Past experience and consideration of the current state of knowledge
suggest that there are some key issues to carefully consider during
design process (Table 7-5). These issues include:
(1) The ability of the oxidant to degrade the target chemicals at a rate
and to the extent required under given environmental matrix
conditions.
(2) The ability of the oxidant to be delivered to, and dispersed
throughout, the contaminated region. This issue is particularly
important in the vadose zone where preferential flow may limit
the contact between oxidant and contaminants.
(3) The rate and extent of natural oxidant demand.
(4) Potential for adverse effects caused by the oxidant. Such effects
include the formation of toxic by-products, gas evolution, impurities in the oxidant, precipitation of solids, permeability loss, and
mobilization of metals.
(5) Compatibility of oxidation with other technologies, like natural
attenuation and post-treatment land use.
The relevance of these issues and the need for their accurate and complete delineation during system design depends on the site-specific conditions and context of the application being contemplated.
Monitoring
Monitoring of in situ chemical oxidation in the vadose zone should be
designed to verify remediation effectiveness during application, includ-

TABLE 7-5

Representative list of organic chemicals successfully treated by chemical oxidants.
Oxidant

References

Trichloroethylene

Water (spiked)
Silica sand (spiked)
Silty clay soil (spiked)
Sand & clay soils (spiked)
Ground water (spiked)
Ground water (field site)
Ground water (field site)
Silty clay soil (field site)
Water (spiked)
Silica sand (spiked)
Sand, clay soils (spiked)
Ground water (field site)
Ground water (spiked)
Ground water (field site)
Water (spiked)
Silica sand (spiked)
Natural soil (spiked)
Water (spiked)
Soil (spiked)
Clay , sandy soils (spiked)
Soil (spiked)
Soil (field site)
Soil and GW (field site)
Soil and GW (field site)

H2O2
H2O2
H2O2
H2O2 or KMnO4
KMnO4
KMnO4
NaMnO4
KMnO4
H2O2
H2O2
H2O2 or KMnO4
KMnO4
KMnO4
Ozone
H2O2
H2O2
H2O2
H2O2
H2O2
H2O2 or KMnO4
H2O2
H2O2
Ozone
Ozone

Bellamy et al. 1991
Ravikumar and Gurol 1992
Gates and Siegrist 1995
Gates, Siegrist and Cline 1995
Case 1997, Yan and Schwartz 1996
West et al. 1998, Schnarr et al. 1998
Lowe et al. 1999
Siegrist et al. 1999
Bellamy et al. 1991
Leung et al. 1992
Gates, Siegrist, and Cline 1995
Schnarr et al. 1998
Yan and Schwartz 1996
Dreiling et al. 1998
Bellamy et al. 1991
Ravikumar and Gurol 1992
Watts et al. 1990
Bowers et al. 1989
Tyre et al. 1991
Gates, Siegrist, and Cline 1995
Watts et al. 1991
Watts 1992
Marvin et al. 1998
U.S. EPA 1998

Tetrachloroethylene

Carbon tetrachloride and t-1,2-DCE
Pentachlorophenol
2,4-dichlorophenol, dinitro-o-cresol
Trifluralin, hexadecane, dieldrin
Naphthalene, phenanthrene, pyrene
Octachlorodibenzo(p)dioxin
Motor oil / diesel fuel
PAHs and PCP
BTEX and TPH
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ing the absence of oxidation-induced adverse secondary effects. Characterization is also typically completed before application of chemical
oxidation to verify suitability of the target compounds and matrix conditions, as well as to gather data to support engineering of transport and
delivery methods. Remediation effectiveness is gauged by monitoring
several factors: (1) oxidant distribution throughout the region of interest,
(2) destruction of the target compounds, (3) production of undesirable
fugitive emissions or daughter products, and (4) effects on co-contaminants, for example, redox metals. Ancillary monitoring in some applications can also include compatibility with post-oxidation processes such
as bioremediation and changes in soil structure and geochemistry, which
could affect subsequent land use.
Oxidant distribution can be monitored by direct measurement of oxidant concentrations, such as MnO4- or H2O2, or the reaction byproducts,
such as oxygen concentrations (pore water or vapor phase), chlorides
(pore water), or ions (pore water). This can be complicated in the vadose
zone, but suction lysimeters can be employed for pore water sampling
and soil cores can be collected by direct push technology. Alternatively,
soil sensors can be employed to detect changes in soil temperature
(increases), pH (decreases), or Eh (increases), one or all of which can
result from an oxidant entering the vadose zone. These measurements
may or may not be sensitive enough in a given setting to detect chemical oxidation in progress and they do not verify that the oxidant is still
present or at a level capable of degrading the target chemicals of concern. Destruction of target compounds, such as TCE and BTEX, and
production of daughter compounds, such as chlorinated alkanes or chlorinated organic acids, can be determined by either vapor phase sampling
and equilibrium partitioning calculations, or by direct sampling and
analysis, with great care being taken for quantification of volatile
organic compounds (Siegrist and Van Ee 1994). Monitoring of fugitive
gaseous emissions, of greater concern with peroxide oxidants, can be
assessed by quantifying pressure gradients and/or by analysis of gas
composition at key points. This can be monitored by subsurface vapor
probes with pressure transducers and sampling wells, by surface flux
chambers above the treated region, and/or by sampling/analysis of air
within sensitive areas. This monitoring is especially critical when there
are nearby conduits for untreated chlorocarbon or petrochemical gases
such as sewers, utility corridors, and basements. Monitoring of any
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mobile co-contaminants is normally done by direct core collection and
characterization, such as speciation of chromium between Cr+3 and Cr+6
or by sampling/analysis of groundwater wells under the treated region.
Ancillary monitoring is normally accomplished by soil core collection
and analyses for the relevant parameters of interest.
Status
In situ chemical oxidation is rapidly emerging as a viable remediation
technology for mass reduction in the vadose zone as well as in the associated groundwater plumes. Tables 7-6 to 7-8 highlight several recent
applications, illustrating the type of applications being pursued and the
results being achieved. The oxidants most commonly employed to date
include peroxide, permanganate, and ozone systems, with subsurface
delivery in the vadose zone through vertical lance injectors, wells intersecting hydraulic fractures, or soil mixing techniques. In saturated
zones, delivery has been achieved using vertical or horizontal wells, or
sparge points.
Laboratory studies, field trials, and full-scale applications have generated considerable insight into the process, principles, and application
of in situ chemical oxidation. In general, the oxidants have been shown
to achieve high treatment efficiencies, for example greater than 90 percent, for unsaturated aliphatics like trichloroethylene (TCE) and aromatic compounds like benzene, with very fast reaction rates (90 percent
destruction in minutes). Field applications have demonstrated very high
reductions in the mass of contaminants, but only where adequate oxidants were able to be delivered and contacted with the target organic
chemicals. These field applications have been particularly valuable in
that they have clearly affirmed the control that field-scale reaction and
transport processes exert on design and performance of in situ chemical
oxidation.
The potential benefits of in situ oxidation include the following: (1)
the rapid and extensive reactions with various COCs, applicable to many
biorecaciltrant organic compounds and subsurface environments, (2)
ability to be tailored to a site from locally available components and
resources, and (3) facilitation of property development and transfer.
Some potential limitations include: (1) requirement for handling large
quantities of hazardous oxidants, (2) resistance of some COCs to oxi-
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TABLE 7-6

Examples of in situ treatment applications using peroxide
(after U.S. EPA 1998; Siegrist 1998).

Location (date)
Delivery

Media and COCs

Application method and results

Ohio (1993)
Deep soil mixing

Silty clay soil with TCE
and VOCs.

• H2O2 + compressed air injected during deep
soil mixing to 15 ft. depth in 3 10-ft. diam.
mixing zones.
• Up to 100 mg/kg mass reduced by 70%,
including 50% due to oxidation.

Colorado (1996)
Injectors into GW·

Ground water with BTEX. • H2O2 + chelated Fe injected via 8 to 14
lances and 7 trenches over 100 ft. x 100 ft.
area. Four cycles at 4 to 6 days each.
• BTEX reduced from 25 mg/L to less than
0.09 mg/L. Property sold.

Massachusetts (1996) TCA and VC in
Injectors into GW
groundwater.

• H2O2 + Fe + acid via 2 points over 3 days
within 30 ft. D.W.
• TCA reduced from 40.6 to 0.4 mg/L,
VC 0.40 to 0.08 or ND mg/L.

Alabama (1997)
Injectors into GW

Soil with high levels
of TCE, DCE, and BTEX.

• H2O2 + FeSO4 via 255 injectors into 8 to
26 ft bgs zone of clay backfill in 2 acre waste
lagoons. 120 days treatment time.
• 72,000 lbs. of NAPLs treated down to soil
screening levels.

South Carolina
(1997)
Injectors into GW

Deep GW zone with PCE • H2O2 + FeSO4 via 4 injectors into zone at
and TCE DNAPLs in sandy 140 ft. bgs beneath old waste basin. 6-day
clay aquifer.
treatment time.
• Treatment achieved 94% reduction in COCs
with GW near MCLs. GW TCE reduced from
21 to 0.07 mg/L; PCE from 119 to 0.65 mg/L.
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TABLE 7-7
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Examples of in situ treatment applications using permanganate
(after U.S. EPA 1998; Siegrist 1998).

Location (date)
Delivery

Media and COCs

Application method and results

Ohio (1997)
Horizontal well
recirculation

Ground water with
TCE DNAPLs in a thin,
sandy aquifer.

• KMnO4 (2 to 4 wt.% feed) delivered by
horizontal recirculation wells, 200 ft. long and
100 ft. apart at 30 ft. bags, to treat 106 L zone
of ground water over 30 days.
• TCE reduced from 820 mg/L to MCL in 13
of 17 wells. ~300 kg of TCE destroyed.
Some MnO2 particles generated. Aquifer
heterogeneities noted.

Kansas (1996)
Deep soil mixing

TCE and DCE in soil
and ground water to
47 ft. depth.

• KMnO4 (3.1 to 4.9 wt.%) delivered by deep
soil mixing (8 ft. augers) to 47 ft. bgs during
4 days.
• TCE reduced from 800 mg/kg by 82% in the
vadose zone and 69% in the saturated zone
(>8 ft. bgs). MnO4- depleted. Microbes
persisted. Comparison tests with
mixed region vapor stripping yielded 69%
reduction and bioaugmentation were
38% reduction.

Ohio (1998)
Vertical well
recirculation

TCE in silty sand and
gravel ground water
zone at 30 ft. bags.

• NaMnO4 (250 mg/L) delivered by 5-spot
vertical well recirculation system (ctr. well
and 4 perimeter wells at 45 ft. spacing) for
3 pore volumes over 10 days.
• TCE reduced from 2.0 mg/L to MCL.
Oxidant gradually depleted in 30 days
and no Microtox toxicity. No permeability
loss in formation.

Ohio (1996)
Hydraulic
fracturing

VOCs in silty clay
soil from ground
level to 18 ft. bgs.

• KMnO4 grout delivered by hydraulic fracturing
to create multi-layered redox zones. Emplaced
over 4 days but sustained oxidative zone for
more than 15 mon.
• Dissolved TCE reduced from equiv. of
4000 mg/kg by 99% during 1 hr of contact.
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TABLE 7-8

Examples of in situ treatment applications using ozone
(after U.S. EPA 1998; Siegrist 1998).

Location (date)
Delivery

Media and COCs

Application method and results

Colorado (1997)
GW wells

Soil and GW with
BTEX and TPH.

• Former gas station site. Sand/gravel to 43 ft.
bgs with GW at 28 ft. 3 wells to 50 ft. depth
cycling air/ozone with water recirculaton.
12 cycles per day. SVE also continued. TPH in
soil from 90 to 2380 mg/kg and BTEX at 7.8 to
36.5 mg/kg. TPH in GW at 490 mg/L to NAPL.
• After 6 mon, GW below MCLs. No soils data.
System shut down.

·
Kansas (1997)
Injectors into GW

PCE in GW.

• Old dry cleaners site. GW at 14 to 16 ft. bgs
in terrace deposits. One sparge point at
3 scfm at 35 ft. bgs. SVE wells in vadose
zone. PCE in top 15 ft. of aquifer at 0.03 to
0.60 mg/L.
• Reduced 91% within 10 ft. of well.
Comparisons with air only indicated 66
to 87% reductions.

California (1998)
Injectors into GW

Soil and GW with
PAHs and PCP·

• Wood treater site 300 ft. by 300 ft. in area.
Stratified sands and clays. 4 multilevel ozone
injectors at up to 10 cfm. SVE wells in the
vadose zone.
• After 1 mon, PAHs at 1800 mg/kg reduced by
67 to 99% and PCP at 3300 mg/kg reduced
39 to 98%.

dation, and (3) potential for process-induced detrimental effects, including gas evolution, permeability loss, and mobilizing redox-sensitive and
exchangeable sorbed metals. Full-scale deployment is accelerating, but
care must be taken to avoid poor performance and unforeseen adverse
effects. Matching the oxidant and delivery system to the COCs and site
conditions is the key to achieving performance goals. Further development work is ongoing in many areas.
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DELIVERY BY LANCE INJECTION*
Remediation methods that rely on chemical or biological processes
typically require a compound to be delivered to the subsurface. The
delivery mechanism is particularly important in formations that are
highly heterogeneous or that have a low permeability. Delivery systems
that can inject materials at closely spaced locations can facilitate remediation in these settings. Specialized drilling systems, or lances, have
been developed to rapidly permeate a formation with treating compounds. This technique is also called “lance permeation.”
Principles
Lance permeation involves advancing small augers, or directly
pushed casing, while injecting one or more reagents. The reagents
migrate away from the lance by entering existing pore and fracture networks and creating a halo of reactivity. Slower diffusion processes can
supplement this advective movement. To ensure complete coverage in a
particular region, the lance injections are made with relatively close
spacing, typically within 0.6 to 1.2 m of each other.
A particularly effective apparatus for this type of delivery consists of
as many as four narrow augers mounted side-by-side on a frame
attached to a tractor (Figure 7-25). The unit is mobile and can penetrate
up to 10 m below the ground surface, with fluid flowing from all four
augers simultaneously. Other equipment, such as cone penetrometers or
GeoProbe™ rigs, use static weight or hammers to push pipes that have
been used as injection lances. The direct-push equipment generates less
waste, and it can penetrate deeper than the multi-auger device. The
simultaneous use of four augers, however, causes the multi-auger
system to deliver reactive compounds considerably quicker than directpush equipment. For this reason, much of the work described here will
focus on applications of the multi-auger system.
The typical approach has been to inject, at relatively low pressures,
200 to 500 kPa (2 to 5 atm) to fill pores with injected fluid but avoid
hydraulic fracturing. Agents can be injected up to the air-filled porosity
of the media, but might be constrained in the range of 5 percent v/v. The

*This section was contributed by R.L. Siegrist.
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Figure 7-25. In situ reagent delivery using tractor-mounted multiple lance equipment.

following agents have been delivered under field trials or full-scale
applications: (1) tracers that evaluate uniformity of delivery, (2) an alkaline slurry that increases soil pH and immobilizes metals, (3) KMnO4
and H2O2 that oxidatively degrade organic chemicals, (4) zero-valent
iron metal that reductively degrades chlorinated solvents, and (5) bionutrients that stimulate indigenous microbes and enable bioremediation of
organic chemicals. In addition, compressed air has been injected at
somewhat higher pressures to increase pneumatic permeability and
facilitate soil vapor extraction.
Existing applications have injected fluid at relatively modest pressures, but an application scheduled for future deployment at the DOE
Portsmouth Gaseous Diffusion Plant will utilize a somewhat different
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approach. High pressure (50 to 100 MPa), low-flow jets will be used to
carry reactive fluids away from a lance that is pushed into a low-permeability formation. This approach is expected to increase the radius that
can be quickly permeated by a single bore.
Implementation
The implementation of lance permeation technologies relies on available equipment, treatment processes that are selected for the specific contaminants, and environmental conditions at the site. Site physical
conditions need to be examined to ensure the proper penetration depth is
possible and that the volume of fluid to achieve a treatment effect can be
delivered. It is important that the contaminants of concern and the desired
treatment goals be defined. Batch experiments with the site media and
contaminants, along with the treatment agents to be employed, can reveal
rate and extent of reaction data. Data gathered from diffusive transport
tests in the lab reveal important information about real transport rates,
extents, and any matrix interactions. A field pilot test is often required to
verify laboratory results and field performance.
Critical Factors Affecting Performance
The contaminant and the deposit are singular factors affecting performance, but the interaction of the two also must be taken into consideration. Central among these issues is the flow of liquids injected by the
lancing technique. In coarse-grain deposits, injected liquids may form
unstable fingers that move rapidly downward and extend outward to
limited distances. Jetting may help extend the radius of influence, and
closely spaced injection points will reduce the volume of fluid injected
into any particular location, but unstable flow or the development of
preferential paths may limit the contact between reactive fluids and the
contaminant.
If the formation is extremely tight, then dispersal using low pressure
lance permeation may be ineffective. Some degree of advection away
from the lance is important to yield a rapidly evolving halo around the
lance. However, there are some advantages to applications of lance permeation methods in fine-grained formations. In fine-grained deposits,
diffusive transport can expand and homogenize the treated region.
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Moreover, capillary forces will dominate gravitational forces affecting
fluid flow in fine-grained formations, and this will limit the effects of
preferential flow.
The formation must be sufficiently unconsolidated and free of boulders or buried debris, such as underground utilities and conduits, so that
a lance can penetrate the desired depth. None of the lance permeation
techniques will work in crystalline rock. Surface obstructions, such as
parking areas and buildings, preclude application or greatly increase
costs. If contaminant concentrations are too high, the mass of treatment
agent that can be delivered in the volume of fluid may be insufficient
and may require multiple treatment cycles. The ability to retreat or
increase delivery in hot spot areas is an advantage of multipoint lance
injection. The groundwater zone and its susceptibility to contamination
by leaching of contaminants or treatment agents during permeation of
the overlying vadose zone must be considered.
Monitoring
Monitoring requirements include: (1) reagent delivery volumes and
pressures, and depth of delivery, (2) subsurface biogeochemistry
changes important to the treatment being implemented, and (3) changes
in contaminant mass or mobility within the region treated. Available
sensing devices and data acquisition systems perform monitoring. Soil
core samples, which are used to analyze target constituents and relevant
properties, can be acquired by direct push technology. Even with the
monitoring technology to date, inaccurate quantification of treatment
efficiencies in low permeability and heterogeneous systems still exist,
and error and uncertainties, regardless of sample numbers, remain unacceptably high.
Status
Field trials involving multiple reagents were evaluated by Siegrist et
al. at the DOE Portsmouth Gaseous Diffusion Plant beginning in 1994.
A field trial in California evaluated lance injection and permeation dispersal of KMnO4 to treat trichloroethylene in massive soils to a depth of
10 m. A site in Ohio contaminated by TCE and other halocarbons is com-
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pleting a field test during 1999. Information to date suggests a treatment
cost on the order of $25 per c.y., somewhat independent of reagent costs.

INJECTION OF GAS-PHASE OXIDANTS: OZONE GAS*
Ozone (O3) gas is a strong oxidizer (oxidation potential of 2.07 volts)
that will degrade a variety of organic compounds. It is used to destroy
organic contaminants in drinking water, wastewater, marine aquaria, and
swimming pools. Recently, ozone has been injected into the subsurface
to remediate recalcitrant organic contaminants in situ. Ozone can be
injected directly into wells in the vadose zone, or it can be sparged into
wells screened in the saturated zone. The gas is injected into pore
spaces to contact contaminants, which are then degraded to daughter
compounds. The technology has been used to treat regions containing
dissolved, sorbed, and NAPL-phase contaminants, including pentachlorophenol (PCP) and polynuclear aromatic hydrocarbons (PAHs)
(Fluor Daniel GTI 1998; Marvin et al. 1998; Brown et al. 1997; Nelson
et al. 1997), and chlorinated solvents trichloroethene (TCE) and
dichloroethene (DCE) (Clayton and Nelson 1995).
In situ ozonation may have several advantages over other oxidantinjection methods at some sites. The most significant advantage is that
the gaseous nature of ozone promotes delivery through the vadose zone
more readily than that of liquid oxidants. Volatilization and subsequent
oxidation of residual NAPL may also occur during gas injection. Since
ozone contains only oxygen atoms, it may impose less geochemical
stress on the subsurface environment than oxidants containing ionic
species such as Fe2+, K+, Na+, or MnO4-. For this reason, ion exchange
and solids precipitation are generally minimal during ozonation.
There can be significant limitations to in situ ozonation, primarily
related to subsurface ozone transport, and competition for consumption
among natural organic matter and other oxidizeable species. While these
limitations are common to all in situ oxidation technologies, they are
expressed uniquely for each technology.
Managing the application of in situ ozonation involves the following
primary issues: (1) determining that oxidation by ozone is a feasible

*This section was contributed by W. Clayton.
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treatment mechanism for the specific contaminants, (2) delivering an
appropriate mass of ozone to ensure complete treatment, and overcoming
competing ozone consumption, such as by natural organic matter, (3)
providing adequate subsurface transport of ozone gas so that injected
ozone contacts all contaminated areas, and (4) implementing appropriate
engineering and safety controls for ozone gas generation and handling.
The case study “Vadose In Situ Ozonation of Polynuclear Aromatic Hydrocarbons
and Pentchlorophenol,” by Wilson S. Clayton, describes an application of
in situ ozonation in Sonoma County, California. See page 1200.

