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Abstract

Contamination of vadose-zone systems by chlorinated solvents is widespread, and poses
significant potential risk to human health through impacts on groundwater quality and vapor
intrusion. Soil vapor extraction (SVE) is the presumptive remedy for such contamination, and has
been used successfully for innumerable sites. However, SVE operations typically exhibit reduced
mass-removal effectiveness at some point due to the impact of poorly accessible contaminant mass
and associated mass-transfer limitations. Assessment of SVE performance and closure is currently
based on characterizing contaminant mass discharge associated with the vadose-zone source, and
its impact on groundwater or vapor intrusion. These issues are addressed in this overview, with a
focus on summarizing recent advances in our understanding of the transport, characterization, and
remediation of chlorinated solvents in the vadose zone. The evolution of contaminant distribution
over time and the associated impacts on remediation efficiency will be discussed, as will the
potential impact of persistent sources on groundwater quality and vapor intrusion. In addition,
alternative methods for site characterization and remediation will be addressed.

INTRODUCTION

Chlorinated volatile organic compounds (e.g., trichloroethene, tetrachloroethene, carbon
tetrachloride), or CVOCs, are ubiquitous subsurface contaminants. Characterization and
remediation of sites contaminated by these organic immiscible liquids is complicated by a
host of issues (e.g., NRC, 1994, 1999, 2004). One issue of increasing prominence is CVOC
contamination of vadose zones. This is particularly relevant for regions such as the
Southwest US wherein deep (~30-300 m) vadose-zone systems are present.

CVOC contamination located in the vadose zone (below the direct soil contact zone) does
not have a direct human-health exposure risk. However, there are two primary human-
health-related concerns associated with sites that contain vadose-zone CVOC sources, i.e.,
wherein the solvent itself is (or was) present in the vadose zone (Figure 1). First, discharge
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of contaminant vapor from the vadose-zone source may impact the underlying groundwater.
This process is illustrated by the results of numerical simulations presented in Figure 2,
wherein is shown the groundwater contaminant plume generated solely by vapor discharge
from a CVOC source in the vadose zone (Carroll et al., 2012). Such contamination can
contribute to overall risk posed by the site, and delay attainment of groundwater cleanup
goals. Second, contaminant vapor from the vadose-zone source may migrate to the land
surface and transfer into buildings, thereby causing vapor intrusion and creating another
source of exposure risk. Vapor intrusion into buildings is of particular importance for
CVOCs. The current version of EPA’s Subsurface Vapor Intrusion Guidance (EPA, 2002)
provides technical and policy recommendations on determining if the vapor intrusion
pathway poses an unacceptable risk to human health at waste sites.

Quantification of potential risks must include evaluation of all exposure pathways, as
mediated by transport and contaminant attenuation processes. A conceptual illustration of
the potential migration pathways from a persistent vadose-zone source to both groundwater
and the land surface (and indoor air) is presented in Figure 1. There are several contaminant
storage and attenuation processes that may impact the transport and fate of CVOCs in both
the vadose zone and groundwater. In addition, note that the exposure pathway from the
vadose zone to groundwater requires mass transfer across the capillary fringe and water
table. Similarly, the vapor-intrusion pathway requires mass transfer across the interface
between the land surface and the building foundation. Figure 1 also illustrates that
groundwater contaminant plumes can serve as a source of contamination to the vadose-zone,
which may impact the land surface and cause vapor intrusion.

Volatile contaminants are typically present in the vadose zone because they were disposed
as solutes in aqueous waste or as a hon-aqueous-phase-liquid (NAPL) waste at or near the
land surface. The amount of contamination present in the vadose zones of sites contaminated
by CVOCs can be quite large, approaching many thousands to tens of thousands of kg (see
Table 1). Thus, the vadose zone can serve as a long-term source of CVOC contamination to
groundwater and the land surface.

Currently, the decision to remediate a vadose-zone source is typically based on assessing the
current impact of the vadose-zone source on groundwater or vapor intrusion. Concomitantly,
setting appropriate vadose-zone remediation goals once the decision is made, as well as
evaluating attainment of these remediation goals, requires evaluating the longer-term impact
of the vadose-zone source on groundwater or vapor intrusion. Characterizing the impacts of
vadose-zone contaminant sources requires an understanding of source-zone dynamics and
vapor-phase contaminant transport.

A significant body of research has been developed over the past two decades concerning the
behavior, characterization, and remediation of organic-liquid source zones. This research has
established that the configuration and distribution of contamination, in concert with the
physical and biogeochemical properties of the subsurface, exert a significant control on
mass-transfer, transport, and mass-removal processes. In addition, the contaminant
configuration and distribution change with time, and the rate and magnitude of change can
be enhanced by remedial actions.
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The impact of source-zone dynamics on remedial actions is such that, typically, rates of
mass removal or reduction slow with time, eventually reaching a point at which the
operation becomes ineffective. This phenomenon is generally associated with the presence
of contaminant that is poorly accessible to the remedial vector (e.g., advecting soil-gas for
soil vapor extraction). Standard practices for assessing performance of remedial operations
do not effectively account for source-zone dynamics and the associated impacts on system
conditions.

These issues are of particular relevance for soil vapor extraction (SVE), which is the most
widely used remedy for vadose-zone systems contaminated by CVOCs. SVE has been the
presumptive remedy for CVOCs in the vadose zone for approximately 20 years (EPA,
1993), and has been applied successfully at many sites. However, SVE operations typically
experience reduced effectiveness at some point, at which time issues of remediation-
performance assessment and evaluation of closure and alternative-action selection become
prominent. Addressing these issues is critical to successful long-term management of sites
with vadose-zone CVOC contamination.

The purpose of this paper is to provide an overview of the issues associated with CVOCs in
the vadose zone, and to summarize recent advances in our understanding of the transport,
characterization, and remediation of CVOCs in the vadose zone. The evolution of CVOC
contaminant distribution over time and the associated impacts on remediation efficiency will
be discussed, as will the potential impact of persistent sources on groundwater quality and
vapor intrusion. In addition, alternative methods for site characterization and remediation
will be addressed. While this overview is focused on CVOCs, much of the material
presented is also pertinent to other volatile and semi-volatile contaminants such as
hydrocarbons.

SVE OPERATIONS AND MASS-REMOVAL EFFECTIVENESS
SVE Operations

The application of soil vapor extraction, or alternatively soil venting, to remove volatile
organic contamination from water-unsaturated (vadose-zone) systems began in the early
1980’s (e.g., Thornton and Wootan, 1982; Marley and Hoag, 1984). SVE was adapted
quickly, and within a decade had become the default remedy for CVOCs in the vadose zone.
Several guidance documents have been developed covering the design, operation, and
performance assessment of SVE systems (e.g., EPA, 1991; EPA, 1995a; EPA, 1998a;
AFCEE, 2001; EPA, 2001, USACE, 2002).

Data from several SVE operations were collected as part of this review, and are tabulated in
Table 1. The sites were selected based on data accessibility, with four data sets reported in
EPA case-study reports, one representing a small-scale controlled field study conducted at
the Borden research site, and the others available through the authors’ contacts. The sites
represent a wide range of system conditions, including size of treatment domain, extent of
contamination, porous-medium properties, operation time, and pore-volume throughput.
Inspection of the data (see Figures 3 and 4) reveals that mass-removal rates decreased by
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approximately 1.5 to 3 orders of magnitude during the operation period. The initial rates of
mass removal exhibit significant variation, ranging from approximately 10 to 1500 kg/d.

The size of the treatment domain, number of wells used, and the SVE extraction rate vary
widely among the sites (Table 1), making it difficult to directly compare mass-removal
behavior. The data presented in Figure 3 were re-plotted as described in the figure caption as
relative contaminant mass discharge and relative pore-volume discharge (see Figure 5). It is
observed that contaminant mass discharge starts to decrease soon after startup for most, but
not all, of the sites. In addition, there is a large range in the rates of decrease.

As illustrated by the example data sets, SVE tends to be highly effective for extraction of
CVOC mass during the early stages of operation, but exhibits reduced effectiveness at later
times. Factors contributing to reduced effectiveness are discussed in the following section.
The reductions in treatment efficiency typically observed for SVE operations necessitate
consideration of changes in system operation or closure. Thus, effective long-term
management of SVE operations requires that data be obtained periodically during the
remediation life cycle to update the conceptual site model, including characterization of the
location and distribution of the persistent sources of contamination and the dominant
transport processes.

Factors Affecting SVE Operations and Mass Removal

Vapor-phase advection is the predominant transport and mass-removal mechanism for SVE.
However, CVOCs not only reside in the gas-filled pore space of the vadose zone, but are
also present in the aqueous phase (dissolved in pore-water), are sorbed to sediment grains,
and are often present as immiscible-liquid phases. Hence, mass removal via SVE is
mediated significantly by inter-phase mass transfer processes, including evaporation of the
NAPL into the soil atmosphere, dissolution of the NAPL into pore-water, volatilization, and
sorption-desorption. In addition, SVE-effected mass removal is also influenced by the
material-property heterogeneity inherent to subsurface environments. For example, the
permeability-distribution field will mediate the gas-flow field as well as influence the initial
distribution of contamination. Furthermore, physical and biogeochemical heterogeneity can
impart spatial variability to the magnitudes and rates of mass-transfer and transformation
processes. In total, the configuration of the source with respect to permeability and
contaminant distributions (source-zone architecture) in combination with the various mass-
transfer and transformation processes and their potential spatial and temporal variability
(source-zone dynamics) mediate the operational behavior of SVE systems. In turn, operation
of the SVE system influences the conditions of the source zone.