Treatment Mechanisms
In situ ozonation involves three primary treatment mechanisms:
(1) direct oxidation, (2) advanced oxidation, and (3) combined chemical-biological oxidation. These mechanisms are interrelated and they
can be difficult to distinguish in detail, even in carefully controlled aqueous- or slurry-phase reactors. A full understanding of these treatment
mechanisms is particularly difficult in the subsurface, where geochemical reactions can be poorly resolved. The many possible interactions
between contaminants, ozone, and native aquifer are poorly understood
from a mechanistic viewpoint. Therefore, most of the generalizations
about the treatment mechanisms are made by reference to the water
treatment literature, and by observations from bench tests and in situ
ozonation project sites.
Laboratory testing of ozone treatability is critical to determine sitespecific feasibility. This testing is important despite published literature
and previous experience and results to guide expectations. Ozone treatability work should include either slurry tests or column tests to account
for the effects of soil matrix interactions. Laboratory treatability tests are
especially critical for contaminant mixtures, where specific compounds
may be preferentially oxidized.
Direct Oxidation

Contaminants susceptible to direct oxidation by ozone are generally
organic chemicals that contain carbon-carbon double bonds (Rice and
Browning 1980). Examples of double-bonded organics that should be read-
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ily treatable by direct oxidation using ozone include: (1) nitroaromatic
explosive compounds such as TNT, DNT, TNB, DNB, and tetryl, (2) aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylene
(BTEX), (3) PAHs such as benzo(a)pyrene, napthalene, and pyrene,
(4) vinyl chloride, (5) chlorinated ethenes such as DCE, TCE, and PCE,
(6) phenols, and (7) chlorinated phenols such as PCP and dichlorophenol.
The oxidation of a complex organic molecule has factors affecting
intermediate compounds. Research has shown that intermediate compounds are readily oxidized if sufficient ozone is delivered. For example, Qiu et al. (1999) studied the oxidation of DCP by ozone, showing
that intermediate chlorinated compounds were further oxidized to produce chloride, acetic acid, and ethylacetate. The acetic acid and ethylacetate can be readily biodegraded under aerobic conditions, resulting in
complete mineralization of the contaminant.
Advanced Oxidation

Ozone may form hydroxyl radicals (AOH) as a second reaction pathway. These can be produced by the decomposition of ozone in the presence of water or enhanced by addition of radical promoters such as
hydrogen peroxide (H2O2). Oxidation by AOH is faster and more
aggressive than direct oxidation by ozone, and can address a wider range
of organic contaminants (Hoigne and Bader 1976). However, the degree
of AOH produced during in situ ozonation is difficult to measure and is
small to moderate unless H2O2 is added.
Combined Chemical-Biological Oxidation

In situ ozonation may enhance aerobic biodegradation, although the
details of this process are still being resolved. Ozone degrades to oxygen gas, so the by-product of ozonation can provide an important ingredient for aerobic biodegradation. However, ozone is a powerful
sterilizing agent with the capacity to destroy the microbes involved with
aerobic degradation. This sterilizing potential apparently is incompletely realized, because unpublished field and laboratory data indicate
that significant microbes survive and will flourish after cessation of
ozone injection. Ozone may be unable to penetrate and sterilize the myriad pore spaces housing bacteria in the subsurface. Other research
(Brown et al. 1997) suggests that ozone can transform some recalcitrant
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contaminants into readily biodegradable daughter compounds, which
may further enhance bioremediation.
Ozone Mass Delivery
Ozone consumption under both laboratory and field conditions
appears to range from 3 to 10 grams of ozone per gram of organic contaminant, according to unpublished studies conducted by the author.
These values include ozone demand by oxidizeable native aquifer materials, such as humic matter or carbonates, although data are unavailable
for materials with a wide range of naturally occurring organic material.
Certainly, the mass of ozone required to completely oxidize contaminants in formations rich in native organic material, such as peat, lignite,
or some shales, would be excessive. Bench-scale studies can be conducted to evaluate the ratio of the mass of ozone consumed to the mass
of contaminants degradated in a particular material.
Ozone Transport and Mass Transfer
In situ oxidation will generally rely on effective transport of the oxidant to the contaminant. This is a contrast to many in situ remediation
technologies that rely on mobilization and extraction of contaminants.
For ozone injection, ozone reactions and mass transfer from the gaseous
phase to the aqueous phase exert critical control over the ability to contact target contaminants.
A general conceptual model for ozone transport begins when ozone
gas is transported by advection within gas-filled pores in the subsurface.
It is then lost to the aqueous phase by mass transfer and reactions in all
phases. The net result is the decrease of ozone concentrations along the
flow path. Clayton (1998) used this conceptual model to develop an
unsteady state numerical model of ozone and contaminant mass transfer
and transport phenomena. The results of this modeling effort show that
ozone degradation limits ozone transport, even in the absence of contaminants or other oxidizeable material. During the early phase of treatment, second order reactions between ozone and contaminants or other
oxidizeable material near the injection well can deplete ozone gas concentrations. As contaminants and native materials near the injection well
are oxidized, ozone gas is transported farther. Changes in ozone gas
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distribution over time are controlled by the balance between gas flow
velocity, and mass transfer and reaction rates. Increased ozone injection
flow rates and concentrations help transport ozone farther. Ozone transport distances are also sensitive to the effective air saturation as a
smaller effective air saturation results in a greater advective velocity and
greater ozone transport distances.
In addition to the limitations on ozone transport imposed by ozone
reactivity, subsurface heterogeneity can lead to preferential flow of
injected gases in high permeability zones. In a severe case, advective gas
flow avoids the low permeability zones. Ozone transport into the low
permeability zones is then limited by diffusion, either in the gas phase
or the aqueous phase.
In heterogeneous environments, geologic control over ozone transport is a primary design consideration. Injection well spacing and
screened intervals should be selected based on careful geologic characterization. Multi-level injection wells may be required in some settings
to obtain adequate ozone transport. Subsurface monitoring should also
allow for the accurate characterization of the distribution of ozone in the
gas phase and aqueous phase.
Engineering and Safety Controls For In Situ Ozonation
The engineering design of an in situ ozone injection system requires
that the following criteria be met: (1) the ozone generator system must
deliver a sufficient amount of ozone to destroy the required contaminant
mass within a target time, (2) the system must deliver the ozone gas at
sufficient pressure and flow to achieve adequate subsurface ozone transport, (3) the system must be constructed of materials which are chemically resistant to degradation by ozone, and (4) the system must include
sufficient safety control systems to ensure that site personnel are protected from possible physical hazards and releases of liquid oxygen or
ozone gas.
Ozone gas is created onsite using an ozone generator, which exposes
oxygen to a high voltage electrical discharge. Ozone can be generated
from air or from pure oxygen. Use of air typically generates an ozone
concentration of about 1 percent, whereas use of pure oxygen as feed
gas typically results in ozone concentrations of 4 to 6 percent.
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Ozone generators typically operate within a narrow range of pressure
and flow. Ozone gas distribution header systems must allow for independent pressure and flow control on multiple injection legs. This
allows ozone injection at discrete pressures and flow rates in different
injection points to accommodate heterogeneous environments.
Materials involved in the ozone delivery system should be constructed of Teflon or stainless steel. Alternate materials may be acceptable for components with limited ozone contact. Engineered safety
controls should include system interlocks to shut down ozone generation
in the event of a leak of ozone or oxygen gas.
Control and monitoring of subsurface gases is critical for safely
implementing ozone injection. Impermeable covers and extraction vents
can be used to maintain control of the injected ozone. Monitoring the
pore gas compositions, both within and outside of the treated area, is
also important to ensure that fugitive emissions of ozone are avoided.
Status
The general applicability of ozone injection has been established
through several professional reports and non-peer-reviewed papers
describing remedial action projects. The field demonstrations performed
to date have focused on meeting remediation objectives for industrial
clients, which has precluded obtaining detailed data typical of research
projects. However, the results have been encouraging and this technology shows promise. Current experience with this new technique is limited to a few consulting companies.

REACTIVE BARRIERS*
Vertical reactive barriers have recently become a widely accepted
method for remediation of dissolved contaminants in horizontally moving groundwater plumes. A companion technology has been developed
that uses horizontal reactive barriers to degrade vertically moving contaminants in the vadose zone (Figure 7-26), but it has lagged behind

*This section was contributed by L.C. Murdoch and W.W. Slack.
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Figure 7-26. Reactive barriers in the vadose and saturated zones.

applications in the saturated zone. Research into the use of horizontal
reactive barriers has indicated that they could have an important place in
the search for increased remedial effectiveness at reduced costs.
The basic remedial approach using a reactive barrier, whether above
or below the water table, is to first build a structure in the subsurface that
will intercept the entire cross section of flowing contaminated water.
Special material that will degrade or even immobilize contaminants on
contact is placed in the structure, and the natural hydrologic system
equilibrates. The barrier may contain impermeable panels to divert the
subsurface flow, but the actual reactive zone is typically as permeable as
the enveloping aquifer to ensure that water will flow through the material and not be diverted around it. When functioning properly, contaminants are carried by the ambient flow of water into the reactive zone
where they are removed. Clean water emerges from the downstream side
of the zone allowing water to pass unrestricted and barring the migration
of contaminants. Orientation is a major difference between reactive barriers in the vadose zone and those in aquifers. Reactive barriers in the
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saturated zone are typically vertical and positioned normal to the
azimuth of ground water flow, whereas those above the water table must
be nearly horizontal to intercept the predominantly downward moving
water in the vadose zone.
The strategy for using reactive barriers is markedly different from
most other methods that seek to reduce risk by removing or destroying
all contaminants. Instead, reactive barriers are intended to degrade contaminants that are mobile, while having little effect on immobile compounds. Risk is reduced by placing reactive barriers upstream from
potential receptors. The barriers prevent mobile contaminants from
reaching receptors, but immobile contaminants may be left in place. In
the vadose zone, reactive barriers are largely intended to intercept downward moving contaminants before they reach the water table where they
could flow to a well or stream. Interestingly, soluble reactive compounds
used in reactive barriers may diffuse through the vadose zone and destroy
some compounds before they are mobile (Siegrist et al. 1999).
Several types of reactions can be used in barriers including aggressive
chemical degradations, milder biochemical transformations, and
sorption reactions. Zero-valent iron is currently the most widely used
compound in reactive barriers in the saturated zone and has also been
used above the water table (Table 7-9). Potassium permanganate is an
aggressive oxidant that will degrade many organic compounds, although

TABLE 7-9

Some reactive materials, their mechanism of degradation, and the type of
contaminant that could be degraded in a reactive barrier.

Reactive Material

Mechanism

Target Contaminant

Zero-valent iron

Reductive dechlorination

Chlorinated solvents

Potassium permanganate

Oxidization
Sorption

Organic chemicals, metals

Porous ceramic

Bioremediation

Hydrocarbons, solvents

Manganese peroxide

Aerobic biodegradation

Hydrocarbons

Sodium percarbonate

Aerobic biodegradation

Hydrocarbons

Lactate or similar

Anaerobic biodegradation

Solvents

Activated carbon

Sorption

Metals +/Organics

Surface modified zeolite

Sorption

Metals
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applications thus far have targeted chlorinated solvents. Manganese
oxide produced when permanganate is reduced will sorb metals or
radionuclides to the reactive barrier. This sorbtion suggests that this
material may form a barrier suitable for mixed wastes. Porous ceramics
are well suited as host media for microbes used to facilitate bioaugmentation. Manganese peroxide and sodium percarbonate are solid peroxides that react with water to release oxygen. They fuel aerobic
biodegradation reactions, particularly of petroleum hydrocarbons. Lactate or similar compounds are used to enhance anaerobic reactions
designed to degrade chlorinated solvents. Lactate and the peroxides are
highly soluble in raw form, so they are processed with insoluble binders
to delay their release. Granular activated carbon and surface-modified
zeolites will sorb contaminants and are suitable for use in reactive barriers where immobilization is advantageous. For example, sorbants
could arrest the migration of metals or radionuclides.
Reactive barriers must be thick enough to sufficiently degrade contaminants while they are in contact with the reactive material. Increasing thickness will increase material costs, which can be a significant
component of the project cost. Barrier thickness can also influence
implementation or method of construction. Determining the thickness
required for a reactive barrier involves balancing the water flux and concentration of contaminants flowing into the barrier with the thickness
and rate of degradation in the barrier itself. Many degradation reactions
are essentially first order, where the reaction rate is proportional to the
concentration of contaminants. Assuming that water is flowing normally
to the barrier, and the vertical flow rate is uniform through the barrier,
the concentration profile through the reactive barrier is
C
= exp
Co

{

-Sw φek
vw

}

x

(7.24)

where Co is the concentration entering the barrier, k is the first order
constant of the decay reaction, vw is the flux of groundwater in the x
direction perpendicular to the barrier, and φe and Sw are the effective
porosity and degree of water saturation of the barrier material, respectively. The concentration through the barrier will decrease as a negative
exponential with distance (Figure 7-27), according to this simple analysis. Equation 7.24 can determine how thick the barrier should be to
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reduce the incoming concentration by a certain fraction. The thickness
required to reduce the concentration by one order of magnitude (C/Co =
0.1) is from equation (7-24) and Figure 7-27.
X0.1 = 2.3

vw
φeSwk

(7.25)

Reducing a concentration in groundwater by two orders of magnitude
(C/Co = 0.01) will require a reactive barrier twice as thick as indicated
by equation 7.25. This relation (equation 7.25) shows that the thickness
of a reactive barrier is directly proportional to the flux, and it is inversely
proportional to the effective porosity and the reaction rate.
Equation (7.25) can be used to estimate thicknesses required for reactive barriers. The half-life of degradation reactions ranges from a few
minutes for potassium permanganate to a day or longer for zero-valent
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Figure 7-27. Concentration as a function of distance, reaction rate, effective porosity
and flux through a reactive barrier. Assuming first-order decay reaction
and flow in the positive x direction.
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iron or other compounds. Expect from this that k will range from less
than 10-5 to 10-3 s-1. The average flux through the deep vadose zone is
the rate at which the underlying aquifer is recharged. Recharge fluxes
are on the order of 10-6 cm/s in the eastern United States, but they could
be 2 orders of magnitude less (10-8 cm/s) in arid regions of the west,
such as Sandia or Hanford. The effective porosity of reactive material
that is granular is probably at least 0.15. Using those values and equation (7.25), the thickness of a reactive barrier required to reduce concentrations by a factor of 10 ranges from 10-4 cm for the fastest reactions
and the slowest recharge flux to 1.5 cm for the slower reaction and the
faster recharge flux. Those thicknesses would be doubled to reduce concentrations by a factor of 100.
The design considerations presented in the previous paragraphs have
assumed that the water flow through the barrier is uniformly distributed;
however, it is widely recognized that flow through the vadose zone can
be localized along preferential paths. Certainly the occurrence of fast,
localized flow through a barrier will reduce the residence time and
change the thickness calculations based on equation (7.25). The severity
of this issue is unclear, but probably depends on the permeability structures of the host formation and reactive barrier material, as well as the
maximum water flux applied to the barrier. It should be feasible to use
principles for capillary barriers to design the hydraulic properties of a
material that would impede flow along a fast path long enough to ensure
degradation. Of course, this would have to be done without excessively
impeding flow and diverting water around the barrier. The details of this
process have never been investigated with respect to reactive barriers in
the vadose zone, but they should be amenable to available experimental
and theoretical techniques.
Implementation
The two major issues affecting reactive barrier implementation in the
vadose zone are: (1) constructing a barrier at the required location and
(2) selecting a material that will safely treat the contaminants. Barrier
construction requires creating a flat-lying layer of reactive material in
the subsurface. Several methods based on horizontal wells have been
proposed. Material can be permeated, or sediment can be eroded with a
high-pressure jet to create panels between parallel horizontal wells (Sass
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et al. 1997). A mechanical device has also been used to cut the formation between horizontal wells (Carter 1997). High pressure jets may be
deployed from vertical wells to create flat-lying disk-shaped bodies in
the subsurface. A continuous layer can be formed from this deployment
by creating many neighboring disks at the same depth (Furth et al.
1997). Those methods typically have been used to create low permeability barriers, but they apparently have not been used to create permeable barriers from reactive material.
Hydraulic fracturing is another method for creating gently dipping
layers of granular material, and, as far as is known, it is the only one that
has been used to create reactive barriers in the vadose zone.
Hydraulic fracturing begins by injecting fluid into a borehole until the
pressure exceeds a critical value and a fracture is nucleated. Granular
material is injected as a slurry while the fracture grows away from the
borehole. A viscous fluid, typically either an organic or inorganic gel, is
used to facilitate transport of the granular material into the fracture.
After pumping, the fracture walls close on the granules to form a thin
layer or bed of reactive material in the subsurface (Murdoch et al. 1995).
Conventional methods of hydraulic fracturing generally produce a
single parting (multiple fractures require repeated operations), and the
form of the fracture depends on the state of stress, the degree of stratigraphic layering or fabric in the enveloping formation, and may include
other factors. In overconsolidated or bedded sediments, hydraulic fractures, typically, are equant to slightly elongate in plan, and dip gently
towards their parent borehole (Figure 7-28).
Hydraulic fractures have been created for environmental applications
at depths of 12 and 16 m with the possibility of greater depths. Many of
those fractures have been created in the vadose zone. Maximum dimensions of the fractures increase with depth, but are in the range of 7 to 15
m. Bulk volumes of granular material used to fill the fractures also
increase with depth, ranging from 0.15 m3 (5 ft3) for shallow fractures
to 1.25 m3 (44 ft3) for deeper ones. The average thickness of material
filling a fracture ranges from 0.5 to 1.0 cm, but can be as much as 2.5
cm. Special methods (Brunsing 1987; Murdoch et. al. 1997) are available to create fractures that are a decimeter or more thick.
Hydraulic fracturing methods have created reactive barriers in the
vadose zone using most of the materials in Table 7-9. Lactate and zeolite
are two exceptions only because environmental applications of those
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Figure 7-28. Idealized hydraulic fracture.

materials are relatively new. Conventional fracturing methods can be
used to inject many reactive materials. Guar gum gel, a cellulose-based
thickening agent, is typically used to suspend reactive material, although
this gel is abruptly degraded by the oxidative capacity of raw potassium
permanganate. An inorganic gel is used to inject potassium permanganate (Siegrist et al. 1999).

The case study, “Case History of Reactive Barriers Using Fe° Metal and KMnO4 to
Degrade Chlorinated Solvents,” by R.L. Siegrist, K.S. Lowe, L.C. Murdoch, and T.C. Houk,
describes a field trial of in situ remediation at the DOE Portsmouth Plant. See page 1206.