The relationship between source-zone status in the vadose zone and SVE operation is
illustrated in Figure 6, which depicts the typical three main stages of the life-cycle of a
contaminated site undergoing SVE remediation. A similar conceptualization was presented
recently for groundwater systems (Stroo et al., 2012). The evolving contamination
distribution within the vadose-zone source is coupled with a generalized time-series plot of
SVE-effluent concentrations and cumulative CVOC mass removal. The figure illustrates the
behavior typically observed for SVE systems, wherein effluent concentrations are relatively
high and constant during the early stage of operation, and concomitantly mass-discharge and
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mass-removal rates are relatively large. At some point, effluent concentrations and mass-
removal rates start to decline, at first relatively rapidly and ultimately asymptotically, to
significantly lower values. These transitions are related to changes in the configuration and
distribution of contaminant in the source zone, which mediate the accessibility of the
contaminant to remediation. Generally, hydraulic- and pneumatic-based remedies
preferentially remove contaminant mass from the more accessible (e.g., higher permeability)
regions. Thus the contamination remaining after a period of remediation typically comprises
a greater fraction of poorly accessible mass relative to initial conditions. Such mass, for
example, may be located within or adjacent to low-permeability regions, or may be
associated with leaking waste containers (e.g., buried drums). The time frames associated
with each of the stages can vary greatly among sites, and will depend upon site-specific
conditions. For example, stage-1 behavior (high, steady-state effluent concentrations) was
exhibited for just a few months for most of the sites for which data are presented in Figure 3.
Conversely, stage-1 behavior was observed for several years for the sites represented by the
data sets presented in Figure 4a—c.

The reduction in mass-removal effectiveness typical to SVE, and its association with the
development of mass-transfer limitations, was recognized soon after wide-scale application
(e.g., Johnson et al., 1990; Brusseau, 1991; Kearl et al., 1991; Rathfelder et al., 1991; Silka
et al., 1991; Crotwell et al., 1992; DiGiulio, 1992; Gierke et al., 1992; Ho and Udell, 1992;
Benson et al., 1993; Armstrong et al., 1994). Mass-transfer limitations can be produced by a
number of factors, including rate-limited evaporation of organic liquid, compositional
effects of multi-component organic liquids, rate-limited and/or nonlinear desorption, rate-
limited volatilization (gas/water partitioning), diffusion between lower and higher
permeability media, nonuniform contaminant distributions and associated dilution effects,
and other source conditions (e.g., leaking waste containers). All of these factors in some way
limit the accessibility of the contamination to the advecting gas phase, thereby reducing the
amount of contaminant removed per volume of gas extracted compared to ideal conditions.

A significant amount of research was conducted in the 1990’s examining the kinetics of
interphase mass transfer and associated impacts on vapor transport (e.g., Brusseau, 1991;
Rathfelder et al., 1991; Gierke et al., 1992; Ho and Udell, 1992; Cho et al., 1993; Armstrong
etal., 1994; Conklin et al., 1995; Wilkins et al., 1995; Fischer et al., 1996; Lingineni and
Dhir, 1996; Poulsen et al., 1996; Nadim et al., 1997; Popovicova and Brusseau, 1998; Yoon
et al., 2002). For example, several researchers have reported kinetic limitations during
evaporation, the transfer of compounds from the organic immiscible liquid phase to air.
Additionally, several researchers have suggested similar kinetic limitations during mass
transfer between the air and water phases (i.e., dissolution into water and volatilization into
air). These mass-transfer limitations are generally believed to be caused by boundary-layer
diffusion from an essentially immobile phase (e.g., water or organic liquid) into a mobile
phase (e.g., air). An enormous body of research exists concerning the sorption of organic
compounds by soils and sediments (see Brusseau and Rao, 1989 and Luthy et al., 2003 for
comprehensive reviews). This research has shown that desorption of organic compounds
from geomedia is rate limited and nonlinear for many cases. The significance of potential
rate-limited interphase mass transfer depends on the characteristic time of mass transfer
(which depends on the configuration of the phases and the associated interface) and the
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residence time associated with the advective gas flow. The results of several investigations
indicate that factors related to the composition of multiple-component organic liquids may
also play a role in the development of mass-transfer-limited conditions (e.g., Johnson et al.,
1990; Benson et al., 1993; Liang and Udell, 1999; Harper et al., 2003; Wang et al., 2003;
Abriola et al., 2004; McColl et al., 2008; Carroll et al., 2009).

The results of multiple investigations have demonstrated the impact of material-property
heterogeneity (e.g., spatially variable permeability), nonuniform contaminant distributions,
and associated diffusion-limited mass transfer on vapor-phase mass removal (e.g., Johnson
et al., 1990; Brusseau, 1991; Kearl et al., 1991; Silka et al., 1991; DiGiulio, 1992; Benson et
al., 1993; Johnson and Ettinger, 1994; Rodriguez-Maroto et al., 1994; Poulsen et al., 1996;
Popovicova and Brusseau, 1997; DiGiulio et al., 1998; Kaleris and Croise, 1999; Massmann
et al., 2000; Switzer et al., 2004; Stauffer et al., 2007; Switzer and Kosson, 2007). Gas will
flow preferentially through zones of higher air permeability, effectively bypassing lower-
permeability regions. Thus, removal of contamination present within lower-permeability
regions often occurs predominantly by diffusion. Nonuniform distributions of water and
organic liquid can exacerbate nonuniform flow behavior and enhance diffusive mass-
transfer constraints. For example, water contents may often be higher for lower-permeability
media compared to adjacent higher-permeability zones. This differential in water contents
would further enhance by-pass flow via relative-permeability effects. In addition, diffusion
limitations would increase greatly as diffusion in the aqueous phase, which is orders-of-
magnitude slower than gas-phase diffusion, becomes more prominent. Given the large
contrasts in permeability and water content typical to most field sites, diffusion-limited mass
transfer from lower to higher permeability regions is likely to be a prevalent and dominant
factor for CVOCs in the vadose zone. Furthermore, its impact is likely to increase as SVE
proceeds and contaminant mass is removed primarily from higher-permeability media.

The impacts of system conditions on SVE-operation effectiveness are illustrated by the
results of a small-scale field study conducted at the Borden test site (Thomson and Flynn,
2000). A block (9x9x3.3 m) of subsurface was isolated with sheet piling, and
tetrachloroethene was injected to create a NAPL source of known volume. An SVE system
was installed and operated for approximately one year. The effluent tetrachloroethene
concentration and extraction rate were monitored with relatively high density. The mass
removal rate versus time profile is shown in Figure 3A. It would be anticipated that
conditions for mass removal by SVE would be closer to optimal at the Borden site compared
to most other sites given the site properties (low degree of permeability variability, freshly
contaminated). However, significant mass-removal constraints were observed, as discussed
by the authors.

CHARACTERIZATION OF CONTAMINANT DISTRIBUTIONS AND
CONTAMINANT MASS DISCHARGE

Characterization of CVOC Contaminant Mass and Distribution

The characterization of CVOC contaminant mass and distribution in the vadose zone may
include sampling and analysis of one or all phases (i.e., bulk sediment, soil-water, soil-gas,
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organic liquid) in which CVOCs can reside. Sampling of pore water for CVOCs can be
challenging due to low water contents of soils and the impact of suction for extraction on
volatilization of CVOCs (e.g., Fares et al., 2009). Sampling of the organic-liquid phase has
similar challenges, and is also limited by the general difficulty in locating such phases.

Sediment sampling, accomplished by a number of methods, in conjunction with solvent-
based extraction is a standard method for characterizing CVOC contamination. The EPA
Soil Screening Guidance (EPA, 1996) describes the process for collecting and processing
samples, calculating soil screening levels, and assessing the results. A major advantage of
this method is that it provides a relatively accurate, direct measurement of total
contamination associated with the sediment (sorbed by sediment grains and/or organic
liquid). A primary disadvantage is the point-specific nature of the method and the
uncertainty associated with spatial variability (e.g., Rossabi et al., 2003; Feenstra, 2005). As
a result, it is typically cost prohibitive to use this method for quantitative source-zone
characterization.

Because the vapor phase provides an effective medium for sample collection in the vadose
zone, and soil-gas concentrations can be related to contaminant concentrations in other
phases, characterization of CVOC sources in the vadose zone has focused on monitoring of
soil gas (vapor-phase contaminant concentrations) as in traditional soil-gas surveys. While
this method can provide useful information, it has obvious limitations (e.g., Marrin, 1988;
Marrin and Kerfoot, 1988; DeGroot and Lutenegger, 1998; McAlary et al., 2009). For
example, due to practical and cost limitations on the number of sampling points, the soil-gas
survey method often does not provide data of sufficient resolution to accurately characterize
the spatial distribution of the contaminant, particularly in the vertical dimension. Second,
some portion of contaminant mass in the vadose zone is usually associated with regions that
are poorly accessible (e.g., low-permeability zones). Characterizing mass associated with
these regions may often be problematic with the soil-gas survey method. Third, the soil-gas
survey method is typically not able to characterize the temporal variability of mass-transfer
processes. As a result of these and other issues, the soil-gas survey method is typically
influenced by a large degree of uncertainty with respect to characterizing source location
and strength. Thus, its utility for supporting risk assessment and evaluation of SVE
performance can be limited in some cases.

Some of the limitations noted above were illustrated in the study conducted by Thomson and
Flynn (2000). As part of their project, they directly compared bulk-soil sampling and soil-
gas sampling for characterization of a persistent CVOC source after cessation of SVE
operations. They observed limitations of soil-gas surveys for this application. In some cases,
soil-gas concentrations were persistent in areas where soil sampling indicated that
significant mass removal occurred. Additionally, in areas where contaminant mass was
inaccessible to SVE removal and thus remained present in the vadose zone (i.e. in low
permeability/high moisture zones), the observed soil-gas concentrations decreased, which
incorrectly indicated removal of mass.

Partitioning tracer tests (PTT), wherein the magnitude of retardation observed for tracers
that reversibly partition to organic liquid is used to estimate organic-liquid volume, are an
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alternative method for source-zone characterization. Gas-phase PTTs are used specifically in
the vadose zone to characterize the quantities and distributions of organic liquid and water
(Brusseau et al., 1997a; Deeds et al., 1999a, 1999b; Mariner et al., 1999; Nelson et al., 1999;
Whitley et al., 1999; Brusseau et al., 2003a,b; Carlson et al., 2003; Keller and Brusseau,
2003; Peng et al., 2005; Simon and Brusseau, 2007). The PTT method provides
measurements at a scale that is much larger than that associated with point-measurement
methods. This is an advantage for economical characterization of relatively large areas. In
addition, the scale of measurement can be tailored to the sampling objectives by modifying
the tracer sampling network (e.g., distances between wells). Potential constraints and
limitations associated with the tracer methods have been documented, such as difficulty in
measuring all organic liquid or water in poorly-accessible domains. In addition, the PTT
method does not characterize contaminant in the dissolved and sorbed phases. These factors
are especially significant for the later stages of SVE operation. Also, this method provides
estimates of contaminant mass, the application of which as a cleanup metric has been shown
to be problematic (as noted below).