Monitoring
Reactive barrier monitoring in the vadose zone evaluates the creation
of the barriers, as well as their performance. Determining the form of the
fracture, particularly the size and location, is critical to ensuring that

1062

VADOSE ZONE SCIENCE AND TECHNOLOGY SOLUTIONS

potential downward pathways of contaminants are intercepted. This can
be done using geophysical methods during or following fracturing. The
ground surface over a flat-lying hydraulic fracture will lift to form a
broad, gentle dome. The amount of uplift is similar to the fracture aperture above shallow, flat-lying fractures (Murdoch et al. 1995), but the
uplift pattern becomes more complicated as the fracture becomes
deeper. Theoretical analyses are available to estimate the geometry of
hydraulic fractures based on the uplift pattern (Du et al. 1993; Davis
1983). Net ground displacements accompanying fracturing can be measured using optical leveling, or the inclination of the ground surface can
be measured in real time using an array of tiltmeters. Resistivity measurements can also be used to estimate fracture location during propagation (Wang et al. 1991; G. Hocking, personal communication, 1998).
The performance of reactive barriers in the vadose zone can be evaluated using the standard vadose zone sampling and monitoring methods
described in Chapters 3 and 4. Specialized methods (Murdoch et al. in
press) have been developed to monitor critical parameters, such as
moisture content, Eh, or fluid composition, at closely spaced depth intervals. Sensors can be embedded into a borehole sidewall at spacings of as
little as 7 cm, to provide detailed resolution of subsurface processes.
Factors Affecting Performance
Reactive barriers must be able to intercept contaminants and provide
enough residence time to accomplish sufficient degradation. The two
primary factors that will affect these processes are the orientation and
position of the barrier, and the properties of flow through the barrier.
Reactive barriers in the vadose zone should be nearly flat-lying to intercept downward flow. The dip of barriers created using hydraulic fracturing methods depends largely on the state-of-stress and sediment
anisotropy. A lateral compressive stress that is greater than the vertical
compressive stress favors the creation of a flat-lying fracture because it
is easier for the dilating fracture to lift against the vertical than to push
against the lateral stress. This stress state occurs in over-consolidated
sediments and many rocks.
Material anisotropy, particularly the fracture toughness, becomes
important where the horizontal and vertical stresses are similar. Fracture
toughness is the property that governs the propagation of an elastic

CHAPTER 7 – REMEDIATION OF ORGANIC CHEMICALS IN THE VADOSE ZONE

fracture, and it often differs with direction in natural materials. For example, some sediments part more readily parallel to bedding than they do
perpendicular to it because the least fracture toughness is parallel to bedding. As a result, bedding planes or laminations may favor the creation of
flat-lying hydraulic fractures in sediments where the vertical and horizontal stresses are similar, such as in normally consolidated sediments.
Reactive barriers must be capable of degrading contaminants while
they reside in the reactive material. The simple approach outlined above
indicates that for a sufficient residence time to elapse, the thickness of
reactive barriers in the vadose zone should be at least a few mm to cm,
and this thickness is readily achieved by hydraulic fracturing methods.
However, it is likely that local fluxes could be markedly greater than the
average yearly flux used in the calculations above. For example, this
could occur if the contaminants move episodically along permeable
paths in heterogeneous formations, or as unstable fingers in granular
deposits. Little is known about the details of flow through reactive material in the vadose zone, so this issue remains unresolved. It may be possible that concepts developed for designing capillary barriers could be
used to design material properties that would regulate flow through
reactive barriers in the vadose zone.
Access to the subsurface is required to create a reactive barrier. Conventional drilling is typically used, but hydraulic fractures can be created
using directional drilling when access by conventional rigs is impossible.
Buildings or other structures overlying fractures should be capable of
accommodating some displacements during the fracturing process.
The rate of the degradation reaction and the life of the reactive material affects the performance of the barrier. These issues depend on
details of the type, concentration, and total mass of the contaminants in
the vadose zone, as well as the subsurface geochemical setting. Materials are available to degrade or sorb many of the major contaminants
(Table 7-9), and current information about their performance in the
vadose zone is encouraging (Siegrist et al. 1999). However, only a handful of field trials have been attempted, so additional investigation is
required before the scope of these factors can be assessed.
Status
The use of reactive fractures in the vadose zone is a new technology
with only a handful of field examples. Flat-lying reactive barriers suitable

1063

1064

VADOSE ZONE SCIENCE AND TECHNOLOGY SOLUTIONS

for the vadose zone have been created using granules of potassium permanganate, zero-valent iron (Siegrist et al. 1999), porous ceramics cultured with specialized microbes (Stavnes et al. 1996), oxygen-releasing
sodium percarbonate (Vesper et al. 1994), and granular activated carbon
(Davis-Hoover et al. 1999). All of those projects have been pilot tests
involving one to several barriers that were created to evaluate the technology. The results from the tests are encouraging, suggesting that it should
be feasible to use reactive barriers in source zones within the vadose zone,
just as it is feasible to use them to degrade groundwater plumes downstream from those source zones. Nevertheless, the technology has not yet
been applied at a full-scale nor has it been evaluated throughout the life of
the reactive material. The technology is commercially available, but it has
not yet been transferred beyond the original developers.
See case study “Case History of Reactive Barriers of Porous Ceramics Used to Enhance
Biodegradation of Petroleum Hydrocarbons” by A. Yorke and T. Meiggs on page 1216.

DEEP SOIL MIXING: RECOVERY AND DESTRUCTION PROCESSES*
In situ remediation can be exceedingly slow or of limited efficiency
due to adverse properties of the subsurface, such as high organic matter
content, low permeability, or contaminants with low vapor pressures,
high Koc, or the presence of residual NAPL. A potential approach to
rapid in situ treatment involves the use of deep soil mixing coupled with
various physical or chemical treatment processes. In concept, soil mixing creates continuously mixed subsurface soil reactors where various
treatment processes can be implemented (Figure 7-29). Vapor stripping,
chemical oxidation and reduction, bioremediation, and solidification/stabilization processes have been evaluated under laboratory, and in
some cases, field conditions (Table 7-10) (West et al. 1995a; Siegrist et
al. 1995a,b; Gierke et al. 1995; DOE 1996; Cline et al. 1997).
This section describes in situ soil mixing treatment technologies coupled with either vapor stripping or chemical oxidation. Mixed region
vapor stripping (MRVS) couples soil mixing with high pressure air
injection and is potentially applicable at sites where contaminants are
*This section was contributed by R.L. Siegrist and O.R. West.
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Figure 7-29. Subsurface soil reactor using mixed-region processes for in situ treatment.

relatively volatile (West et al. 1995a; Siegrist et al. 1995a; Gierke et al.
1995; DOE 1996). Mixed region chemical oxidation (MRCO) combines
soil mixing with in situ chemical oxidation and is potentially applicable
to sites with oxidizeable target compounds, such as petrochemicals and
chlorinated solvents. This section presents a general description of soil
mixing technology first. Descriptions of vapor stripping and chemical
oxidation processes coupled with soil mixing as the delivery system follow, with process, principles, and experience.
Principles
Soil mixing has evolved from construction drilling technologies to an
approach for enabling remediation of contaminated sites by various in
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TABLE 7-10 Possible mixed-region processes.
Mixed-Region Processes

References

Vapor stripping with air, hot air, and/or steam
(volatile organics)

U.S. EPA 1989; Roy 1990; West et al. 1995a;
Siegrist et al. 1995a; DOE 1996; Cline et al. 1997

Flushing with surfactants, acids, chelating
agents (organics and metals)
Chemical oxidation with peroxide or
permanganate (organics, metals)

Siegrist et al. 1995a; DOE 1996; Cline et al. 1997

Chemical reduction with zero valent iron metal
(organics, inorganics, metals)
Biodegradation with bioaugmentation
(organics)
Solidification/stabilization by grout injection
(organics, metals, radionuclides)

Stinson and Sawyer 1989; Siegrist et al. 1995(b)

situ processes. Soil mixing can be used to accomplish several treatment
objectives including: (1) recovery by stripping or flushing, (2) in situ
destruction by chemical or biological methods, or (3) in situ immobilization by solidification/stabilization. Soil mixing enables rapid and
extensive treatment in the vadose zone by subsurface disruption and
facilitation of treatment agent contact and mass transfer. Mixing does
not fully homogenize a subsurface region, yielding limited soil and contaminant translocation inward and upward within the mixed region. In
concept, continuously mixed subsurface soil reactors can be created in
various soils and sediments, including the vadose and saturated zones.
MRVS involves injection of compressed gases at high volumetric
flow rates, such as 1 soil reactor volume per minute, to volatilize and
advectively remove organic chemicals from the subsurface. The
removed chemicals are either released to the atmosphere or captured in
a shroud or hood and managed by a variety of offgas treatment techniques such as carbon adsorption or catalytic oxidation. MRVS utilizes
various auger designs. Gas injection is accomplished through orifices
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along the auger blade(s) or out the bottom end of a mixing shaft.
Removal efficiency is dependent on contaminant and media properties,
such as pore size and continuity, water content, and sorption, as well as
injected gas properties like flow rate and energy content (West et al.
1993a; West et al. 1995a; Siegrist et al. 1995a; Gierke et al. 1995).
MRVS treatment time is a function of several factors, including: (1)
the chemical properties (for example, vapor pressure and Henry’s constant) of the target contaminants, (2) the partitioning behavior within the
contaminant/media system (Kd), (3) the physical properties of mixed
soil/media, such as aggregate size and surface area, (4) the volume of
soil to be treated, (5) the air flow rate and energy content, and (6) the
required removal efficiency.
Laboratory and field tests of MRVS have shown that from 400 to 700
unit volumes of air (ambient temperature) per unit volume of soil (reactor volume, or r.v.) were required to reduce TCE concentrations in clay
soils by at least 80 percent (West et al. 1995a). The treatment time for
ambient air MRVS of a given mixed volume can be roughly estimated
for a prescribed airflow rate. For example, for a treatment volume of 460
cu. ft (nearly equal to 6 ft diameter, 20 ft depth) and an air flow rate of
1,500 cfm, an estimated treatment time is obtained as follows:
460 cu.ft.
treatment time = 400r.v. ×

1500 cfm

= 123 min.

(7.26)

This estimation procedure is thought to be valid for contaminants
with vapor pressures similar to TCE, and for contaminant/soil systems
that exhibit partitioning behavior similar to that of the TCE/soil system
(Kd= ~0.1 mL/g) studied by Siegrist et al. (1995a). For other contaminants, like gasoline or diesel, and other high organic content soil systems, laboratory tests and/or modeling, coupled with laboratory
measurement, will be necessary to estimate required treatment times
(West et al. 1995a; Gierke et al. 1995).
MRVS may enable secondary treatment through biological degradation in much the same manner that bioventing can during conventional
SVE. This possibility was considered during a MRVS demonstration at
a land treatment site in Ohio (Siegrist et al. 1995a). Comparisons of
microbial activity before and after treatment revealed increases in total
bacterial populations, (for example 1,000x) although the significance of
this was not elucidated.
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MRCO involves soil mixing that delivers an oxidizing agent to a subsurface region to achieve in situ destruction of organic contaminants.
MRCO has been most commonly implemented with hydrogen peroxide
(H2O2) and potassium permanganate (KMnO4) oxidants (Table 7-11).
However, other oxidants can be used, like ozone. Reductants are also
feasible, such as zero-valent iron metal. (The principles and practices of
chemical oxidation are discussed elsewhere in this chapter and are thus
not described in detail here.) Depending on system pH, degradation of
target organic chemicals and other reduced substances can occur by
direct electron transfer or free radical processes (Siegrist et al. 1999).
Since the reaction rates for most susceptible organic compounds are
extremely fast, that is, in minutes, transport and distribution often control treatment efficiency and extent, assuming adequate oxidant is delivered to satisfy the demand of the target organic chemicals as well as
natural organic matter and other reduced substances. Treatment
efficiency appears to be a principal function of media properties, as in
natural soil organic matter content and pH, oxidant concentration and
mass loading rate, and uniformity of delivery and distribution. Oxidant
solutions (H2O2 at 0.01-10 wt. percent or KMnO4 at 1.0 to 4.0 wt. percent) have been mixed with contaminated soil to provide mass loadings
that are 1,000 times greater than the stoichiometric requirements for
degradation. The oxidant solutions are typically combined with soil at a
ratio of 5 to 10 percent by volume (liquid volume per volume of treated
media), which provides enough volume to disperse the oxidant without
creating a slurry that produces free water. To enhance distribution of oxidant throughout the mixed region, hydrogen peroxide solution has been
injected into an air stream, for example at 300 scfm, so that it enters the
mixed region as a fine mist (Siegrist et al. 1995a; DOE 1996). In this
approach, some organic compounds can be volatilized and advectively
removed concurrently with the in situ oxidation processes. As in MRVS,
any organic chemicals in the offgas are captured in a shroud covering the
ground surface and managed by appropriate treatment techniques, for
example, by carbon adsorption or catalytic oxidation.
Implementation and Augmenting Technologies
Soil mixing was first used as an in situ remediation method in the late
1980s. The early applications were designed to deliver solidification
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TABLE 7-11 Example applications of in situ mixed-region processes for site remediation.
Location (date)
Process

Media and COCs

Application method and results

Florida (1988)
Solidification

Sandy soil with PCBs
to 5.5-m depth

EPA demonstration was completed at a PCB contaminated site in Florida where two, 10-ft by 20-ft areas were
treated with cement-based solidification grout in 3-ft
diameter columns to depths of 14 and 18 ft.

California (1989)
Steam stripping

Soil with VOCs
and SVOCs

At the San Pedro site over 8,000 yd3 of soil was contaminated with up to 12,000 ppm of chlorinated hydrocarbons
plus other volatiles and semi-volatiles from a few ppm to
50,000 ppm. Up to 99% removal of volatiles from the soil
was achieved (efficiencies of removal ranged from 54% to
99+%). Semi-volatile organics (SVOCs) were removed
with efficiencies ranging from 7% to 98%. Post-treatment
concentrations of VOCs averaged 57, 53, and 71 ppm,
respectively, in the three tests. For the SVOCs, 920 and
490 ppm remained after completion of two of the tests.

California (1989)
Steam stripping

Soil with TPH to
6.1-m depth

At the Carson site, when the total petroleum hydrocarbon
(TPH) concentration was less than or equal to about 1,000
ppm, removal efficiencies were 75 to 90% for a 15-ft deep
soil column, with an average treatment time of 47 min. per
column. When TPH was greater than 10,000 ppm, removal
efficiencies were 90 to 95% in a 20-ft deep column, with an
average treatment time of 78 min./column.

Ohio (1993)
Ambient and
hot air stripping,
Peroxide
oxidation, and
Solidification

Silty clay soil with
TCE and VOCs to

Comparative demonstration of soil mixing coupled with
ambient (20°C) and hot air (120°C) stripping, chemical
oxidation, or solidification to treat TCE and other halocarbons at 100 to 500 mg/kg.
Use of a single 3-m augur to treat 3 overlapping columns
to 4.6-m depth. Treatment time of 225 min yielded an
average VOC removal efficiency of nearly equal to 92% for
ambient air and nearly equal to 98% for heated air, while
MRVS to 6.7-m depth with heated air was lower at
approximately 88%.
H2O2 + compressed air injected during deep soil mixing
to 15 ft depth in 3 10-ft diam. mixing zones. Up to 100
mg/kg mass reduced by 70% including 50% due to
oxidation.

Kansas (1996)
Permanganate
oxidation

TCE and DCE in soil
and ground water to
14.3-m depth.

Comparative demonstration of permanganate oxidation,
bioaugmentation, and vapor stripping. KMnO4 (3.1 to 4.9
wt.%) delivered by deep soil mixing (8 ft augers) to 47 ft
bgs during 4 days. TCE reduced from 800 mg/kg by 82%
in the vadose zone and 69% in the saturated zone (greater
than 8 ft bgs). MnO4- depleted. Microbes persisted.
Comparison tests with mixed region vapor stripping
yielded 69% reduction with bioaugmentation yielding
38% reduction.
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agents into the subsurface to immobilize contaminants such as PCBs
(Table 7-11). During this same period, mixed region steam stripping
emerged, and was evaluated at two sites in California (Treweek and
Wogec 1988; Roy 1990). Three tests were conducted at a site in San
Pedro, and the fourth was conducted at a petroleum-hydrocarbon-contaminated site in Carson. At that time, mixed-region processes involving
ambient and hot air stripping as well as peroxide chemical oxidation and
grout solidification were tested in Ohio (Siegrist et al. 1995a,b; DOE
1996). Later, permanganate chemical oxidation along with MRVS and
bioaugmentation were evaluated during a field demonstration at a DOE
site in Kansas City (Cline et al. 1997).
Today, implementation involves consideration of site conditions with
respect to soil mixing technology (like depth and areal extent of contamination), site access and surface topography, surface or subsurface
obstructions, and post-treatment land use, as well as treatment process
chemistry and function (for example, soil texture and permeability,
water and organic matter content, pH, type of contamination and treatment goals to be achieved). Implementation typically involves a series
of activities from initial screening for site suitability and development of
performance goals for the site, to development of a conceptual design.
Site characterization data is gathered and used to verify design conditions. Laboratory bench-scale tests are recommended to verify or refine
design parameters and document performance for a treatment process
such as chemical oxidation. However, field-scale implementation
remains uncertain until a field pilot-test is performed. This pilot-test can
be performed before mobilizing to the field for a full-scale application,
or as a shakedown test at the beginning of a full-scale application.
While soil mixing augments the implemented treatment process,
there are other enhancements that might improve effectiveness. Thermophysical enhancements such as soil heating within low permeability
deposits could enhance removal rates in some settings. Incorporating
secondary treatment processes could also provide benefits. For example,
passive volatilization and/or bioremediation enhancements could be
implemented following MRVS or MRCO. Also, vegetative restoration
techniques could be beneficially implemented following these
processes. Finally, coupling could be envisioned for treatment of sites
with mixtures of organic and metal contaminants, for example, MRVS
followed by solidification/stabilization.
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The cost and commercial availability of MRVS and MRCO technologies can be illustrated by considering a hypothetical site, 100 ft by
100 ft by 15 ft deep (nearly equal to 5,550 yd3). This site is characterized by stratified fine-grained media contaminated with gasoline that is
diffused into the low permeability matrix blocks at a concentration of
1,000 mg/kg. The goal is to remediate the site to 200 mg/kg or lower.
Based on full-scale data with chlorinated solvents like TCE, the estimated cost for MRVS (ambient or heated air) to achieve an 80 percent
removal efficiency is approximately $100-150/yd3; the cost for MRCO
to achieve a 70 percent reduction is approximately the same. These costs
are similar, because major costs are associated with mobilization/demobilization and mixing equipment operation. Coupling chemical oxidation with secondary processes might reduce the treatment costs. These
data are projected based on a treatment cost of $200/yd3 treatment of
TCE, as determined during a full-scale field demonstration at a secured
DOE site where higher costs are normally encountered (Siegrist et al.
1995a). This assumes that off-gas treatment constraints are nominal. The
estimated treatment time for the site is 30 to 60 days based on a
processing rate of 100-200 yd3/d (Siegrist et al. 1995a; DOE 1996).
Both MRVS and MRCO are commercially available technologies.

The case study “Mixed Region Vapor Stripping in a Silty Clay Vadose Zone,”
by R.L. Siegrist and O.R. West, describes an MRVS field test at the
DOE’s Portsmouth Plant in Piketon, Ohio. See page 1224.