The two standard methods for characterizing CVOCs in the vadose zone are based on the
collection of soil-gas and soil (sediment) samples to determine contaminant concentrations.
As discussed, there are several factors that can limit the effectiveness of these methods. In
addition, as will be discussed further below, cleanup objectives based on contaminant
concentrations have been shown to be problematic. Hence, developing improved methods to
characterize sources in the vadose zone was noted as a critical need during a recent review
of research needs for reducing the uncertainty of DNAPL source-zone remediation (SERDP,
2006).

The Use of Contaminant Mass Discharge for Characterization, Risk Assessment, and
Remediation Evaluation

Measurement of contaminant mass flux, or mass discharge (also referred to as the source
strength or source function), has recently gained significant interest for source-zone
characterization, risk assessment, and remediation-performance evaluation. As discussed
above, characterizing the impact of vadose-zone contaminant sources on groundwater or
vapor intrusion (e.g., risk assessment) requires determination of the contaminant mass
discharge from the source. In addition, contaminant mass discharge is also now recognized
as a key metric for assessing remediation performance. Contaminant mass discharge is a
measure of both mass removal from the source zone (illustrative of source longevity) and
mass delivery from the source zone to the vadose zone (potential impact to soil gas and
groundwater). As such, mass discharge inter-relates source-zone dynamics and contaminant
disposition in the vadose zone.

The fundamental concept of contaminant mass discharge, its relationship to mass-removal
processes and source-zone properties, and its impact on risk have long been established
(e.g., Fried et al., 1979; Pfannkuch, 1984). Practical application of contaminant mass
discharge for site characterization and assessment began primarily in the 1990’s (e.g.,
Rosenbloom et al., 1993; Freeze and McWhorter, 1997; Schwarz et al., 1998; DiGiulio et
al., 1999). Interest in its measurement and application has since grown during the past
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decade from these initial applications (e.g., Einarson and Mackay, 2001; ITRC, 2002; Rao et
al., 2002; Bockelmann et al., 2003; EPA, 2003a; Newell et al., 2003; Brooks et al., 2004;
Soga et al., 2004; SERDP, 2006; Brusseau et al., 2007, 2011a,b; DiFilippo and Brusseau,
2008; ITRC, 2010). To date, research has focused on evaluating mass discharge for
groundwater sources, and only a few studies have directly evaluated mass-discharge
behavior associated with sources in the vadose zone (e.g., Rosenbloom et al., 1993; Poulsen
et al., 1996; DiGiulio et al., 1999; Jellali et al., 2003; Truex et al., 2009; Brusseau et al.,
2010; Oostrom et al., 2010; Stauffer et al., 2011; Carroll et al., 2012, 2013).

One approach to characterizing contaminant mass discharge is based on the use of
mathematical models. Employing advanced, distributed-process, three-dimensional
numerical models to simulate fluid flow and transport and fate of contaminants is a powerful
method that can support robust decision-making regarding risk assessment and
implementation, optimization, and closure of remediation systems (e.g., Abreu and Johnson,
2005; Stauffer et al., 2007, 2011; Bozkurt et al., 2009; Yu et al., 2009; Oostrom et al., 2010).
However, the use of such models involves significant data requirements and user expertise,
such that their application may be impractical for many hazardous waste sites. In lieu of
advanced models, methods employing simpler models, often termed screening models, can
be used to estimate contaminant concentrations or contaminant mass discharge. For
example, the mass discharge from a vadose-zone source to groundwater has been estimated
using such modeling, with the results used as the basis for assessing the need for vadoze-
zone remediation (e.g., Rosenbloom et al., 1993; DiGiulio et al., 1999; Truex et al., 2009).
Similarly, assessing potential risk for vapor-intrusion issues is routinely based on using
screening models to estimate the impact of contaminant sources in the vadose zone (and
groundwater) on resultant concentrations in indoor air (e.g., Johnson and Ettinger, 1991;
EPA, 2002; Hers et al., 2002; Johnston and Gibson, 2011). Screening models can be useful
for first-order analysis, but can be subject to significant uncertainty. The degree of
uncertainty is mediated primarily by the quality of the input data, which is typically obtained
from sediment or soil-vapor sampling (which have their own uncertainties as discussed), and
the relevance of the factors and processes considered and ignored.