Critical Factors Affecting Performance
The soil mixing delivery system and the treatment process to be
implemented, such as vapor stripping and chemical oxidation, are some
of the critical factors affecting performance. There are many soil mixing
factors to consider. Surface topography must be generally level (or be
made so by grading) to provide a stable base for the mixing equipment.
Surface obstructions such as parking lots, buildings, or overhead power
or steam lines can limit access totally or make it exceedingly expensive.
Subsurface obstructions such as buried utilities, boulders or rock, or
construction debris can similarly limit application. The technique is
unsuitable where contaminants occur in rock that cannot be disrupted
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with an auger. Depth and areal extent of contamination are important,
and, to date, most field applications have been accomplished at depths
less than 16 m (50 ft), and in areas smaller than 1 hectare. Planned land
use following mixed region treatment is very important because mixing
causes a volume expansion of roughly 15 percent (1.5 m3 within an
above ground berm per 10 m3 of media treated in situ). This means that
the height of the ground surface will increase during mixing, and the use
of the land must be able to accommodate this change. (Siegrist et al.
1995a).
Critical factors related to treatment processes vary with each process.
For MRVS, target chemical vapor pressure, Koc, and contaminant concentration are important. With lower vapor pressures, high Koc’s and
high contaminant levels, benefits can be gained by using heated air, and
even steam, rather than simply ambient air. For MRCO, critical factors
include the target organic compound and whether it is amenable to
oxidative destruction by peroxide or permanganate. Many organic
chemicals are amenable to oxidative destruction but some are more susceptible to peroxide or Fenton’s reagent compared to permanganate
(Siegrist et al. 1999). Soil system pH and natural organic matter content
are also important. Low pH, for example a pH of 4 to 5, and low NOM,
for example less than 0.5 percent by weight, are generally preferred. It
is also important to clarify the presence of metal co-contaminants that
might be mobilized by redox effects.
Monitoring
Several systems are used to monitor the MRVS processes. A sensor
on the auguring tool can monitor auger depth. Offgas air flow rate and
VOC concentrations can be monitored via flow meters and sampling
ports in the shroud covering the mixed region. These measurements
should be linked to the auguring depth record to enable interpretation of
treatment progress. Offgas pressure and temperature provide insight into
the operation of the system. These data can be readily tracked by sensors and recorded by a computerized data acquisition system (DAS) at
intervals of approximately 0.5 to 3.0 minutes. In addition to this DAS
sensor data, soil solid and soil gas samples can be collected before and
after in situ treatment for analyses of physical, chemical, and biological
properties. The treatment performance, such as total mass recovered and
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residual organic concentrations, can be determined from the results of
soil VOC analyses before and after MRVS (Figure 7-30) (Siegrist et al.
1995a; West et al. 1995b). The pre- and post-treatment data can be analyzed using statistical procedures employing classical descriptive statistics as well as stochastic simulation methods (West et al. 1995b). The
estimated mass reduction calculated from soil concentration data can be
compared to that calculated from the cumulative mass recovered in the
offgas. MRCO is more difficult to monitor since chemical reactions
occur within the mixed region during active mixing and reagent delivery, as well as during a period following cessation of mixing. Most of
the above monitoring methods described for MRVS can also be
employed for MRCO. In addition, analyses include reaction products,
such as chlorides produced during oxidation of TCE.
Status
It is possible to identify relative advantages and disadvantages of the
MRVS and MRCO systems, although the state of knowledge and practice is currently insufficient to give firm guidelines for selecting these
processes in a given setting. MRVS has the advantage of providing high
treatment efficiencies while being simpler and easier to implement.
Because chemical solutions are not involved in MRVS, chemical handling equipment is not required, injection permits are unnecessary, and
health and safety hazards decrease. Moreover, since MRVS physically
removes organic contaminants from the subsurface, online process monitoring and control is feasible. Finally, since no liquids are introduced,
there is no potential for contaminant leaching. In contrast, MRCO has the
advantage of more rapid treatment of not only volatile but also semivolatile organic compounds. The addition of hydrogen peroxide yields
oxygen, thereby enhancing potential biodegradation of original or partially oxidized organic compounds. MRCO also may enhance mixing
efficiency and reduce mixing energy requirements. Finally, MRCO may
reduce the potential for post-treatment leaching of untreated contaminants, for example, of heavy metals, by reducing matrix and bulk deposit
permeability as a result of increasing water content and site compaction.
This mixed region strategy is an aggressive approach to in situ treatment and is most appropriate for source areas characterized by either
high contaminant concentrations, biorefractory compounds, and/or sites
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Figure 7-30. Results of MRVS using ambient air including (a) offgas VOC concentration,
(b) offgas temperature, and (c) offgas VOC mass removal versus treatment time (Siegrist et al. 1995a).

CHAPTER 7 – REMEDIATION OF ORGANIC CHEMICALS IN THE VADOSE ZONE

with lower permeability media. Application to NAPL-contaminated
low-permeability media is very attractive since it may offer the only way
to rapidly and extensively disperse treatment agents and concomitantly
remove/degrade contaminants in such settings. Much of the complexity
and cost of a mixed-region treatment process (either MRVS or MRCO)
is associated with mobilization/demobilization and operation of the soil
mixing and delivery system. The costs associated with the treatment
agents themselves, such as ambient air, heated air, and hydrogen peroxide, are relatively minor (less than 15 percent). Offgas treatment costs
can represent minor or moderate costs, depending on the type and mass
of contaminants, and treatment required.
The benefits of using heat (heated air or steam) in the MRVS process
depend on the contamination properties; for example, concentration
and solubility, and media properties like sorption and heat transfer. Benefits gained by injecting heated air are measurable and probably warranted for contaminant/media systems with relatively higher sorptive
properties (Kd > 0.1 mL/g). Injection of steam is more uncertain, as it
may result in saturation and water flooding prior to system drying and
vapor stripping of NAPL.
There is potential for coupling MRVS with MRCO and other complementary technologies like fracturing systems and oxidation, and
bioremediation. For example, MRVS could be employed to remove the
accessible volatile fractions followed by MRCO to facilitate degradation
of the remaining less volatile or entrapped organic chemicals.

IMMOBILIZING ORGANIC CONTAMINANTS BY
STABILIZATION AND SOLIDIFICATION*
Solidification/stabilization (S/S) processes are among the most
widely used methods for treating contaminated soils and waste materials in the United States today (U.S. EPA 1994). These processes have
been used to remediate organic chemicals, but their primary application
over the past 20 years has been to immobilize metals and other inorganic
compounds in industrial sludges, contaminated soils, fossil-fuel fly ash,
incinerator residues, and other hazardous wastes. The U.S. EPA now

*This section was contributed by P. Bishop and V. Hebatpuria.
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recognizes S/S technology as an acceptable method for treating materials with metal contamination (U.S. EPA 1989), and the technology is
used more often than any other hazardous waste management alternative. However, the ability of S/S methods to treat organic contaminants
is more controversial.
Land-ban regulations (Anon 1985) prohibit disposal of hazardous liquids in landfills and require that the wastes be solidified, with a minimum of free water, before landfilling. This can be accomplished by S/S
processes. Stabilization refers to techniques that reduce the hazard
potential of a waste by converting the contaminants into their least soluble, mobile, or toxic form. The physical nature and handling characteristics of the waste are not necessarily changed by stabilization. On the
other hand, solidification refers to techniques that encapsulate the waste
in a monolithic solid of high structural integrity. It does not necessarily
involve a chemical interaction between the waste and the solidifying
reagents, but may mechanically bind the waste into the monolith (Conner et al. 1990). Together the S/S processes can transform liquid wastes
so that they meet the requirements of land-ban regulations, allowing
those wastes to be placed in landfills.
The most common S/S processes use Portland cement, lime/fly ash, or
other pozzolanic materials as a binder for stabilizing contaminants into a
relatively immobile form and solidifying them into a rigid mass. Cementbased techniques can cost-effectively stabilize heavy metals in sludges
and soils. Unfortunately, many of these waste materials also contain toxic
organic chemicals, which may not be immobilized as effectively as heavy
metals. A great deal is known about the chemical processes involved with
stabilizing metals in cement, but relatively little is known about the
mechanisms involved with the release, or leaching, of organic chemicals
from stabilized waste. This section provides an overview of organic compound leaching from S/S contaminated soils, reviews what is currently
being done to improve the immobilization of these compounds, and
describes what new techniques are being developed. Applications for S/S
on metal-bearing wastes are described in Chapter 8.
Principles
Leaching from stabilized solids into water that percolates through the
waste is the primary mechanism for release of contaminants to the envi-
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ronment. As a result, the leaching rate is the major criterion for evaluating stabilized wastes (Conner et al. 1990). The leaching rate is typically
estimated using one or more standardized laboratory tests, such as the
Toxicity Characteristics Leaching Procedure (TCLP). A variety of such
tests are available (Means et al. 1995) and most of them involve placing
samples of the stabilized material in containers of water or weak acid (to
simulate acid rain). The containers are agitated and the concentrations of
contaminants in the water are measured either after a specific time has
elapsed, or at several times during the test. The leaching rate can be estimated by comparing the concentration of the contaminant that leached
into the water during the test to some reference concentration, such as
the drinking water standard. Alternatively, the leaching rate can be
characterized by fitting concentrations measured as a function of time
using a transport model.
In typical S/S systems, most metals precipitate as insoluble carbonates, silicates, sulfates, and other salts, in the highly alkaline environment created by reactions with Portland cement. These metals are
encapsulated in the gel-like structure of the binder matrix. Those
processes significantly reduce the leaching rate of most metals (Bishop
1988).
Organic chemicals show no such behavior. They rarely precipitate
due to an increase in pH, and, typically they fail to bind to cement.
Organic chemicals may be sorbed or encapsulated in pores in some
cement material, but this stabilization effect is often short-lived. While
there are a few examples where organic compounds can be hydrolyzed,
oxidized, or reduced due to reaction with cement (Conner 1990; Lear
and Conner 1992), such cases are uncommon. In most cases, organic
chemicals are released relatively rapidly from conventional S/S material, although the release rate does depend to some degree on water solubility, polarity, presence of functional groups, and volatility (U.S. EPA
1993). Most experts consider conventional S/S processes inappropriate
for long-term containment of organic chemicals at moderate-to-high
concentrations. This is particularly true for volatile chemicals, but also
for most semi-volatiles (Battelle 1993).
The need to improve the organic chemical immobilization in S/S
material has motivated a great deal of research, most of which has
focused on materials that strongly sorb organic chemicals before being
added to cement. For sorbants to be effective, however, investigators had
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to address an even more insidious problem: organic chemicals may
actively interfere with chemical processes within the cement itself.
Interferences Caused By Organics

Many organic chemicals may actually retard or accelerate the hydration of cement binders (Cartledge et al. 1990). This can reduce the
strength of the solidified material, or it may prevent the cement from
solidifying altogether (Cartledge et al. 1990; U.S. EPA 1993). Even low
concentrations of organic chemicals in a mixed waste may reduce
strength and interfere with hydration, (Pollard et al. 1990).
The interference effects are due to interactions at the molecular level.
For example, Phenol is known to reduce the long-term strength of
cement even at concentrations as low as 2000 mg/L (U.S. EPA 1993).
Detailed examination shows that 3-chlorophenol inhibits cement hydration by stabilizing ettringite formation, retarding its conversion to monosulfate within the waste form (Montgomery 1989). Another
microstructural study showed that methanol and phenol inhibited ettringite formation, but trichloroethylene appeared to stimulate it (El-Korchi
et al. 1989). A potentially beneficial effect was observed with 1,3,5trichlorobenzene, which decreased the pore diameters in the waste,
causing entrapment and reduced leaching of the contaminant (Riaz and
Zamorani 1989). Ethylene glycol, p-bromophenol, and p-chlorophenol
also interact with cement (Tittlebaum et al. 1986). Ethylene glycol can
inhibit hydration by occupying three distinct sites in the hydrated
cement matrix, and can also alter the cement microstructure, producing
grainy nodular surfaces that lack crystallinity. The ethylene glycol molecule is apparently small enough to substitute for water during hydration, but it deforms the resulting structure in the process. Both
p-bromophenol and p-chlorophenol interact with the calcium-silicatehydrate gel that forms during the hydration of cement, although the
details of the interaction are slightly different for the two compounds
(Tittlebaum et al. 1986). The potential interactions between organic
chemicals and cement-based S/S systems (U.S. EPA 1993) are summarized in Table 7-12.
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TABLE 7-12 Interference effects due to the presence of organics in S/S systems.
Compound

Potential Interference

Phenols

Decrease compressive strength for high phenol levels

Semi-volatile organics/PAHs

Interfere with bonding of waste materials

Polar organics (alcohols/
organic acids/glycols)

Impede setting of cement, decrease short-term and longterm durability. Alcohols may retard setting of pozzolans.

Solid organics (plastics, tars, resins)

Ineffective with urea formaldehyde polymers; may retard
setting of other polymers.

Aliphatics hydrocarbons

Increase setting time for cement.

Chlorinated organics

Increase setting time and decrease durability of cement if
concentration is high.

Non-polar organics (oil/
grease/PCBs)

Impede setting of cement, decrease long-term durability
and allow escape of volatiles during mixing

Adsorbent

Adsorbents, which show promise as a material for organic chemical
stabilization, have been used by the S/S industry for many years (Conner 1995), but most are proprietary and relatively expensive. The
research community is investigating a variety of relatively inexpensive
materials, including activated carbon, quarternary ammoniumexchanged clays (organophilic clays, or organoclays) and zeolites that
could be used to absorb organic chemicals in wastes prior to cementbased solidification. In one study, fly ash, bentonite, virgin activated carbon, and soluble silicates were used to absorb various organic
compounds (Caldwell et al. 1990). Activated carbon was the most effective of the sorbants tested. The insoluble, non-volatile compounds tested
in this study were tightly bound in the S/S matrix. The distribution coefficient decreased and the leaching rate increased as solubility and
volatility of the contaminants increased; however, volatile contaminants
were poorly immobilized by the sorbants.
Several studies have identified activated charcoal as an important sorbant. Kyles et al. (1987) screened a range of conventional and novel
processes for S/S of four wastes, including electroplating filter cakes
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contaminated with chlorinated organics, a mixed waste containing dyes
and pigments, an oil filter cake, and an acidic tar residue. The adsorbents
used in the study were kiln dust, calcium oxide, and activated carbon.
The study shows that activated carbon was the only compound to effectively immobilize the organic constituents. Sheriff et al. (1989) used
decolorizing charcoal and quarternary-ammonium-exchanged clay for
the cement-based fixation of 3-chlorophenol and 2,3-dichlorophenol
(100 to 2000 mg/L). The charcoal rapidly adsorbed the contaminants
and immobilized them in the S/S waste matrix, and the charcoal
appeared to aid cement hydration and increase compressive strength.
Another investigation showed that several materials could adsorb as
much as 30 percent (w/w) of an oily waste and then be successfully
solidified in ordinary Portland cement (Lin and Mackenzie 1983).
Modified Clays

Normally hydrophilic clay minerals can be modified to increase their
capacity to adsorb organic chemicals. One method for creating
organophilic clays is to substitute quarternary ammonium compounds
for cations between the silica and alumina layers in the mineral structure
of montmorillonite, the major clay mineral in bentonite. The quarternary
ammonium compounds contain long-chain alkyl or aromatic groups that
make the space within the clay less polar and more hydrophobic,
increasing the attraction of the clay for many toxic organic compounds
(Figure 7-31).
Organophilic clays composed of bentonite containing tetraalkylammonium compounds were used to adsorb various phenols before
being incorporated into the cementitious matrices in several studies
(Montgomery et al. 1991a; Montgomery et al. 1991b; Sheriff et al.
1989; Mortland et al. 1986). The partitioning coefficients of the modified clay increased with the degree of polarity and the addition of chlorine; that is, the partitioning of phenol < chlorophenol < dichlorophenol
< trichlorophenol.
Thermally treated but unexchanged clays have also been utilized for
adsorption of organic chemicals. Escher and Newton (1985) used a mix
of Portland cement and bentonite clay to solidify wastes contaminated
with cyanide and phenol. In another study, spent clay from the edible oil
industry was modified to a low-cost clay-carbon adsorbent by the
chemical activation of residual oil on the mineral surface. Activated
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Figure 7-31. Modifying a clay with a quaternary ammonium compound.

bleaching earth was also evaluated for the cement-based S/S of an
organically contaminated pickling acid waste, and its performance was
compared with that of activated carbon used in drinking water treatment
(Pollard et al. 1990). Adding 10 percent (w/w) of the modified clay
reduced the leachable total organic carbon (TOC) by as much as 37 percent (w/w). Also, the pozzolanic activity of the clay increased the compressive strength of the waste by 2 to 3 times.
Fly Ash

Fly ash is one of several materials (including blast furnace slag and
cement kiln dust) produced as an industrial byproduct that will react
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with lime to form a pozzolanic cement. Many researchers (Davidson et
al. 1958; Leonard and Davidson 1959; Thorne and Watt 1965) have proposed that reactive sites of fly ash will sorb unpyrolized organic compounds and prevent interaction with cementation reactions. Soils
contaminated with PCBs were solidified by a commercial S/S process
using fly ash and additives (Myers and Zappa 1987). The process produced negligible volatile and leachable TOC in leach test filtrates, but
details of this proprietary process were not disclosed.
Pozzolans have been shown to solidify clay soil contaminated with
simple alcohols and substituted aromatics with an organic content of
11.4 percent (w/w) (Thornton et al. 1975). The addition of 5 percent
(w/w) lignite fly ash increased the compressive strength by 40 percent.
Investigations of cement strength showed that aliphatic and dicarboxylic
acids neutralized lime, and, therefore, interfered with pozzolanic hydration (Smith 1979).
Proprietary Additives

Many companies sell proprietary additives, which they claim, will
effectively immobilize toxic organics in S/S matrices. It is often difficult
to substantiate these claims because the stabilization ingredients are kept
secret and leaching tests are generally only performed by the vendor.
However, one validated study was performed in which two additives
(KAX-50 and KAX-100) containing rubber particles were compared with activated carbon, an organophilic clay, and untreated contaminated soil (Conner 1995). The two proprietary additives were found
to be superior for stabilizing most of the organics tested, though the high
cost of these additives may make their use uneconomical in many cases.
Activated Carbon

Activated carbon appears to be the most effective adsorbent in immobilizing organic contaminants in soils (Caldwell et al. 1990). However,
virgin activated carbon is too expensive to use during large-scale S/S
processes (Conner 1990). One way to realize the benefits of activated
carbon but reduce costs is to use thermally reactivated carbon. The
demand for this previously used, but regenerated, carbon is generally
low, making it relatively inexpensive (only about 20 to 25 percent of the
cost of virgin activated carbon).
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An extensive study of the use of reactivated carbon to immobilize
organics in S/S systems is currently underway (Arafat et al. in press;
Hebatpuria 1998; Hebatpuria et al. in press-a; Hebatpuria et al. in pressb). Preliminary results show that contaminated soils containing a wide
range of volatile and semi-volatile organic compounds (for example phenol, aniline, naphthalene, and 2-chlorobenzene), can be effectively immobilized in a cement-based S/S process using thermally reactivated carbon
as the preadsorbent (Figure 7-32). Only 0.5 to 2 percent (w/w) reactivated
carbon was needed. Adsorption was very rapid (Figure 7-33), so premixing of the soil with the reactivated carbon was not needed; it could be
added to the contaminated soil along with the cement. Moreover, immobilization of the organic chemicals appears to be essentially permanent;
leaching studies using aggressive leachants failed to remove the organics
from the S/S matrix even after much of the cement gel structure had been
dissolved, an effect probably due to the cement sealing the micropores of
the activated carbon, which contain much of the contaminant.
Implementation

S/S processes can be used either ex situ or in situ. The ex situ process
involves excavating contaminated soil and mixing it with suitable
binders and additives (U.S. EPA 1993), and then placing this mixture
into designated hazardous waste landfills. In most ex situ applications,
the resultant slurry can be handled in several different ways: it may be
(1) poured into containers or molds for curing followed by off-site disposal, (2) poured into cells or trenches for disposal onsite, (3) injected
into the subsurface environment, or (4) reused as construction material,
with appropriate regulatory approvals.
The in situ processes require the use of large augers, or similar
devices, that can inject binder and mix it directly with the contaminated
soil. In situ S/S processes can reduce costs by eliminating the need for
excavation, but they can be less effective because of incomplete mixing.
Figures 7-34 and 7-35 depict generic elements of typical ex situ and in
situ processes (U.S. EPA 1993).
Feasibility Screening

The U.S. EPA has developed an approach that determines the feasibility of S/S for treating organically contaminated soils (Means et al.
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Figure 7-32. TCLP analyses of solidified/stabilized soils containing (a) phenol and
(b) aniline using various carbon loadings. Specimens had a liquid:solids
ratio of 10:1 and were cured for 7 days prior to testing.
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Figure 7-33. Time required for immobilization of contaminants using thermally
reactivated carbon as the adsorbent.
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Figure 7-34. Generic elements of typical in situ S/S process.

Figure 7-35. Generic elements of typical ex situ S/S process.

1995). The decision tree shown in Figure 7-36 is used to determine
whether S/S technologies provide an acceptable alternative for treating
a particular waste containing organics. This screening approach determines whether S/S treatment will destroy or remove the toxic organic
components, release them to the air during treatment, or release them in
solidified/stabilized waste leachate.
Augmenting Technologies

Recovery technologies such as SVE can be used to reduce concentrations of organic chemicals before S/S processes are used. This
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Figure 7-36. Decision tree for determining whether S/S technologies provide acceptable alternatives for treating particular organic waste.
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preliminary step reduces potential interferences with organic chemicals
and lessens the burden of preventing their mobilization. In some cases,
in situ technologies can be used prior to stabilization, whereas in cases
where S/S involves excavation, it may be feasible to pre-treat waste
above ground to remove organic compounds. A two-step process of
recovering or destroying organic contaminants and then using S/S to
remediate metal contamination can be effective method for treating
mixed waste.
Critical Factors Affecting Performance

The major determinants governing the performance of S/S processes
for soils contaminated with organic compounds are the types and
amounts of organics present, the type of soil being treated, the volume
of contaminated materials requiring treatment, and the depth to which
the contamination in the soil extends.
Organic compounds with low volatility and low solubility in water are
most suitable for incorporation into a S/S matrix. Highly volatile (and
even many semi-volatile) organic compounds may be lost to the atmosphere during excavation, mixing, and subsequent processing of the soil.
These problems may be overcome by in situ S/S, where binder chemicals
and water are injected into the soil and mixed in place using soil augers.
Highly water-soluble organics may only be encapsulated within the S/S
matrix and may readily leach out later. S/S treatment may be unsuitable
for these compounds, although the addition of an adsorbent such as activated carbon or organophilic clay may immobilize the organics in the
waste form. Some organics are incompatible with cement binders, causing accelerated or delayed setting, or no setting at all. Adsorbents may be
successful in trapping the organics and preventing them from interfering
with the cement setting reactions, but this has not been fully investigated.
These factors can be evaluated using bench-scale tests.
The type of soil to be treated is also important. Clayey and some silty
soils can act as strong sorbents and help to hold organic contaminants in
the S/S matrix. These soils could be good candidates for S/S treatment.
Sandy soils fail to sorb many organic contaminants and may be less suitable for S/S treatment unless an adsorbent is added along with the binders.
Highly organic soils may interfere with the cement setting reactions.
Large amounts of binder chemicals are needed to effectively stabilize
and solidify contaminated soils. Thus, the cost for processing large vol-
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umes of soil may be prohibitive. Another drawback to this treatment is
the volume increase exhibited by the treated soil, which may have a final
volume that is 10 to 40 percent greater than the original. If the S/S material is kept onsite, provision must be made for the increase in elevation
accompanying the volume change; if it is hauled to another disposal site,
the resulting increase in volume must be considered when selecting
the site.
The depth of contamination is also important. There are limits to how
deeply binder chemicals can be effectively injected and mixed into the
soil. There are claims that this can be done to a depth of 30 m, but most
feel that in situ stabilization should be limited to the upper 10 to 15 m.
Ex situ S/S requires excavation of all soil material. Obviously, the
deeper the contamination, the more costly the excavation and total treatment costs.
Monitoring
Monitoring at S/S sites is often complex because the effectiveness of
the process depends on chemical reactions that occur in the subsurface.
Consequently, intensive testing to determine the treatability of the waste
and proper mix formulations, and rigorous quality control and monitoring of the mixing process is needed. Commonly, with ex situ processing,
the S/S waste is immediately placed back into the ground as an uncured
slurry. Any problems with improper setting may go undetected. In a few
instances, the waste form is placed in a mold after mixing and held until
the waste sets, to insure that it is properly solidified, but this procedure
is usually too expensive for large operations. Intermediate testing is typically impossible with in situ treatment. Here, the effectiveness of the
soil mixing with the binders is of paramount importance, but reliable
techniques for monitoring in situ mixing are currently unavailable. Once
the soil has been treated and placed in the ground, the pore water in the
solidified mass is also difficult to monitor. Typically, monitoring must be
done at the perimeter of the site. Monitoring wells have been placed
below the site, but they are uncommon.
Status

S/S of heavy metal-contaminated soils is a mature, well-accepted
process, used at many hazardous waste sites as the sole treatment
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process, or in combination with other technologies. Approximately 40
percent of all Records of Decision include S/S as part of the treatment
process. Many of these sites also contain toxic organic chemicals. In
some cases, immobilization of the organics has been effective; in others
it has been less so. Few sites whose primary objective is treatment of
organics have used S/S because better technologies are available. The
exceptions are sites that are contaminated with heavy, non-volatile, lowsolubility organics, such as coal tars or petroleum residues. Here, S/S
processing may be suitable because it is unlikely that the organics will
readily leach from the solidified waste form.

PHYTOREMEDIATION*
Natural processes accompanying plant growth affect the fate of
organic contaminants in several ways (Fig. 7-37). Plants move water
from the subsurface to the atmosphere, which transports vadose zone
contaminants to the root zone (the rhizosphere), where microbes are
usually concentrated. Organic compounds may be biodegraded by
microorganisms in the rhizosphere, transported into the plants, and/or
adsorbed to the organic matter associated with the vegetation. Some
compounds are transformed, either in the plant or in the soil, to other
organic forms that become part of the plants, microorganisms, or humic
matter of the soil.
Principles
Phytoremediation includes all processes where plants play a leading
role in remediation; some of these processes involve microbes associated with plants. As a result, phytoremediation is closely linked with
bioremediation, which is described earlier in this chapter. Many phytoremediation processes relate to the ability of plants to move water
through the vadose zone by evapotranspiration. This pumping effect
removes as much as 2 meters of water per year (2 m3/m2/yr). Evapotranspiration is significant as water and contaminants are moved to the
root zone of the plants, where contaminants can be transformed by a

*This section was contributed by L.E. Erickson, L.C. Davis, and P.A. Kulakow.
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Figure 37. Processes involved during phytoremediation.

diverse microbial population in the rhizosphere. Some contaminants are
transported into the roots and are transformed within the plants themselves. Volatile contaminants may be transported completely through the
plant and released to the atmosphere either through leaves or through
gas phase diffusion in the vadose zone.
Evapotranspiration reduces the amount of water in the subsurface and
extends the depth of the vadose zone, allowing volatile contaminants to
be released to the atmosphere and oxygen to diffuse to greater depths.
Since many organic compounds are aerobically biodegraded, the gas
phase diffusion of oxygen within the subsurface can significantly
increase remediation.
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Evapotranspiration can inhibit contaminants from moving below the
root zone of plants. Since some plants have rooting depths of 10 meters
or more, considerable moisture can be stored temporarily in the root
zone. The soil moisture can range from field capacity to near wilting
point conditions. Table 7-13 shows the estimated water storage capacity
of several different soils. For example, a silt loam soil with 2-meter root
depth can store 34 to 44 cm3/cm2 of water. By combining the storage
capacity of the soil with the pumping capacity of plants, a system is produced that limits the amount of precipitation extending past the root
zone. This concept has been used to create vegetative caps that reduce
infiltration and are less expensive than conventional caps used on landfills. Plants have also been placed near landfills and other contaminated
sites to arrest the migration of plumes of contaminated groundwater.
Plants can develop a cone of influence, similar to a well, such that shallow groundwater moves into the region where the vegetation is.
Plants contribute to the management of surface water at many contaminated sites. Vegetation reduces runoff and erosion, thereby limiting
the movement of contaminants from the site in dissolved and suspended
forms. In cases where plants are used to capture and evapotranspire precipitation, ensuring that there is surface runoff with appropriate treatment during periods of large amounts of rainfall will reduce the
infiltration and enhance the probability of containing all of the infiltration in the root zone.
Complex processes involving microbes in the rhizosphere can destroy
some organic contaminants. Microorganisms flourish in the root zone of
many plants, where they are sustained by root exudates and organic mat-

TABLE 7-13

Approximate available water storage capacity of various soils based on
differences between field capacity and wilting point. Data from various sources.
Textural Class
Silt loam
Loam
Silty clay
Sandy loam
Clay
Clay loam
Sand

Estimated Storage Capacity, % Water
17-22
12-21
14-19
4-16
11-15
5-10
2.5
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ter from decaying roots (Table 7-14). The energetics of this process
begin with solar radiation and can be quantitatively traced through the
rhizosphere (Table 7-14). Microbes take advantage of the carbon and
energy supplied by plants (Table 7-15). Microbial populations are often
more than one order of magnitude larger near the root surface than they
are elsewhere in the soil. The plant-supplied organic matter is a mixture
of aliphatic and aromatic compounds, which either include or resemble
compounds that are organic contaminants. Rhizosphere microbes often
develop the capacity to degrade organic contaminants because similar
compounds occur naturally in their environment. The degradation
process is driven largely by microbial enzymes, but plant enzymes
contribute as well.

TABLE 7-14

Bioenergetics of plant growth and energy flow to the rhizosphere.
Approximate values from Erickson et al. (1995). For these processes,
energy flows of enthalpy and free energy are of similar magnitude.
Root exudates can sustain about 108 cells/g soil.
Process

Energy Flow

Solar energy transformed to:
Chemical energy (0.7–3.2%)

1.5 kJ/kg soil day

Chemical energy in fixed carbon
transported to root zone (30–50%)

0.45–0.75 kJ/kg soil day

Chemical energy supplied to soil as
root exudates (40–70% of carbon
flow to root zone)

0.18–0.52 kJ/kg soil day

Maintenance energy needed for
aerobic vegetative cells

137 kJ/gmole microbial biomass
carbon day or 1.6 nJ/cell day

0.18–0.52 kJ/kg soil day

Sources of organic carbon that contribute to the diversity of biodegradation

TABLE 7-15 capability in the rhizosphere.

Root exudates including sugars, amino acids, organic acids, enzymes, and nucleotides
Mucilages consisting of mainly polysaccharides and polyglacturonic acid
Sloughed-off plant cells and their lysates
Root hairs that die and decay
Microbial cells that die and decay
Plant leaves and stems that fall to the soil surface
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Organic compounds can also be sorbed and immobilized by organic
matter in the rhizosphere, reducing the bioavailablity of contaminants
and their associated health risks. Contaminants that desorb from the
organic matter become available to potential degradation by microbes,
although some contaminants may escape degradation and migrate out of
the rhizosphere.
Organic contaminants can enter plants, move up into the stems, and be
evaporated from leaves as a natural analog to the pump-and-treat process.
Interestingly, the pumping system utilized by plants can remove water
held by capillary forces in the vadose zone much more effectively than
mechanical pumps developed by man. Because contaminants can be toxic
to plants, however, the vadose pumping system that they have developed
does have drawbacks. Many commonly occurring VOCs can be transported through plants and evaporated from their leaves without significantly crippling the plant. However, details of this process are only
beginning to be recognized. Toxicity studies and monitoring the concentration of contaminants should be part of any phytoremediation project.
Mathematical models describing the movement of contaminants into
and through plants have been developed and used to explain experimental results by a variety of investigators, including Trapp and McFarlane
(1995), Burken and Schnoor (1998), and Davis et al. (1998a, b). The
fates of compounds such as toluene and TCE have been modeled by
Narayanan and others (Narayanan 1998; Narayanan et al. 1998a, b;
Davis et al. 1998a, b; Narayanan et al. 1998a, b;), who show that toluene
is biodegraded aerobically in the root zone, whereas TCE diffuses into
the atmosphere. The effect of plants and root exudates on biodegradation of polynuclear aromatic hydrocarbons has been modeled and compared with experimental data by Santharam et al. (1994). Their research
found that biodegradation in vegetated plots achieved lower concentrations than it did in unvegetated plots due to rhizospheric processes.

The case study "Phytoremediation of Petroleum Contaminated Soil," by L.E. Erickson,
P.A. Kulakow, and L.C. Davis, describes several field studies of phytoremediation
at sites contaminated with petroleum hydrocarbons. See page1234.
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Implementation
Phytoremediation utilizes common agricultural and horticultural
methods. In some applications, fertilizers are needed to provide nutrients for plant growth. Irrigation may also be provided if rainfall does not
arrive when needed.
Details of the design of a particular implementation may vary considerably, depending on many factors including the following: (1) contaminant issues, such as biodegradability, bioavailability, plant toxicity,
depth, and concentrations, (2) plant issues, such as properties of available native plants (root depth, evapotranspiration rate, potential degradation mechanism), climate, growing season, soil fertility, and (3) site
issues, such as plume management objectives, future plans for the site,
time for treatment, health risks to humans and animals during treatment,
risk-based standards, and regulatory expectations and limits.
Poplar trees, cottonwood trees, and alfalfa are often used because of
their high evapotranspiration rates. Since alfalfa fixes nitrogen, this crop
has advantages where the contaminants or soil lacks nitrogen. Alfalfa
can be planted inexpensively, and, in many cases, can be harvested and
used as animal feed. Poplar and cottonwood trees can be planted as
whips cut from growing trees. Trees should be planted in the spring
while they are dormant. Cost is often $2 or less per tree when thousands
are planted. Recently about six thousand cottonwood trees were planted
in about four hours, using approximately 25 volunteers who planted
about 30 cm deep in prepared soil using shovels.
Augmenting Technologies
Several augmenting technologies can be used with phytoremediation,
including irrigation to supply water, air sparging to move contaminants
from the saturated zone to the vadose zone, bioventing to move contaminants below the root zone up into the rhizosphere, surfactant additions to
solubilize contaminants to enhance biodegradation, other soil amendments (fertilizers) to enhance biodegradation, mechanical pumping to
supplement evapotranspiration where plume control is needed, and
fences or other barriers to control access to the site. Phytoremediation
can be used as a polishing step in conjunction with other technologies,
such as source removal, or integrated with other technologies as part of a
site remediation. It is often an integral part of natural attenuation.
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Critical Factors Affecting Performance

Environmental conditions affect plant growth and biodegradation of
the contaminants. Soil moisture should be on the order of 50 percent of
field capacity for aerobic biodegradation to be effective. Oxygen transfer is poor if the soil is near saturation, whereas microbial growth and
substrate transport are inhibited under particularly dry conditions.
The biodegradation and transport characteristics of the contaminants
during phytoremediation are important. Volatile, nonbiodegradable contaminants may be released to the atmosphere, where they can be dispersed or transformed by light-catalyzed gas-phase reactions. Organic
contaminants that have very low solubility in water may be difficult to
treat because of their low bioavailability. Vegetation provides additional
opportunities for sorption, so phytoremediation does not always proceed
at a faster rate than bioremediation.
Temperature is an important variable, with rate reductions expected
in winter, especially in cold climates. In addition, evapotranspiration
rates also depend on water availability and humidity of the air at the site.
Monitoring
There are several ways to monitor phytoremediation processes.
Recently, Vroblesky et al. (1999) measured organic contaminants dissolved in fluids from core samples taken from trees. Their measurements demonstrated that the movement of contaminants into and
through the vegetation proved that phytoremediation was occurring.
Generally, it is difficult to detect contaminants in the atmosphere above
the vegetation; however, contaminants in the gas phase have been measured in closed chambers and by using collection devices at the leaf surface or the soil surface. In situ monitoring methods using wells,
lysimeters, or soil cores can also be used to monitor phytoremediation,
just as they can be used to monitor other vadose remedial processes.
Status
Phytoremediation has been used at many field sites where the goals
are simple and the chances for success are great. Applications include
biodegradation of petroleum hydrocarbons in the vadose zone, use of
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vegetation to consume water and prevent migration of contaminants
from the site, closure of landfills with vegetated caps, disposal of landfill leachate as irrigation water for trees, utilization of ammonium and
nitrates in nitrogen rich soils, and riparian buffers to protect streams
from contamination by agricultural fertilizers and pesticides.
THE PERFORMANCE OF AVAILABLE REMEDIATION TECHNOLOGIES
The performance of in situ remedial methods depends on many factors, but geologic conditions, properties of the contaminants, and ability
to access the subsurface are among the most critical. Many of these factors interact in complex ways to determine the viability of a particular
remedial method at a particular site. Nevertheless, most remedial methods perform well under certain conditions but can be limited where geologic, contaminant, or access conditions differ from the ideal. The
objective of this chapter is to identify the current state of remedial capabilities, the conditions that can be adequately addressed by current technology, and the conditions that represent gaps in remediation
capabilities. To meet this objective, a list of the major critical factors
affecting remedial performance has been compiled and evaluated to
determine how each of these factors affects each of the available technologies. Table 7-16 summarizes the results of this evaluation.
Natural attenuation has recently been recognized as an important
process for reducing risks associated with contaminants dissolved in
ground water. This process is so important that natural attenuation is
considered a viable option for remediating dissolved contaminants in
some ground water plumes. The risk associated with some contaminants
in the vadose zone probably also decreases with time due to natural
processes, such as degradation by microbes, barometrically induced gas
flow, or other processes. The state of knowledge about natural attenuation in the vadose zone is in its infancy compared to the understanding
of processes in groundwater, however, and the extent to which this
process may actually contribute to remediation is unclear. As a result,
we have omitted natural attenuation as a remedial option in the following assessment. Additional research into this process may show that it is
important and should be included as a viable alternative for remediation
in the vadose zone.
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TABLE 7-16 Effects of various factors on remedial performance.
Effects of geology on remedial performance.

Effects of hydrology on remedial performance.
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TABLE 7-16 Effects of various factors on remedial performance (continued).
Effects of contaminant properties on remedial performance.

Effects of chemical properties on remedial performance.
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TABLE 7-16 Effects of various factors on remedial performance (continued).
Effects of access on remedial performance.

Legend
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EVALUATION STRATEGY
The performance of each remedial method was evaluated by considering a hypothetical site where the technology could perform well. The
effect of each factor was considered individually by estimating the
extent to which it would diminish performance. Three levels of performance were considered in the evaluation of each factor. The highest
level, which is indicated by a filled circle in Table 7-16, is where the factor has negligible detrimental effect on remedial performance when
other conditions are favorable. The second level of performance, indicated by a circle and a central dot, recognizes some detrimental effect
on performance that could lead to either significant delays or an inability to reach MCL-type goals. Nevertheless, significant reduction of mass
or mobility of contaminants are possible using the technology under
these conditions. The lowest level of performance, represented by an
open circle, indicates a severe compromise of remedial capability. Typically, the technology is unable to provide a significant beneficial remedial effect under these conditions.
It is important to recognize that this evaluation strategy provides a
simple way to match remedial technologies with the major factors
affecting their performance, but it does so at the expense of overlooking
a variety of important issues. Interactions between factors have been
ignored, as have a variety of other circumstances that could influence
performance at any particular site. In some cases, interactions of factors
will conspire to reduce the performance more severely than indicated
here. In other cases, several technologies could be combined synergistically to improve performance. Many current remedial actions combine
several technologies in a sequence to maximize overall performance.
The effects of interacting factors and the potential benefits of combining
remedial technologies must be considered at any site, but such interactions and combinations are not considered here in order to limit the
scope of the following summary. The evaluations were based on the
results of field tests, where such results are known. However, field data
are unavailable for many of the technologies under some of the conditions. In these cases, the performance of the technology was estimated
based on lab experiments, theoretical estimates, or judgment.
The performance summary includes technologies that are described
in the first part of this chapter. Documentation of the performance of
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each technology is included in the previous sections and the reader
should consult the papers cited in those sections for additional information about performance.
Hydrogeological Factors
The hydrogeological factors considered in the evaluation include
major rock type and average permeability of materials underlying the
site, the effects of heterogeneity, flux of water through the vadose zone,
average water saturation, presence of perched water, thickness of the
capillary fringe, and the magnitude of fluctuations of the water table.
Media Type