The mass removed during operation of an SVE system is a measure of vapor-phase
contaminant mass discharge for the source. Similarly, contaminant mass discharge (CMD)
tests, which involve measuring flow rates and effluent contaminant concentrations during
extended pumping of one or more extraction wells (Brusseau et al., 1999, 2007; Brusseau et
al., 2011a), provide a measure of contaminant mass discharge. However, the rates of mass
removal produced under the induced-gradient conditions associated with these methods are
likely to be greater than, and thus not representative of, values associated with natural
conditions. The concentration or mass-discharge data collected during such operation can
however be used to ground-truth a mathematical model, which can then be used to produce
simulations for natural conditions (Brusseau et al., 2007; Stauffer et al., 2011). The data can
also be used to evaluate mass-transfer processes and mass-removal behavior, as will be
discussed in a following section. In addition, mass-depletion functions can be fit to such data
to produce estimates of initial contaminant mass present in the treatment domain (Butcher
and Gauthier, 1994; Basu et al., 2009; Brusseau et al., 2013).
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A field-based method, the vapor-phase cyclic contaminant mass discharge (CCMD) test,
was recently developed that uses vapor-phase contaminant concentration data collected
during cyclic operation of one or more vapor-extraction wells to characterize mass discharge
associated with both induced-gradient and natural-gradient conditions (Brusseau et al.,
2010). The CCMD test consists of three phases, an extended initial extraction phase (which
is identical to a standard CMD test), a rebound phase, and a second, shorter extraction phase.
In brief, an initial extraction phase is implemented wherein concentrations of contaminant in
the effluent gas are monitored. The extraction continues until quasi steady state is attained
with respect to effluent concentrations. At this point, the extraction is stopped, and the
system is monitored to characterize potential rebound of vapor-phase concentrations. A
second, shorter-term, extraction phase is then implemented once concentrations have
stabilized. Data collected during the initial stage of vapor extraction are used to quantify the
maximum mass discharge obtained under induced-gradient conditions. Data collected at the
end of the extraction phase (during the steady state condition) are used to quantify the
minimum induced-gradient mass discharge. These data can be used to help evaluate SVE
performance for sites that have active SVE operations, or to provide data for design and
implementation of a new SVE system. The contaminant mass discharge associated with the
source under natural-gradient conditions (i.e., during the rebound period) is determined from
the total mass of contaminant removed for the first gas-pore-volume extracted during the
second extraction phase (i.e., after the rebound period). This mass is presumed to represent
primarily mass that transferred from the source domains during the preceding non-extraction
period. This mass is divided by the time required to attain stable concentrations during the
non-extraction phase to determine mass discharge (mass per time). SVE operational data
collected at the Department of Energy’s Hanford site were used by Brusseau et al. (2010) to
illustrate the approach.

The CCMD test has several advantages, including providing direct measures of contaminant
mass discharge that span a large domain. One disadvantage is the lack of spatially discrete
information provided under standard operation. The location and spatial distribution of
contaminant sources can be characterized to an extent by conducting a series of shorter-term
standard CMD tests in different sections of the site. For example, the concentration-time
signal observed for a specific extraction well will be mediated by the location of that well
with respect to the source (see Figure 7). Thus, the signals obtained for the tests can be
interpreted to locate the source (taking into account initial conditions and other relevant
factors). This approach was applied recently by Carroll et al. (2013) at the DOE Hanford
site. The results of the multi-location CMD tests confirmed a heterogeneous distribution of
permeability and contaminant mass discharge throughout the vadose zone. The trends in
mass discharge were analyzed to determine the location and extent of the primary source
zone, which coincided with an extensive lower-permeability unit at the site.

The tests discussed above can be further modified by collecting depth-specific data at
multiple monitoring wells during the extraction and/or rebound phases of the test (Brusseau
et al., 2011c). This vapor-flux tomography method allows determination of discrete
contaminant mass discharge distributions in three dimensions. This approach is analogous to
the hydraulic and pneumatic tomography tests that have been developed to characterize
permeability distributions (e.g., Gottlieb and Dietrich 1995; Paillet and Morin 1997; Yeh
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and Liu 2000). The vapor-flux tomography method is currently being tested at the laboratory
and field scale. The information provided by these tests is useful for evaluating the
performance of SVE operations, and to support decisions concerning system alteration or
closure based on risk assessments of the impact of vadose-zone sources on groundwater
contamination or vapor intrusion.

Characterizing Mass-Transfer Constraints

As discussed above, mass-transfer limitations can significantly reduce the effectiveness of
SVE operations. Hence, it is valuable to understand if the target system will be or is
influenced by such processes. One direct means by which to evaluate the potential for the
development of mass-transfer limitations is to conduct a SVE pilot study in a manner that
would enhance potential limitations (DiGiulio, 1992). The CMD test discussed above can
also be used to assess mass-transfer constraints. With this approach, the resultant
contaminant-elution curve obtained during the extraction and non-extraction phases can be
examined for the appearance of specific landmarks, such as length of the steady-state stage,
occurrence of an asymptote, and occurrence of a rebound. Concentration and mass-removal
data collected during CMD tests and SVE operations can be analyzed with appropriate
mathematical models to further evaluate mass-transfer constraints. The impact of vertical
variability in permeability and contaminant concentrations on potential SVE mass-extraction
rates can be evaluated by conducting pilot-scale SVE tests that incorporate depth-specific
sampling (e.g., Widdowson et al., 1997; USACE, 2002; EPA, 2003b).

Vapor-extraction rebound testing, characterizing the response (rebound or lack thereof) in
concentrations after a cessation of extraction, can serve as an alternate or additional source
of information to help characterize mass-transfer constraints. Cyclic operation (flow
interruption or pulsed pumping) of a fluid-extraction system, such as pump and treat or
SVE, has been used for some time to evaluate the occurrence of rate-limited mass transfer
processes (e.g. Brusseau et al. 1989, 1997b; Harvey et al. 1994; USACE 2002; Switzer et al.
2004). In addition, rebound data have been analyzed to provide information on contaminant
source location (e.g., Switzer et al. 2004; Switzer and Kosson 2007). For example,
observation of rapid, large rebound is likely indicative that the monitoring location is near an
area that has significant contaminant mass discharge that is under mass-transfer-limited
conditions.

Clearly, mass transfer at the system boundaries, the water table or land surface, is central to
the impact of vadose-zone sources. Mass transfer at the land surface or into buildings can be
characterized by collecting vapor samples adjacent to the land surface or within structures to
evaluate the potential for vapor intrusion or other land-surface impacts. There are a host of
issues that complicate such methods (e.g., EPA, 2002; ITRC, 2007). Similarly, groundwater
and vapor samples can be collected near the water table to characterize mass transfer across
(in either direction) the capillary fringe (e.g., Ronen et al., 2005). A comparison is often
made between the observed soil-gas concentrations just above the water table and calculated
vapor concentrations at equilibrium (based on Henry’s Law) with the adjacent groundwater
concentrations. Mass transfer from the water table to the vadose zone may be indicated if
measured soil-gas concentrations are lower than the predicted equilibrium concentrations.
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Conversely, mass transfer from the vadose zone to groundwater may be indicated if the
reverse is true. At sites with thick capillary fringes (i.e., in fine-grained materials),
groundwater concentrations may be somewhat isolated from the vadose zone due to the
relatively slow diffusion rate through this zone, particularly if there is significant downward
moisture infiltration. If it is suspected that contaminant vapors are emanating from the
capillary fringe and water table, the use of flow and concentration profiling may be
conducted to confirm this conclusion.

Characterizing the Relationship between Reductions in Contaminant Mass Discharge and
Reductions in Mass

As previously discussed, concentrations and mass discharge of contaminants will decline
throughout operation of an SVE system or other remedial action as contaminant mass is
removed. The degree and rate of decrease are central to remediation effectiveness and risk
reduction, and are controlled by site conditions. Examination of mass-removal behavior is
facilitated by evaluating changes in contaminant mass discharge directly as a function of the
associated reduction in contaminant mass (e.g., Rao et al., 2002; Jayanti and Pope, 2004;
Phelan et al., 2004; Brusseau et al., 2007).

The reduction in contaminant mass discharge (CMDR) as a function of the mass reduction
(MR) is a reflection of source conditions and of mass-transfer processes occurring within the
system. Thus, this relationship serves as a defining characteristic for a given system, and is
useful for analysis and interpretation of mass-removal behavior and assessment of
remediation performance. CMDR-MR relationships have been developed based on
mathematical modeling and laboratory experiments that determine time-continuous profiles
of CMD and mass reduction. However, the typical lack of robust measures of initial
contaminant mass unfortunately precludes its development for many field sites. Thus, only a
very few time-continuous CMDR-MR relationships have been reported to date for field
systems (Brusseau et al., 2007; DiFilippo and Brusseau, 2008; Brusseau et al., 2013).

One situation wherein the CMDR-MR relationship may be determined with relatively lower
uncertainty is for cases wherein SVE operations have been completed or are near
completion, and post-closure characterization indicates minimal remaining contaminant
mass. Such was the case for a few of the sites included in Table 1. An illustration of a
CMDR-MR relationship is presented in Figure 8 for the VVerona site, with the values
normalized relative to initial contaminant mass discharge (CMD) and initial contaminant
mass. CMDR-MR relationships have been reported for groundwater systems, but to our
knowledge not previously for vapor-phase discharge in vadose-zone systems.

The specific behavior observed for a given SVE system will be mediated by the relative
accessibility (and ranges of accessibility) of the contamination to gas flow, which in turn is
mediated by site conditions (permeability distribution, contaminant distribution). It is
important to note that the distribution and configuration of contamination can change with
time as contaminant mass is removed due to natural (e.g., diffusion, barometric pumping)
and anthropogenic (remedial actions) processes. Thus the “age” of the site, as characterized
for example with respect to the contamination remaining versus that present initially, is an
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important factor influencing CMDR-MR behavior (e.g., Jawitz et al., 2005; Brusseau et al.,
2008; DiFilippo et al., 2010; Brusseau et al., 2013).

REMEDIATION PERFORMANCE, ALTERNATIVE ACTIONS, AND CLOSURE

Operational Performance Evaluation and Optimization

Direct characterization of SVE performance is typically accomplished by monitoring
concentrations of CVOCs in SVE effluent, or equivalently monitoring contaminant mass
discharge and mass removed. The onset of asymptotic, low-concentration conditions and
other changes in these parameters may denote progression through the life cycle depicted in
Figure 6. SVE system performance monitoring may change to evaluate this shift, which may
also support operational changes in an attempt to optimize mass extraction from the existing
system. When assessing performance, it is important to note that other factors, such as
inefficient well-field design or operation (e.g., incomplete coverage of contaminated zone,
development of stagnation zones, mismatch between well location or screened interval and
contamination location) can cause or contribute to reduced effectiveness. These factors need
to be considered and addressed if present.

The measurement of operational parameters from the SVE system provides important
information on both the subsurface conditions and the magnitude and location of remaining
contamination sources that was not necessarily available during initial site characterization.
Compilation and interpretation of these measurements contributes to improving the site
conceptual model and supports decisions on appropriate future actions. For example,
extraction flow rates for individual wells, in conjunction with the corresponding applied
vacuum, provide at least qualitative information on the spatial (horizontally and possibly
vertically) distribution of relative air permeabilities (e.g., Farhan et al., 2001). In particular,
the vacuum data/airflow paths should be considered in the context of understanding the
contaminant mass distribution at the site. Several guidance documents exist for conducting
performance assessments of SVE (e.g., AFCEE, 2001; EPA, 2001, USACE, 2002).