The type of rock or sediment that underlies a site affects remediation
by influencing permeability, geochemistry, and access capabilities.
These influences are considered explicitly themselves, but it is worthwhile to evaluate their effects as associated with rock type (Table 7-16).
Clastic sediments underlie many sites. Grain size distribution is a major
factor affecting remedial performance because it controls pore sizes and,
hence, permeability. Fine-grained material implies low permeability and
limited fluid flow, which may restrict the performance of remedial techniques based on gas or liquid flow. Thermal conduction and six-phase
heating are exceptions as they can effectively heat clayey formations,
and radio frequency (RF) heating will also heat any water-bearing horizon. Deep soil mixing is completely insensitive to grain size, and solidification/stabilization (S/S) of organics may actually benefit from the
sorption of organic chemicals into fine-grained formations. Reactive
barriers are well suited to fine-grained sediments because hydraulic
fracturing performs well in this material, and because fine-grained formations typically have limited water flux. Plant growth may be limited
in heavy clay, and natural attenuation may also be limited because of the
relative isolation of contaminants in clays.
The performance of technologies that require fluid flow improves as
the sediment coarsens. Most of the technologies that perform poorly in
fine-grained sediments perform well in sand or gravel. Liquid oxidants
may rapidly drain downward in gravel, limiting ability to maintain
hydraulic control. The performance of hydraulic fractures in granular
sediments has received limited investigation, so the effectiveness of
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reactive barriers in sand and gravel is difficult to predict. Should
hydraulic fracturing methods prove infeasible in coarse-grained unsaturated materials, jetting methods are an alternative.
Organic-rich sediments sorb contaminants, increasing the time
required for remediation and affecting SVE and passive SVE, and also
affecting heating technologies. The high temperatures developed during
conduction heating should lessen the effect of sorption on organic-rich
sediments. Bioremediation is affected because of organic-rich sediments’ tendencies to reduce. Aerobic biochemical processes diminish as
anaerobic ones are favored, so bioremediation could be either enhanced
or diminished, depending upon the degradation reactions. Oxidants
react with naturally occurring organic material, which diminishes the
effectiveness of methods using oxidative fluids, as well as reactive barriers using oxidants. The ability for deep soil mixing to disrupt the subsurface is unaffected, but the potential limitations of SVE or oxidant
injection used with deep soil mixing are similar to limitations for those
processes separately. The performance of S/S can be diminished if
organic-rich material interferes with the setting of cement. However,
contaminants sorbed to organic material are less mobile than contaminants in clean soil, so the performance of S/S could improve. Phytoremediation probably is unaffected by the organic content of the soil.
Natural attenuation may be affected by a decrease in contaminant
mobility.
The performance of technologies involving fluid flow are affected by
interbedded coarse- and fine-grained sediments, where recovery rates
are limited by diffusion rates out of the fine-grained beds (contaminants
are assumed to be distributed within both the fine- and coarse-grained
beds). Electrical resistance heating is an exception, because it preferentially heats the fine-grained beds, accelerating the rate at which they
release contaminants. RF heating also may perform well in interbedded
sediments. The effects of thermal conduction are limited to the vicinity
of the heating element, and so this technology is relatively insensitive to
preferential flow in interbedded sediments. Deep soil mixing and S/S
using excavation are insensitive to interbedded sediments. S/S done in
situ may be severely affected by preferential flow, and probably will be
ineffective in interbedded sediments.
The next three categories are hard rocks with different permeability
structures. (Table 7-16). Volcanic rocks and lithified sedimentary rock
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are expected to be relatively impermeable except along bedding planes
and where they are cut by fractures. Unwelded tuffs are an exception,
and they probably will behave more like clastic sediments during remediation. Crystalline rocks are expected to have even lower matrix permeabilities, and to be cut by fewer fractures than volcanic or clastic
sedimentary rocks. Carbonate rocks have matrix permeabilities that
range from moderate to low, but they commonly contain fractures
enlarged by dissolution, and they may contain major karst conduits that
will dominate flow.
All fractured rock materials are extremely difficult to remediate, and
it is expected that remediation of karst will be infeasible using existing
technologies. Deep soil mixing and S/S will be ineffective in hard rock
due to difficulties with excavation. Conventional and passive SVE may
be marginally effective in volcanic rock, but they probably will be ineffective in most hard rocks because of a high degree of heterogeneity.
Heating should improve remedial performance, and there are a few
cases where heating has apparently contributed to successful remediation in fractured rock. Bioremediation and the oxidant injection technologies will probably perform poorly because heterogeneities limit the
ability to deliver fluids essential to performance. Gas and liquid phase
oxidants probably will be ineffective in all three types of fractured rock
because preferential flow will significantly increase the amount of oxidant required to react with the contaminants. It is feasible to create reactive barriers in rock using hydraulic fracturing methods, and it should be
possible to create flat-lying barriers along flat-lying bedding planes.
Therefore, it may be possible to create reactive barriers in some hard
rocks, but there are no field data on this application. Phytoremediation
and natural attenuation probably will be infeasible in fractured rock.
Gypsum-bearing strata are fairly common in the western United
States, and sulfate-rich water is common in coal-mining areas throughout the United States. Gypsum-bearing rocks may contain solution cavities and channels that cause preferential flow much like karst does.
However, gypsum may be present as a cement or as discontinuous bodies with limited solution channels. Remedial performance of the fluid
flow technologies will be poor where solution channels are present.
However, deep soil mixing, and, possibly, S/S should be feasible in gypsum, because it is friable and can be excavated or disrupted with an
auger. Gypsum may interfere with the setting of cement, so the effects
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on S/S are unclear. Sulfate-bearing water also affects organism growth
and restricts the types of biochemical reactions that can be utilized during bioremediation. High sulfate concentrations may stunt or prevent
plant growth during phytoremediation, and also may affect natural attenuation processes.
Peat is composed almost entirely of organic material that can strongly
sorb organic contaminants (by contrast, it is assumed that organic-rich
sediment is primarily clastic material with a subordinate fraction of
organic substances). As a result, the effect of sorption reduces the performance of remedial technologies in peat even more than in organicrich sediment.
Average Permeability and Heterogeneity

The effects of the average permeability and the degree of heterogeneity on remediation follow from the principles outlined in the preceding pages. The effect of water content on relative permeability is
ignored here; it will be considered later. Nearly all of the remedial technologies perform well in homogeneous, permeable material (Table 716). Reactive barriers are the one exception because of the uncertainty
regarding methods for creating reactive barriers in permeable material.
The flow rate of air through the subsurface decreases with average permeability, reducing the performance of SVE and passive SVE. Passive
SVE may be ineffective in low permeability materials, although conventional SVE can perform well in some tight formations using highsuction pumps. Heating can extend the effectiveness of recovery
techniques to lower permeabilities. Electrical resistance heating is
well-suited to clay-rich formations, but it may be poorly suited to lowpermeability formations lacking clay, such as unweathered crystalline
rock. The performance of engineered bioremediation and the oxidant
technologies is reduced with the permeability due to fluid delivery problems. Hydraulic fractures filled with permeable material improve the
yields of wells in low permeability formations and should extend the
performance of all of the technologies that rely on the delivery or recovery of fluids. Hydraulic fractures as an augmenting technology was not
considered in this evaluation because they have only been used with a
few of the remedial technologies. The performance of deep soil mixing
and S/S should be independent of formation permeability, although S/S
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that is done by injecting stabilizing fluids will only be feasible in highto-moderate permeabilities.
Heterogeneity is perhaps the single most important factor affecting in
situ remediation in the vadose zone. All the technologies perform well
in homogeneous materials, and all the ones that rely on fluid flow perform poorly in heterogeneous formations (Table 7-16). Thermal conduction will reduce the effects of heterogeneities, but it cannot eliminate
those effects altogether.
Hydrologic Factors
Hydrologic factors control the amount and distribution of water at the
site, affecting remediation in the vadose zone by influencing the relative
permeability, accessibility, and natural flux of contaminants. The natural flux of water through the vadose zone, the typical air-filled porosity,
presence of perched water, thickness of the capillary fringe, and extent
of water table fluctuations are factors that can affect remediation (Table
7-16).
The dissolution of NAPL and migration of dissolved contaminants
through the vadose zone increases with the average flux through the
vadose zone. As a result, sites where the natural flux is relatively high
are more vulnerable to groundwater contamination than sites with a low
flux. This vulnerability may bias the consideration of clean-up time.
Conventional and passive SVE, along with engineered bioremediation,
phytoremediation, and natural attenuation may proceed at too slow a
pace at sites that provide a significant and ongoing source of contaminants to the groundwater. The more aggressive technologies that can be
applied quickly may be more appropriate. The thickness of reactive barriers must increase as the flux through the vadose zone increases, driving up the material costs.
Areas of particularly low flux will probably be relatively dry. A
scarcity of water limits plant growth and may affect phytoremediation.
Extremely dry conditions may slow SVE by increasing the sorption of
contaminants, or it may slow bioremediation by limiting the availability
of water. However, those effects are only important at extremely low
moisture contents, which probably are rare even where the flux through
the vadose zone is slow.
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Volumetric Gas Content

Volumetric gas content, θa, (volume gas: total volume) is a critical
factor affecting the movement and storage of gases in the subsurface,
and it will control technologies that require gas flow, such as SVE, passive SVE, and gas-phase oxidant injection. Indeed, the performance categories of volumetric gas content in Table 7-16 were determined based
on the performance of SVE; that is, θa > 0.1 will not limit SVE, but
θa < 0.05 will severely limit SVE. The heating technologies are capable
of changing the volumetric gas content, so they are relatively independent of this parameter. Most biostimulation processes in the vadose zone
use gases to deliver nutrients, so the processes may be hampered by low
values of θa. It may be possible to deliver nutrients as liquids at vadose
zone sites where θa is small enough to preclude significant gas flow. The
volumetric gas content is also called the air-filled porosity, and it can be
estimated using the equation θa = φ (1 - Sw), where Sw is the degree of
water saturation and φ is porosity.
Perched Water

Perched water represents local saturated areas within the vadose zone
where volumetric gas content and the gas-phase relative permeability
are negligible. Contaminants in these areas are inaccessible to gas-flow
methods. The performance of remedial methods based on gas flow are
related to the amount of perched water at the site, and the methods probably will be ineffective where perched water is common. Heating may
remove some perched water and improve performance compared to conventional SVE. Sites underlain by a vadose zone with many isolated
zones of perched water may be difficult to remediate even using heating
technologies unless characterization efforts are able to locate the
perched zones (Table 7-16).
Capillary Fringe and Water Table

The capillary fringe is inaccessible to technologies that rely on gas
flow, so both a thick capillary fringe and a water table that fluctuates
greatly diminishes the performance of those technologies. Thick capillary fringes occur in fine-grained formations, so a thick fringe also
implies relatively low intrinsic permeability. Heating improves performance at the capillary fringe for the same reasons that it improves per-
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formance in perched water zones. The low intrinsic permeability tacitly
implied by a thick capillary fringe is expected to reduce the performance
of the heating technologies (Table 7-16).
Large fluctuations of the water table may indicate that there is a significant section where the degree of saturation varies seasonally. This
will cause problems with the technologies that rely on gas flow. It also
may cause problems with the delivery of nutrients during engineered
bioremediation. Those potentially detrimental effects can probably be
addressed by artificially limiting the change in the water table using
wells or dewatering trenches. However, dewatering increases both the
initial and operational costs of remediation. Large fluctuations of the
water table may affect phytoremediation because it places an additional
restriction on the plants that are used—they must be able to both accomplish remediation and tolerate large changes of saturation in the root
zone.
Contaminant Factors
Clearly, properties of contaminants are among the most important
factors affecting remedial performance. The location of contaminants is
discussed in the previous section, where several geologic scenarios
affecting location are evaluated. Location is also considered in the following section, where access issues related to the depth and size of the
contaminated region are discussed. This section focuses on the contaminants themselves, the concentrations in which they occur, their basic
components, age, and, most importantly, their basic chemical properties
(Table 7-16).
The performance of remedial methods may depend on chemical factors that are interdependent; for example, the upper limit of concentration that can be remediated by a technology depends on key properties
of the contaminant, such as vapor pressure. However, the evaluation
method used here allows only one factor to be considered at a time. As
a result, during the evaluation of each factor, assume that all the other
factors, such as chemical properties, are typical of common contaminants that could be remediated by the technology; that is, the other factors will be non-limiting. It is beyond the scope of this summary to
address all possible interactions, but some interactions between factors
are presented where they are important.
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Concentration In Soil

Concentrations of common organic contaminants greater than 500 to
1000 mg/kg suggests the presence of NAPL phases in the soil, whereas
lesser concentrations indicate that most of the organic contaminants
occur as dissolved or adsorbed phases. The indicator of NAPL presence
will shift to higher or lower concentrations with the solubility and Kd of
the contaminant, but it is an important marker for estimating remedial
performance. All of the remedial techniques are expected to perform
well when low concentrations of dissolved contaminants are present.
The performance of several remedial methods will decrease with
increasing contaminant concentrations, particularly where NAPL is
common (Table 7-16).
SVE can effectively remediate relatively high concentrations, perhaps
as great as 20,000 mg/kg, of contaminants that are relatively volatile.
High concentrations imply the existence of NAPL, so volatility of a single-component NAPL will be determined by its vapor pressure (partitioning between NAPL and vapor). Three categories of vapor pressure
are presented below, and the 20,000 mg/kg upper bound is for compounds in the highest category of vapor pressure.
Passive SVE is intended for use in areas of relatively low concentrations, either along the periphery of a major plume or during the late
stages of a remedial project. However, it is certainly feasible that significant mass can be removed or degraded using passive SVE in areas with
moderate contaminant concentrations. Indeed, passive SVE may be
ideal for areas that are remote or where access to electricity needed to
power SVE blowers is unavailable. Higher contaminant concentrations
generally mean longer remediation times for SVE because the volume
of air that must flow through the site increases with the mass of contaminants that must be removed. However, extremely high concentrations may indicate locations of NAPL saturation where the air-filled
porosity is occluded by NAPL. Such regions may inhibit air flow and,
hence, removal will be slower. Gas-phase oxidants may also be unable
to access areas saturated by NAPL. High vapor concentrations of solvents may also damage PVC well screens, piping, or other plastic
exposed to the vapors.
A similar problem exists for the delivery of gas-phase nutrients for
bioremediation, but this is by no means the only problem that high con-
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centrations pose for bioremediation. Microbes can only utilize chemicals dissolved in water, so NAPL must first dissolve before it can be
degraded biologically. In addition, compounds that can be readily
degraded as dissolved phases of modest concentration may be toxic to
microbes at high concentrations. Plants also are unable to access NAPL
directly, and may find high concentrations toxic, depending on the type
of plant and contaminant. There is evidence that some plants can tolerate relatively high concentrations of some NAPLs. High concentrations
of NAPLs will not preclude phytoremediation altogether. However, in
general, the ability of both bioremediation and phytoremediation to significantly reduce concentrations of NAPL is probably limited.
Heat increases the volatility of organic compounds, so the heating
technologies perform better than conventional SVE in soils with high
concentrations (Table 7-16). Like SVE, however, the upper bound of
concentration increases with the vapor pressure of the contaminant, so
technologies that can achieve the highest temperatures will perform better on areas with high concentrations of contaminants with low vapor
pressure. Heating may also destroy organic contaminants by pyrolysis or
oxidization, and these effects will improve remedial performance in
soils of any concentration. Heating by conduction achieves the highest
temperatures of the heating technologies, so it probably will be the most
effective remediation method for areas of high concentrations, particularly where the contaminants have a low vapor pressure. However, heating by conduction affects only a relatively small region in the vicinity of
the heater, so the applicability of the technique is subject to access
limitations.
Liquid phase oxidants may be capable of degrading NAPL, but the
details of this application are still being evaluated. It is possible that
injection of liquid oxidants can destroy some NAPL, but degradation of
high NAPL saturations is probably impractical.
The capability of reactive barriers filled with solid oxidants to degrade
NAPL probably is similar to that of liquid oxidants. However, reactive
barriers are intended to be relatively long-lived and to degrade contaminants that are naturally mobile, whereas liquid oxidants are intended to
degrade all organic contaminants that can be quickly accessed soon after
injection. In vadose zones where NAPL is trapped as ganglia, the primary
mobile phase is probably dissolved in downward moving water. As a
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result, reactive barriers may perform well in material with high NAPL
concentrations, if the NAPL phase itself is immobile.
High concentrations of organic chemicals may interfere with the setting of cement during S/S, potentially limiting the applicability of this
technology. Sorbants such as activated carbon may sufficiently isolate
even relatively high concentrations of organic chemicals from the
cement. Deep soil mixing will be insensitive to concentrations; however,
the location of high concentrations must certainly be considered when
designing the treatment method and depth of penetration used during
DSM.
Components

Contaminants may occur as single components, but commonly they
exist as mixtures of multiple compounds. Such mixtures may affect
remedial performance by diminishing the ability to target specific compounds that represent the major risk at a site. Moreover, many remedial
technologies will rapidly recover or destroy contaminants with particular properties, while more recalcitrant compounds remain in the subsurface. This can be a serious issue where the recalcitrant compounds
present serious risks, because the rapid reduction of overall contaminant
mass may present an overly optimistic assessment of risk reduction.
The vapor pressure is greater over a single component NAPL than it
is where the liquid occurs as a mixture. According to Raoult’s Law, the
depression of the vapor pressure is roughly proportional to the mole
fraction of the NAPL in the mixture. As a result, volatile contaminants
that occur as a minor component of a NAPL mixture may behave as if
they have a significantly lower vapor pressure than the contaminant as a
pure liquid. This effect of multi-component NAPL decreases the performance of both conventional and passive SVE, and it affects the performance of the heating techniques during recovery. The performance of
conventional SVE is significantly curtailed, for example, where contaminants targeted for recovery occur at mole fractions of less than 0.01
(Table 7-16).
Bioremediation and phytoremediation are unable to access NAPL
directly, and their performance is significantly diminished by the occurrence of either single components or NAPL mixtures. Moreover, both of
those processes will selectively degrade some dissolved compounds
while leaving other, more recalcitrant (and, perhaps, hazardous) com-
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pounds behind. The oxidant injection technologies should be relatively
insensitive to the components of NAPL because the strong oxidants used
by those methods destroy many organic compounds. The occurrence of
immobile NAPL should have a minor effect on the performance of reactive barriers, assuming that the barriers contain enough oxidant to react
with whatever organic material becomes mobile. Some NAPLs may
interfere with the setting of some S/S materials, but sorbants such as
activated carbon can be used to effectively stabilize many NAPLs. Deep
soil mixing is capable of performing well where both single component
and mixtures of NAPL occur (Table 7-16).
The occurrence of hazardous metals, including radionuclides, along
with NAPL is particularly problematic. Most of the vadose technologies
are unable to remediate the metals in such mixtures. A two stage
process, in which the NAPL is remediated by one technology (for
example, by SVE) and the metals by another (for example, by S/S) is
currently the most tenable approach to remediating areas containing
mixed NAPL and metals. It is possible that deep soil mixing could be
used to simultaneously remove organic chemicals and mix the resulting
material with a stabilizing agent. Oxidants injected as a liquid, gas, or
solid may also reduce the solubility and thereby immobilize some metals by changing their redox state. Furthermore, oxidants such as potassium permanganate can produce a residue (amorphous manganese
oxide) that sorbs metals after they are reduced by reaction with organic
compounds (Table 7-16).
Time Since Release

The longer a contaminant resides in the subsurface, the more difficult it can be to remediate. Compounds occupy major flow channels
soon after they are released to the environment, but with time they diffuse away to occupy small pores within matrix blocks between flow
channels. The slow pace of diffusion back out of the matrix blocks can
be a major limitation to the recovery of contaminants from fractured
materials or interbedded sediments. The time available for contaminants
to diffuse into the matrix blocks plays a key role in how deeply they penetrate the blocks, and how quickly they will diffuse back out. As a result,
the time since a contaminant release has occurred can be an important
factor affecting remediation.
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All of the remedial methods perform best on contaminants that have
been released for less than one year (Table 7-16). Performance diminishes with increasing time since release for all of the technologies,
except deep soil mixing and S/S. The time since release will be less sensitive to the heating technologies because they can improve recovery
from matrix blocks.
Chemical Properties

The way in which a contaminant partitions among water, NAPL,
vapor, and solid phases in the vadose zone is a factor that cuts across
most of the other issues considered in this chapter. Technologies that
access vapor phases perform better on compounds that readily partition
into a vapor phase under almost any geologic condition. The following
four partitioning coefficients, describing how a compound is distributed
between any pair of either NAPL, water, vapor, or solid, are generally
recognized to affect performance:
• Vapor pressure (NAPL:vapor)
• Kow or Cw (NAPL:water)
• Koc (water:solid)
• Henry’s Law constant (water:vapor)
Vapor rarely contacts solids because most grain surfaces are covered
by at least a thin film of water, and NAPLs generally fail to partition
directly to solids, so the partitioning of vapor:solids and NAPL:solids is
inconsequential during remediation.
Molecular weight and the number of halogen atoms in an organic
molecule are important to some remedial processes; they also are
evaluated.
The properties cited above span wide ranges of values among the
common contaminants, and detailed evaluation of the properties was
impractical. As a result, each of the properties is divided into three
groups corresponding to large, intermediate, and small values, based on
typical ranges. Thirty commonly occurring contaminants are listed in
Table 7-17; their properties illustrate the three groupings of each property. The lists of contaminants are presented only as examples; they are
by no means inclusive of all the chemicals in that range.
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Vapor: NAPL Partitioning

Partitioning between vapor and NAPL is characterized by vapor pressure. Pressures of 5 mm Hg and 0.05 mm Hg define the boundaries of
three classes of vapor pressure in Table 7-16, based on guidelines
accepted for the performance of conventional SVE. This grouping gives
a rather narrow intermediate range of values, with the upper boundary
between the vapor pressures of 1,2 dichlorobenzene and ethylbenzene,
and the lower one between nitrobenzene and PCB-1242 (Table 7-17a).
The vapor pressure of water is approximately 10 mm Hg.
Conventional SVE performs well on compounds in the upper range
of vapor pressure, where Pvap is the limiting factor (for example, where
NAPL recovery by SVE is an important part of remediation). Significant

TABLE 7-17a

Examples of major contaminants classified by vapor pressure
(from DeGrega eta l. 1994; and EPA CFR Part 264, Appendix IX).

Compound
Vinyl chloride
1,1 DCE
2,4,5 Trichlorophenol
Acetone
1,1 DCA
Chloroform
Chlorobenziene
1,1,1 TCA
Benzene
Carbon Tet
MEK
TCE
PCE
Toluene
Xylene
Ethylbenzene
1,2 Dichlorobenzene
Phenol
Nitrobenzene
PCB-1242
Phenanthrene
Heptachlor
Pentachlorophenol
Hexachlorbenzene
Anthracene
Chlordane
Aldrin
DDT 4-4
Dieldrin
Benzo(a)pyrene

Vp
Henry's Constant
mm Hg dimensionless
2,660
1.13E+00
600
9.27E-01
400
7.16E-06
270
1.74E-03
180
2.39E-01
160
1.38E-01
117
1.60E-01
100
1.66E-01
95
2.26E-01
90
1.19E+00
77.5
1.90E-03
60
4.76E-01
60
1.09E+00
22
2.41E-01
10
1.70E-01
7
3.27E-01
1
1.20E-01
0.2
5.29E-05
0.15
9.68E-04
0.001
2.28E-02
9.60E-04
1.60E-03
3.00E-04
6.02E-02
1.10E-04
1.14E-04
1.90E-05
6.91E-02
1.70E-05
3.50E-03
1.00E-05
1.95E-03
6.00E-06
2.02E-02
1.90E-07
1.58E-03
1.78E-07
2.38E-03
5.60E-09
1.99E-05

Log(Koc (mg/L)) Log Kow
1.76
1.81
1.95
0.34
1.15
1.49
2.52
2.18
1.92
2.04
0.65
2.10
2.56
2.48
2.38
3.04
3.23
1.15
1.56
3.73
4.15
4.08
4.72
3.59
3.15
5.15
3.98
5.39
3.23
6.74

1.38
1.84
3.72
-0.24
1.79
1.97
2.84
2.5
2.12
2.64
0.26
2.38
2.6
2.73
3.26
3.15
3.60
1.46
1.85
4.11
4.46
4.4
5
5.23
4.45
3.32
5.3
6.19
3.5
6.06

Mw
gm /mole
62
96
197
58
98
119
112
133
78
153
72
131
165
92
106
106
147
94
123
261
178
373
266
284
178
409
364
354
380
252

Halogens
1
2
3
0
2
3
1
3
0
4
0
3
4
0
0
0
2
0
0
6
0
7
5
6
0
8
6
5
6
0
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masses of contaminants in the intermediate range of vapor pressure can
be recovered by SVE, but the time required to completely recover the
NAPL may be excessive. SVE is generally ineffective at recovering
NAPL with a vapor pressure less than 0.05 mm Hg. These guidelines are
also generally applicable to the recovery of NAPL mixtures, where the
mixture vapor pressure of a particular component is defined by Raoult’s
Law.
Vapor pressure increases with temperature, so the heating technologies perform better than conventional SVE when recovering contaminants with low vapor pressure. The effect of heating depends on the
maximum temperatures that can be achieved by a particular technology,
so conductive heating performs better than steam stripping on contaminants in the lowest vapor pressure category, since conductive heating
creates hotter temperatures than steam stripping.
Technologies such as bioremediation, phytoremediation, liquid-phase
oxidants and solid reactive barriers primarily act on dissolved contaminants. As a result, accessing contaminants that partition strongly into the
vapor phase may be relatively difficult for these technologies.
The oxidant-based technologies are relatively new and, field data are
sparse, so the details of their performance can only be inferred from
basic principles. Deep soil mixing can be tailored to include processes
that address a range of contaminant properties. As a result, deep soil
mixing is less sensitive to vapor pressure to the other chemical properties as well.
Vapor phases are difficult to immobilize using S/S, so the performance of this technology probably will be poor where significant NAPLs
occur with vapor pressures in the highest range.
Air:Water Partitioning

The constant from Henry’s Law, the ratio of the concentration of the
compound in air to its concentration in water, characterizes the partitioning of a compound between air and water. Dimensionless Henry’s
constants (expressed on a mass basis of 0.12 and 0.01) define the three
classes of partitioning between water and vapor (Table 7-16). The upper
boundary occurs between the properties of 1,2 dichlorobenzene and
chloroform, and the lower one occurs between anthracene and aldrin
(Table 7-17b). These values were selected based on the performance of
conventional SVE. In general, the retardation of vapors transported
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TABLE 7-17b

Examples of major contaminants classified by Henry’s law constant
(from DeGrega eta l. 1994; and EPA CFR Part 264, Appendix IX).

Compound
Carbon Tet
Vinyl chloride
PCE
1,1 DCE
TCE
Ethylbenzene
Toluene
1,1 DCA
Benzene
Xylene
1,1,1 TCA
Chlorobenziene
Chloroform
1,2 Dichlorobenzene
Hexachlorbenzene
Heptachlor
PCB-1242
Aldrin
Anthracene
Dieldrin
Chlordane
MEK
Acetone
Phenanthrene
DDT 4-4
Nitrobenzene
Pentachlorophenol
Phenol
Benzo(a)pyrene
2,4,5 Trichlorophenol

Vp
mm Hg
90
2,660
60
600
60
7
22
180
95
10
100
117
160
1
1.90E-05
3.00E-04
0.001
6.00E-06
1.70E-05
1.78E-07
1.00E-05
77.5
270
9.60E-04
1.90E-07
0.15
1.10E-04
0.2
5.60E-09
400

Henry's Constant
dimensionles
1.192
1.131
1.090
0.927
0.476
0.327
0.241
0.239
0.226
0.170
0.166
0.160
0.138
0.120
0.069
0.060
0.023
0.020
0.0035
0.0024
0.0019
0.0019
0.0017
0.0016
0.0016
9.68E-04
1.14E-04
5.29E-05
1.99E-05
7.16E-06

Log(Koc (mg/L)) Koc
ml/gm
2.04
110
1.76
57
2.56
364
1.81
65
2.10
126
3.04
1,100
2.48
300
1.15
14
1.92
83
2.38
240
2.18
152
2.52
330
1.49
31
3.23
1,700
3.59
3,900
4.08
12,000
3.73
5,370
3.98
9,600
3.15
1,400
3.23
1,700
5.15
1.40E+05
0.65
4.5
0.34
2.2
4.15
14,000
5.39
2.43E+05
1.56
36
4.72
53,000
1.15
14.2
6.74
5.50E+06
1.95
89

Mw
gm/mole
153
62
165
96
131
106
92
98
78
106
133
112
119
147
284
373
261
364
178
380
409
72
58
178
354
123
266
94
252
197

Halogens
4
1
4
2
3
0
0
2
0
0
3
1
3
2
6
7
6
6
0
6
8
0
0
0
5
0
5
0
0
3

through the subsurface is inversely proportional to H in materials where
sorption is negligible, so three categories of Henry’s constant correspond to different degrees of retardation during SVE. The degree of
retardation also depends on the degree of saturation, according to R =
1 + Sw /(SgH). For example, where air occupies 50 percent of available
pore space (Sw=Sg =0.5), a value of H = 0.1 corresponds to a retardation
factor of 11, whereas H = 0.01 corresponds to a retardation factor of
101.
Heating technologies can be particularly effective at recovering contaminants with relatively low Henry’s constants. Increasing the temperature will increase Henry’s constant, so warming the subsurface will
increase the mass of contaminant in the vapor phase. This effect occurs
for any amount of heating. All of the heating technologies are capable of

CHAPTER 7 – REMEDIATION OF ORGANIC CHEMICALS IN THE VADOSE ZONE

increasing temperatures to the boiling point of water, however, and this
has an important additional effect. Boiling results in a roughly 1,000
fold increase in the volume of water. As a result, the mass of a contaminant that can be dissolved in one gram of water vapor is 1,000 times
greater than the mass dissolved in one gram of liquid water. This effect
causes dissolved contaminants with all but the very lowest Henry’s constants to partition strongly into the vapor phase when pore water is
heated to steam temperatures.
Air:water partitioning is rarely a factor during bioremediation. Biochemical reactions cannot directly access vapor phases, so contaminants
with a high value of H may have significant masses beyond the reach of
degradation reactions. This could be an issue where those vapors are
naturally mobile, but in most cases vapors will partition back into the
water phases as biodegradation takes place.
Gas-phase oxidant injection should perform best on contaminants
with a high value of H. Liquid-phase oxidant injection and reactive barriers should perform best on contaminants with a low value of H,
although these forecasts are speculative. S/S may perform poorly for
contaminants with a high H, because it is unable to immobilize vapor
phases.
Phytoremediation performs well for all values of H. Compounds with
low values of H are dissolved where they are available for degradation
by microbes in the rhizosphere, whereas compounds with high values of
H are transpired through leaves and dissipated into the atmosphere.
Solid:Water Partitioning

Contaminant partitioning between solid surfaces and water is determined by sorption characteristics of the soil and contaminant. Most
sorption of organic chemicals is assumed to occur on natural organic
material, so the partitioning between organic carbon and water is used
to predict sorption onto soil. The organic carbon partitioning coefficient,
Koc, is the ratio of the concentration of a compound sorbed to organic
carbon in equilibrium with a dissolved phase, and the partitioning coefficient of the soil itself is the product of Koc and the organic fraction of
the soil.
Sorption contributes to the retardation of vapor transport. For example, the retardation factor due to sorption alone is R = 1 + .13 Koc/H for
a sediment where density = 2.0 gm/cm3; porosity = 0.3; saturation = 0.5;
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and organic carbon fraction=0.01. Previously it was assumed that the
effects of H on retardation of this typical soil were small where H is
greater than 0.12, and that SVE performance could be affected where R
is greater than 10, suggesting that the retardation of contaminants could
be significant where Koc is greater than 10 mg/l. Almost all of the contaminants have a Koc greater than 10 mg/l, and some of them are many
orders of magnitude greater than that, so it is clear that sorption could
be an important limitation to SVE performance. The intermediate category of Koc is bounded 2.0 < log Koc (mg/l) < 3.1 (Table 7-17c). In general, R depends on both Koc and H, and these two partitioning
coefficients are independent. As a result, the retardation factor of compounds in the high category of Koc are all quite large, but R cannot be
predicted from Koc alone in the intermediate and low values of Koc, due
to the effect that H has on R.

Examples of major contaminants classified by organic
TABLE 7-17c carbon partitioning coefficient (from DeGrega eta l. 1994;
and EPA CFR Part 264, Appendix IX).
Compound
Acetone
MEK
1,1 DCA
Phenol
Chloroform
Nitrobenzene
Vinyl chloride
1,1 DCE
Benzene
2,4,5 Trichlorophenol
Carbon Tet
TCE
1,1,1 TCA
Xylene
Toluene
Chlorobenziee
PCE
Ethylbenzene
Anthracene
1,2 Dichlorobenzene
Dieldrin
Hexachlorbenzene
PCB-1242
Aldrin
Heptachlor
Phenanthrene
Pentachlorophenol
Chlordane
DDT 4-4
Benzo(a)pyrene

Vp
mm Hg

270
77.5
180
0.2
160
0.15
2,660
600
95
400
90
60
100
10
22
117
60
7
1.70E-05
1
1.78E-07
1.90E-05
0.001
6.00E-06
3.00E-04
9.60E-04
1.10E-04
1.00E-05
1.90E-07
5.60E-09

Henry's Constant
dimensionles
1.74E-03
1.90E-03
2.39E-01
5.29E-05
1.38E-01
9.68E-04
1.13E+00
9.27E-01
2.26E-01
7.16E-06
1.19E+00
4.76E-01
1.66E-01
1.70E-01
2.41E-01
1.60E-01
1.09E+00
3.27E-01
3.50E-03
1.20E-01
2.38E-03
6.91E-02
2.28E-02
2.02E-02
6.02E-02
1.60E-03
1.14E-04
1.95E-03
1.58E-03
1.99E-05

Log(Koc[ml/g]
)
0.34
0.65
1.15
1.15
1.49
1.56
1.76
1.81
1.92
1.95
2.04
2.10
2.18
2.38
2.48
2.52
2.56
3.04
3.15
3.23
3.23
3.59
3.73
3.98
4.08
4.15
4.72
5.15
5.39
6.74

Log Kow
-0.24
0.26
1.79
1.46
1.97
1.85
1.38
1.84
2.12
3.72
2.64
2.38
2.5
3.26
2.73
2.84
2.6
3.15
4.45
3.60
3.5
5.23
4.11
5.3
4.4
4.46
5
3.32
6.19
6.06

Mw
gm/mole
58
72
98
94
119
123
62
96
78
197
153
131
133
106
92
112
165
106
178
147
380
284
261
364
373
178
266
409
354
252

Halogens
0
0
2
0
3
0
1
2
0
3
4
3
3
0
0
1
4
0
0
2
6
6
6
6
7
0
5
8
5
0
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The performance of SVE in most sediments is expected to be largely
unaffected by sorption of compounds in the lowest category of Koc.
However, sorption of even those compounds in the lowest category of
Koc may significantly affect SVE performance in soils that are particularly rich in organic carbon. At the other end of the scale, sorption significantly retards recovery and may severely reduce the effectiveness of
conventional SVE for contaminants in the highest category of Koc. Sorption of contaminants in the intermediate group can delay remediation
goals. This is a particularly important factor during the late stages of a
project when the change of concentration is relatively slow.
Heating enhances desorption of contaminants, so the performance of
heating technologies with SVE is better than conventional SVE (without
heating). This effect is most important for contaminants with low-tointermediate Koc values. High temperatures may be required to desorb
compounds with a high Koc, so conductive heating may perform better
than the other heating technologies when recovering strongly sorbed
contaminants.
The performance of bioremediation and phytoremediation diminishes
as Koc increases because bioavailability can be significantly diminished
where contaminants are strongly sorbed to organic matter. The performance of oxidant injection technologies is expected to diminish with the
degree of sorption. Remediation of strongly sorbed contaminants could
be accomplished by oxidizing all the organic material available for sorption, but this would increase the amount of oxidant required.
The performance of deep soil mixing and in situ reactive barriers are
insensitive to sorption characteristics. Deep soil mixing has enough flexibility to address strongly sorbed contaminants. Reactive barriers are
designed to degrade mobile compounds, so strongly sorbed contaminants take longer to contact the reactive material.
Sorption is actually an advantage to S/S systems, where sorbents such
as activated carbon are used to bind organic chemicals as part of the
remediation process. This is the only remedial technology in which performance improves as Koc of the target contaminant increases.
Organic chemicals may sorb directly to the surfaces of minerals such
as clays. This effect may be particularly important in clayey formations
with a minute fraction of organic carbon. The degree of sorption to minerals cannot be gauged by Koc values, so it is possible that sorption to
clays will delay remediation even more than suggested here. The rela-
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tive performance of the remedial methods should be independent of the
site of sorption.
Solubility and NAPL:Water Partitioning

Partitioning of a compound between an NAPL and aqueous phase can
be described by several parameters, but the octanol:water partitioning
coefficient, Kow, is used here. This value gives the ratio of equilibrium
concentrations of a compound dissolved in octanol to that dissolved in
water. The solubility of an organic chemical is related to Kow, and an
evaluation based on solubility is similar to one based on Kow. High values of Kow indicate the chemical is hydrophobic and correspond to low
aqueous solubilities, whereas low values of Kow correspond to high
aqueous solubilities.
Octanol:water partitioning coefficients span more than six orders of
magnitude, from less than 1 to more than 106. An intermediate group of
log(Kow) ranging from 2.5 < log Kow < 3.5 splits the typical contaminants into three groups of roughly equal numbers of contaminants
(Table 7-17d).
Engineered bioremediation and phytoremediation, the remedial methods most strongly affected by Kow, perform well on contaminants with a
low Kow because these contaminants will be readily available in an aqueous phase. Contaminants with a high Kow may not be bioavailable.
The performance of the other remedial methods are largely independent of the Kow of target contaminants
Molecular Weight

Molecular weights of common contaminants range from 50 to more
than 400 gm/mole. Contaminants with a molecular weight less than 110
gm/mole are considered light, whereas those with a molecular weight
greater than 200 are considered heavy (Table 7-16). The upper boundary occurs between xylene and chlorobenzene, and the lower one occurs
between 2,4,5-trichlorophenol and benzopyrene (Table 7-17e).
Molecular weight affects remedial performance because it is indirectly related to several other properties. In general, as molecular weight
increases, the vapor pressure decreases, as does the Henry’s constant.
Both the Koc and the Kow typically increase with molecular weight.
There are certainly exceptions to these generalizations. For example,
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Examples of major contaminants classified by Octanol:water
TABLE 7-17d partitioning coefficient (from DeGrega eta l. 1994; and EPA CFR
Part 264, Appendix IX).
Compound
DDT 4-4
Benzo(a)pyrene
Aldrin
Hexachlorbenzene
Pentachlorophenol
Phenanthrene
Anthracene
Heptachlor
PCB-1242
2,4,5 Trichlorophenol
1,2 Dichlorobenzene
Dieldrin
Chlordane
Xylene
Ethylbenzene
Chlorobenziene
Toluene
Carbon Tet
PCE
1,1,1 TCA
TCE
Benzene
Chloroform
Nitrobenzene
1,1 DCE
1,1 DCA
Phenol
Vinyl chloride
MEK
Acetone

Vp
mm Hg
1.90E-07
5.60E-09
6.00E-06
1.90E-05
1.10E-04
9.60E-04
1.70E-05
3.00E-04
1.00E-03
400
1
1.78E-07
1.00E-05
10
7
117
22
90
60
100
60
95
160
0.15
600
180
0.20
2,660
78
270

Henry's Constant
dimensionles
1.58E-03
1.99E-05
2.02E-02
6.91E-02
1.14E-04
1.60E-03
3.50E-03
6.02E-02
2.28E-02
7.16E-06
1.20E-01
2.38E-03
1.95E-03
1.70E-01
3.27E-01
1.60E-01
2.41E-01
1.19E+00
1.09E+00
1.66E-01
4.76E-01
2.26E-01
1.38E-01
9.68E-04
9.27E-01
2.39E-01
5.29E-05
1.13E+00
1.90E-03
1.74E-03

Log( Koc (mg/L)) Log Kow
5.39
6.74
3.98
3.59
4.72
4.15
3.15
4.08
3.73
1.95
3.23
3.23
5.15
2.38
3.04
2.52
2.48
2.04
2.56
2.18
2.10
1.92
1.49
1.56
1.81
1.15
1.15
1.76
0.65
0.34

6.19
6.06
5.30
5.23
5.00
4.46
4.45
4.40
4.11
3.72
3.60
3.50
3.32
3.26
3.15
2.84
2.73
2.64
2.60
2.50
2.38
2.12
1.97
1.85
1.84
1.79
1.46
1.38
0.26
-0.24

Mw
Halogens
gm/mole
354
5
252
0
364
6
284
6
266
5
178
0
178
0
373
7
261
6
197
3
147
2
380
6
409
8
106
0
106
0
112
1
92
0
153
4
165
4
133
3
131
3
78
0
119
3
123
0
96
2
98
2
94
0
62
1
72
0
58
0

phenol is relatively light but has an exceptionally low Henry’s constant,
and chlorobenzene is of intermediate weight but has a relatively high
vapor pressure. Nevertheless, in most cases, increasing molecular
weight increases partitioning into either NAPL phases or onto the surfaces of solids, markedly affecting remediation performance.
All of the technologies except S/S perform best on compounds with
low molecular weight. The partitioning effects that accompany an
increase in molecular weight slow conventional SVE, and relatively
heavy compounds cannot be remediated by SVE. Heating helps partition molecules into the vapor phase, so the performance of SVE on
heavier organic molecules can be improved using heating technologies.
Some heavy compounds can be oxidized in place by high temperatures
created by conductive heating. The bioavailability of heavy molecules is
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Examples of major contaminants classified by molecular
TABLE 7-17e weight (from DeGrega eta l. 1994; and EPA CFR
Part 264, Appendix IX).
Compound
Acetone
Vinyl chloride
MEK
Benzene
Toluene
Phenol
1,1 DCE
1,1 DCA
Ethylbenzene
Xylene
Chlorobenziene
Chloroform
Nitrobenzene
TCE
1,1,1 TCA
1,2 Dichlorobenzene
Carbon Tet
PCE
Anthracene
Phenanthrene
2,4,5 Trichlorophenol
Benzo(a)pyrene
PCB-1242
Pentachlorophenol
Hexachlorbenzene
DDT 4-4
Aldrin
Heptachlor
Dieldrin
Chlordane

Vp
mm Hg
2.70E+02
2.66E+03
7.75E+01
9.50E+01
2.20E+01
2.00E-01
6.00E+02
1.80E+02
7.00E+00
1.00E+01
1.17E+02
1.60E+02
1.50E-01
6.00E+01
1.00E+02
1.00E+00
9.00E+01
6.00E+01
1.70E-05
9.60E-04
4.00E+02
5.60E-09
1.00E-03
1.10E-04
1.90E-05
1.90E-07
6.00E-06
3.00E-04
1.78E-07
1.00E-05

Henry's Constant Log(Koc (mg/L))
dimensionles
1.74E-03
1.13E+00
1.90E-03
2.26E-01
2.41E-01
5.29E-05
9.27E-01
2.39E-01
3.27E-01
1.70E-01
1.60E-01
1.38E-01
9.68E-04
4.76E-01
1.66E-01
1.20E-01
1.19E+00
1.09E+00
3.50E-03
1.60E-03
7.16E-06
1.99E-05
2.28E-02
1.14E-04
6.91E-02
1.58E-03
2.02E-02
6.02E-02
2.38E-03
1.95E-03

0.34
1.76
0.65
1.92
2.48
1.15
1.81
1.15
3.04
2.38
2.52
1.49
1.56
2.10
2.18
3.23
2.04
2.56
3.15
4.15
1.95
6.74
3.73
4.72
3.59
5.39
3.98
4.08
3.23
5.15

Log Kow
-0.24
1.38
0.26
2.12
2.73
1.46
1.84
1.79
3.15
3.26
2.84
1.97
1.85
2.38
2.50
3.60
2.64
2.60
4.45
4.46
3.72
6.06
4.11
5.00
5.23
6.19
5.30
4.40
3.50
3.32

Mw
gm/mole
58
62
72
78
92
94
96
98
106
106
112
119
123
131
133
147
153
165
178
178
197
252
261
266
284
354
364
373
380
409

Halogens
0
1
0
0
0
0
2
2
0
0
1
3
0
3
3
2
4
4
0
0
3
0
6
5
6
5
6
7
6
8

generally poor, so the effectiveness of bioremediation and phytoremediation on heavy molecules is limited. Some methods of treating heavy
organic molecules with oxidants or other compounds to break them into
smaller molecular fragments show promise in improving bioavailability.
The oxidant technologies may destroy large organic molecules, but there
are issues related to the daughter products of these reactions that must
be resolved.
Halogenation

The degree of halogenation ranges from hydrocarbons, which lack
any halogens, through moderately halogenated molecules with as many
as 3 halogens, to highly halogenated molecules with 4 or more halogen
atoms in their molecular formula (Table 7-17f).
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Examples of major contaminants classified by halogen
TABLE 7-17f atoms (from DeGrega eta l. 1994; and EPA CFR Part 264, Appendix IX).
Compound
Acetone
Vinyl chloride
MEK
Benzene
Toluene
Phenol
1,1 DCE
1,1 DCA
Ethylbenzene
Xylene
Chlorobenziene
Chloroform
Nitrobenzene
TCE
1,1,1 TCA
1,2 Dichlorobenzene
Carbon Tet
PCE
Anthracene
Phenanthrene
2,4,5 Trichlorophenol
Benzo(a)pyrene
PCB-1242
Pentachlorophenol
Hexachlorbenzene
DDT 4-4
Aldrin
Heptachlor
Dieldrin
Chlordane

Vp
mm Hg
2.70E+02
2.66E+03
7.75E+01
9.50E+01
2.20E+01
2.00E-01
6.00E+02
1.80E+02
7.00E+00
1.00E+01
1.17E+02
1.60E+02
1.50E-01
6.00E+01
1.00E+02
1.00E+00
9.00E+01
6.00E+01
1.70E-05
9.60E-04
4.00E+02
5.60E-09
1.00E-03
1.10E-04
1.90E-05
1.90E-07
6.00E-06
3.00E-04
1.78E-07
1.00E-05

Henry's Constant Log(Koc (mg/L)) Log Kow
Mw
dimensionles
gm/mole
1.74E-03
1.13E+00
1.90E-03
2.26E-01
2.41E-01
5.29E-05
9.27E-01
2.39E-01
3.27E-01
1.70E-01
1.60E-01
1.38E-01
9.68E-04
4.76E-01
1.66E-01
1.20E-01
1.19E+00
1.09E+00
3.50E-03
1.60E-03
7.16E-06
1.99E-05
2.28E-02
1.14E-04
6.91E-02
1.58E-03
2.02E-02
6.02E-02
2.38E-03
1.95E-03

0.34
1.76
0.65
1.92
2.48
1.15
1.81
1.15
3.04
2.38
2.52
1.49
1.56
2.10
2.18
3.23
2.04
2.56
3.15
4.15
1.95
6.74
3.73
4.72
3.59
5.39
3.98
4.08
3.23
5.15

-0.24
1.38
0.26
2.12
2.73
1.46
1.84
1.79
3.15
3.26
2.84
1.97
1.85
2.38
2.50
3.60
2.64
2.60
4.45
4.46
3.72
6.06
4.11
5.00
5.23
6.19
5.30
4.40
3.50
3.32

Halogens

58
62
72
78
92
94
96
98
106
106
112
119
123
131
133
147
153
165
178
178
197
252
261
266
284
354
364
373
380
409

The degree of halogenation affects the susceptibility to bioremediation. Hydrocarbons are readily degraded by microbes, and compounds
with a few halogen atoms in their structure may be degraded under some
conditions. Compounds with many halogens are typically recalcitrant
and are the most difficult to remediate biologically.
Increasing halogenation has effects on partitioning similar to molecular weight increase, affecting remediation in the same way as molecular weight. The degree of halogenation is expected to play a role in
degradation reactions and to affect the performance of remediation by in
situ oxidization. Details of the oxidization reactions are difficult to generalize based solely on the degree of halogenation.

0
1
0
0
0
0
2
2
0
0
1
3
0
3
3
2
4
4
0
0
3
0
6
5
6
5
6
7
6
8
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Access
All of the remedial processes currently available require some type of
access to the contaminated region. Typically, well boring provides
access to contaminants, so many access issues are closely related to the
cost and performance of wells. Several notable exceptions are outlined
below and are considered in Table 7-16.
Depth

Contaminants in the vadose zone typically occur at depths less than
100 m, and most of them at less than 10 m. The shallowest contaminants, those in surficial sediments at depths less than 0.3 m, cannot be
treated by many of the processes discussed here (surficial sediments can
be excavated and treated using ex situ methods, which are not discussed
in this chapter). Phytoremediation is an important exception, performing
best at these shallow depths. Bioremediation using land-farming methods is ideally suited to surficial contamination, particularly when aerobic biochemical reactions can be used to degrade the contaminants.
Surficial soils are effectively heated by conduction using thermal blankets, but this is the only heating technology that is intended for such
shallow depths. S/S is well-suited to surficial soils because they can be
readily accessed by excavation. A variety of other processes that treat
excavated soil, such as thermal desorption and incineration, can be used
to remediate surficial materials.
Shallow contaminants, at depths of 0.3 to 3 m, can be accessed by
SVE vents. There can be problems sealing vents against leakage
between the casing and the surrounding media at shallow depth. Moreover, the zone of influence of an SVE vent typically increases with
depth, and shallow wells affect a relatively small area. A low permeability layer between the well screen and the ground surface extends the
radius of influence, but constructing such a layer increases cost. Heating
technologies are effective at shallow depths. Land-farming methods are
inapplicable at depths below 0.3 m, but other methods can be used to
deliver nutrients for engineered bioremediation. In general, bioremediation can be used with enough different delivery methods so that its application is independent of depth (Table 7-16).
Gas-phase oxidants can be used at shallow depths, but the radius of
influence of wells used for oxidant injection may limit performance just

CHAPTER 7 – REMEDIATION OF ORGANIC CHEMICALS IN THE VADOSE ZONE

as it does for SVE. Macropores common near the ground surface may
also affect the flow of gases and limit the performance of SVE and oxidant injection. Liquid oxidants are typically injected through a lance,
which can be used at shallow depths. It is possible to apply liquid oxidants to surficial soils as well. Reactive barriers can be readily created
in many shallow soils, but they generally are not applicable at depths
less than about 1.5 m due to limitations of hydraulic fracturing. In principle, passive SVE can be used at shallow depths, but the short distance
between the well screen and ground surface may be too small to sustain
barometric pumping. Phytoremediation may be applicable at shallow
depths (0.3 to 3 m), but the effectiveness at the bottom of this depth
range requires the use of plants with relatively deep root systems.
Most of the technologies perform well at moderate depths (3-10 m).
S/S is possible at these depths, but costs to mix the stabilizing material
with the contaminants increases over this range. Phytoremediation is
probably infeasible at moderate depths, except possibly under special
circumstances where extremely deep-rooted plants are available (Table
7-16).
The same performance trends occur at depths below 10 m; all of the
technologies except S/S and phytoremediation should perform well. It is
technically feasible to conduct deep soil mixing below 10 m, but the cost
of using equipment that can mix at these depths typically confines this
technique to shallower regions.
Drilling costs can become a major factor as depth increases, so there
will be a cost advantage to technologies that can minimize the number
of wells required to treat an area. This will be particularly important at
extremely deep sites, or where drilling is expensive for reasons other
than well depth. The distance that can be affected by an individual SVE
vent increases with depth and SVE requires fairly simple well completions that can be readily installed at any depth. It is not surprising, therefore, that SVE has been conducted at some of the deepest vadose zone
sites. Steam injection is capable of affecting a larger volume of ground
per well than the other heating technologies, so it will have advantages
where wells are expensive.
Areal Extent

The areal extent of contaminants does not affect remedial performance, but it does impact cost. This is particularly relevant to the more
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aggressive technologies that are designed to treat high concentrations in
source zones within the vadose zone, where performance is obtained by
relatively expensive methods. A detailed cost evaluation of the various
technologies is beyond the scope of this chapter, but relative costs are
reflected in the applicability to large contaminated areas.
All of the remedial methods are applicable at relatively small sites
with areas less than 1 acre (Table 7-16). Conventional SVE and many
of the heating technologies are applicable at intermediate-sized sites
with areas between 1 and 10 acres. In general, the larger sites are best
addressed by in situ techniques if they are underlain by a thick, permeable vadose zone with a low permeability layer near the ground surface,
because such conditions increase the radius of influence of extraction
vents. Conductive heating requires closely spaced wells, however, so it
probably is limited to smaller sites. Applications of RF and six-phase
heating have been limited to relatively small sites, so possible
economies of scale are unclear. The oxidant injection technologies and
reactive barriers are primarily intended to address small source zones,
but could be used at intermediate-sized sites. Deep soil mixing is usually too expensive for intermediate-sized sites. S/S methods are widely
used for intermediate-sized sites, but only where the soil can be excavated, mixed with the stabilizing material, and returned to the site.
It is feasible to use conventional SVE at some large sites because this
technology is well known, and technology-specific surface equipment is
widely available and robust. Passive SVE, however, is particularly wellsuited to large sites because of its practically negligible operating costs.
Steam stripping may be applicable to large sites under special circumstances, such as high NAPL saturations and low-volatility contamination. Bioremediation is applicable to large sites, particularly where
land-farming methods can be used. Phytoremediation, where feasible
based on other constraints, is also well-suited to large sites (Table 7-16).
Vertical Drilling Restrictions

Vertical drilling is restricted at many locations due to the presence of
buildings, overhead electrical cables, or buried utilities. The adaptation
of directional drilling technology from the utility installation industry
during the past decade has provided a viable alternative to vertical wells.
Horizontal wells are more expensive than vertical wells, but a single
horizontal well can access a contaminated volume several times greater
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than a vertical well, so the cost differences may be offset by the
improved performance. Nevertheless, most applications of horizontal
wells have been justified by their ability to access beneath structures,
rather than by an improvement in performance.
Horizontal or directional wells can be used with many vadose remedial technologies where the contaminated region cannot be accessed by
vertical wells. The use of horizontal wells may increase costs for initial
installation and design of those technologies. However, it is a key
enabling technology where structures restrict access to a vertical drill rig.
Several technologies are infeasible where vertical drilling is impossible (Table 7-16). Deep soil mixing relies on a large vertical auger that
is impossible to use where vertical drilling is restricted. The closely
spaced heating wells used during conduction heating are infeasible to
install without vertical drilling, but it would be possible to use thermal
blankets in some areas where vertical drilling was restricted. The standard configuration of six electrodes around a central well used for 6phase heating would be impractical to use without vertical drilling.
Liquid oxidants are typically injected from a lance driven vertically into
the subsurface. It is possible to deliver liquid oxidants from a horizontal
well, but the well spacing required to adequately disperse liquid oxidant
in the vadose zone would be so small that the use of horizontal wells
would be impractical in most situations. S/S would probably be impractical anywhere that vertical drilling is restricted. Drilling restrictions
would have no effect on phytoremediation.
Surface Access Restricted

The ground surface cannot be accessed at all at some sites, placing
even more restrictions on remediation (Table 7-16). Technologies that
can use horizontal wells are still applicable, although the lack of any surface access will require the use of a more sophisticated location system
during drilling. Conductive heating, S/S and phytoremediation will be
infeasible without access to the ground surface.
Hazards To Structures

Remediation processes present a variety of hazards to structures in
the vicinity. Displacements, heating, electromagnetic fields, and chemi-
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cals are possible hazards to structures (buildings, utilities, storage tanks)
or people working or living in nearby buildings (Table 7-16).
Displacements can be created by injecting fluid or by severe desiccation. Hydraulic fracturing methods used to create reactive barriers are
known to create vertical displacements over the fractures. Other techniques involving fluid injection also cause displacement, but this is
minor as long as injection pressures are low enough to prevent fracturing. Drying sediments during heating may cause subsidence in the overlying ground, particularly where the sediments are clay-rich. Thermal
expansion could also result in unwanted displacements during heating.
The heating technologies clearly are impractical near structures that
are sensitive to temperature changes, like fuel storage tanks.
RF heating is the only technology that is impossible to use near structures that are sensitive to electromagnetic fields. However, EM fields
associated with the other electrical heating technologies may also eliminate them from use near sensitive structures.
Most of the remedial technologies present some risk of chemical
exposure, but this factor probably significantly affects only those technologies involving fluid injection. In those cases, contaminants mobilized during injection could present a hazard to neighboring structures.
Gas- and liquid-phase oxidant injection presents the most serious risk,
since the oxidant itself is both highly mobile and potentially hazardous.
Methods for containing injected fluids are well-known, and this issue
should receive a great deal of attention during the design and implementation of remedial processes. As a result, the risks of chemical exposure during implementation of these remedial methods can generally be
reduced by implementing the appropriate engineering measures.
Deep soil mixing and S/S can mobilize contaminant vapors that may
present a risk to nearby structures. However, the installation methods
required to implement those techniques are difficult to deploy near
structures.
Acceptable Duration Until Clean

Remedial efforts are commonly driven by strict time schedules. Several of the technologies can be implemented in a few days to months,
while others require several years or longer. Clearly, the time required to
complete remediation depends on both type and amount of contaminant
present, and a variety of other geologic factors.
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All of the technologies can be effective if they are given a relatively
long time to remediate conditions. Passive SVE and phytoremediation
are the least energy intensive of the technologies considered, and they
will probably take longest to clean a site (Table 7-16).
The time required for reactive barriers to clean a site will depend on
the ambient rate of mass transfer within the site. It is possible that reactive barriers significantly reduce the flux of contaminants from the
vadose zone quickly, even though immobile contaminants may remain
above the barriers for much longer times. Data documenting the longterm performance of reactive barriers in the vadose zone are not yet
available for this new technology.
Conventional SVE projects are commonly completed within 1 to 5
years, and many engineered bioremediation efforts are completed within
this span as well. It is possible for those technologies to be effective
more quickly at small sites containing low concentrations of contaminants.
All of the heating technologies, the oxidant injection methods, deep
soil mixing, and S/S are completed within a short period of time, typically less than 1 year.

GAPS IN CURRENT CAPABILITIES
Currently available technologies can remediate many commonly
occurring conditions, but gaps in these capabilities plague the efforts to
reduce risks at contaminated sites. The performance review of remedial
technologies presented in this section identified key factors related to
geology, contaminant properties, and access that underlie these gaps in
capabilities.
Heterogeneity is the single most important geological factor that limits the performance of remediation, because contaminants are slow to
diffuse from low permeability matrix blocks between permeable pathways in heterogeneous materials. Karstified limestone and fractured
rock are the most difficult formations to remediate because of their heterogeneities. Clay-rich sediments are also difficult formations to remediate, in part due to the effects of heterogeneities, and in part due to low
permeabilities that limit the fluid flow necessary for many remedial
techniques. Several methods have been developed to heat or fracture
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clay sediments, but little headway has been made on methods for remediating karst or fractured rock.
Important secondary factors related to geologic conditions include
perched water and the presence of organic-rich sediments. Organic-rich
sediments retard recovery or bioavailability by sorbing contaminants,
and they interfere with reactive chemicals, particularly oxidants, used to
degrade contaminants. Perched water can defy remediation by many
vadose zone techniques unless the locations of the perched zones can be
identified.
Remarkably high concentrations of some contaminants can be remediated, but even modest concentrations of other compounds may challenge the best remedial capabilities. The presence of NAPL in the
vadose zone increases the degree of difficulty, but NAPL with low vapor
pressures are particularly difficult to remediate. Contaminants with a
low vapor pressure and Henry’s constant, and high Koc and Kow, are the
most difficult to remediate when they occur in the vadose zone. Many
compounds with a high molecular weight meet those criteria. NAPL
mixed with toxic metals represent contaminant conditions that are most
taxing to current remedial capabilities.
Access issues go hand-in-hand with problems associated with heterogeneity and low permeability. These problems are addressed by accessing the formation with closely spaced wells, but the cost of drilling
many wells is prohibitive. New methods for creating vertical wells using
direct push techniques have reduced costs, and directional drilling and
hydraulic fracturing methods have improved performance during subsurface access. Many of the aggressive technologies are unsuitable in
close proximity to buildings.
A variety of factors other than those related to technology performance also present major barriers to site remediation. Three important
factors are rooted in the uncertainty regarding the outcome of the remedial process. The performance of many remedial methods under a variety of site conditions is uncertain; many of the evaluations cited above
are based upon expected performance rather than field data. Moreover,
the site conditions that characterize the regions underlying many contaminated sites are not completely known. In addition, we are uncertain
as to how to assess the benefits of a particular remedial process, that is,
to answer the question: “how clean is clean enough?” It is not surpris-
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ing that managers are reluctant to commit the resources to move ahead
with remediation in the face of these uncertainties.
These issues are certainly challenging, but they are far from insurmountable. There are three fundamental areas where additional research
could fill significant gaps in current capabilities.
1. Demonstrations of remedial technology at the pilot-scale
2. Methods for monitoring and assessing remedial technology
performance
3. Modeling fate and transport to evaluate risk of contaminants
remaining after remediation
Pilot-scale field tests of remedial technologies under controlled conditions can provide the data needed to anticipate performance. Several
groundwater remediation technologies have recently been tested and
monitored in detail at Hill Air Force Base in Utah, and Dover Air Force
Base in Delaware, under the Strategic Environmental Research and
Development (SERDP) program jointly sponsored by the U.S. Environmental Protection Agency, Department of Defense, and DOE. A focused
program, similar to the SERDP program, would provide essential data
documenting the capabilities and limitations of technology in the vadose
zone.
A research effort designed to improve methods for characterizing the
vadose zone would improve capabilities by guiding the selection and
design of remedial techniques. Moreover, improved monitoring and
assessment capabilities would go a long way toward optimizing and
controlling the implementation of any remediation method.
The fate and transport associated with contaminants that remain in
the vadose zone after remediation has received little study, so it is currently unclear how much contamination can remain in the vadose zone
and still have an acceptable risk. Theoretical modeling tools to make
these types of predictions, which are currently available, are described
in Chapter 5. The monitoring methods needed to validate such modeling
efforts are among the suite of tools that is needed to characterize the
vadose zone under any circumstances. Research into this issue would
provide important guidance on how to prioritize remedial resources,
where to evaluate remedial performance, and when to conclude that
remediation is complete.
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