Optimization approaches to improve the effectiveness of SVE systems have been outlined
by AFCEE (2001) and USACE (2002). Existing SVE systems can be tailored to enhance
removal of remaining mass by focusing extraction on existing wells that are still moving air
through or past the source(s) and shutting down superfluous wells. In some cases, air
throughput is inadequate at specific locations and depths and new wells with depth-specific
screened intervals are appropriate. Coupling air injection with active extraction may better
focus air flow through zones with remaining mass and can address “stagnation zones”
between active extraction wells. The use of air injection can reduce the vacuum required for
the extraction wells, and can help limit water-table upwelling at sites where contamination is
concentrated near the water table. Air injection can be done passively by allowing some
wells to be open to the atmosphere, or actively through the use of separate piping and
blowers. Passive air injection is usually limited by the low vacuum experienced by venting
wells. Active air injection, which can deliver more air, should be limited to a rate that can be
captured by the vapor extraction wells. As such, active injection is usually limited to some
fraction of the total extraction rate (USACE, 2002). Directional wells and vertical
circulation wells may be useful for enhancing flow through low-permeability zones. If the
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remaining mass resides in relatively thick low-permeability material, hydraulic or pneumatic
fracturing of the soil may enhance flow through the lower permeability zones (e.g., Frank
and Barkley, 1995; EPA, 1997). Modeling of air flow can assist in the analysis of such
modifications (USACE, 2002). Construction of a surface barrier (capping) to reduce water
infiltration and gas influx may enhance SVE efficiency by reducing water content (and
vertical VOC migration with infiltration) and by reducing gas inflow from the surface,
which decreases SVE vacuum and radial extraction distance.

As the remaining mass becomes more mass-transfer-limited, SVE operation can be
transitioned to a periodic or cyclic operation such that active extraction occurs in intervals
separated by periods of no extraction during which diffusion allows mass to re-enter
advective pathways. Pulsing can be done on a rotating basis at a large site such that active
extraction is occurring at a subset of wells while other wells at the site are inactive. The
period of non-pumping depends on the rate of diffusion and can be determined based on
monitoring of the rebound of concentrations following cessation of extraction. The length of
the inactive period may represent the time to a rebound to some percentage (e.g., 60%) of a
baseline concentration (USACE, 2002). The effectiveness of cyclic versus steady SVE
operation will depend upon specific site conditions (e.g., Armstrong et al., 1994; Kaleris and
Croise, 1997; Kirtland and Aelion, 2000).

Closure or Transition Criteria and Evaluation

There is a characteristic decline in mass-removal effectiveness observed for most SVE
systems, as previously discussed. Thus, SVE systems typically reach a point of diminishing
returns, and managing this type of response has been a continuing area of effort due to the
large number of systems operating and the need to have an effective basis for decision
making. For most SVE systems, a decision point eventually develops regarding whether to
continue under the reduced-efficiency conditions, to modify the extraction protocol and/or
system, to switch to other remediation methods, or to cease remediation.

Several criteria or remediation objectives can and have been used to evaluate SVE closure.
For example, closure can be based on attaining a specific (e.g., 90 or 99%) reduction in
effluent CVOC concentrations or mass-removal rates measured for the SVE system.
However, such data do not provide direct indication of the impact of the remedial effort on
risk posed by the source to groundwater or the land surface. Another possible criterion is
attainment of a specific reduction in sediment-phase contaminant mass. This is difficult to
implement given that the initial mass present at the site is rarely known for most sites. In
addition, this approach does not account for the fact that reductions in CMD (which
mediates risk) can vary for a given reduction in mass, as illustrated in Figure 8. The
constraints associated with these approaches limit their effective and robust implementation.

An alternative approach was developed based on evaluating the impact of the vadose-zone
source on groundwater remediation goals or vapor-intrusion concerns, employed though
determination of the contaminant mass discharge (e.g., Johnson and Ettinger, 1991;
Rosenbloom et al., 1993; DiGiulio et al., 1999). This approach is considered to be optimal
for most cases as it explicitly accounts for the primary potential human-health risks of the
vadose-zone source. The U.S. Environmental Protection Agency (EPA, 2001, 2002) and the

Vadose Zone J. Author manuscript; available in PMC 2014 November 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Brusseau et al.

Page 15

U.S. Army Corps of Engineers (USACE, 2002) provide guidance for assessing transition
and closure of SVE systems based upon consideration of vadose-zone contaminant mass
discharge. The approaches for closure/transition decisions can be summarized with the
following elements using an organization based on the four steps outlined by the EPA:

1. Define a conceptual model of the site that is appropriate for use as a context to
support SVE data analysis relative to closure/transition decisions (e.g., how is the
contaminant distributed in the vadose zone and how does this relate to SVE
effectiveness and closure analysis)

2. Provide design information that shows how SVE was configured and operated to
appropriately address the contamination.

3. Provide SVE performance monitoring to demonstrate mass extraction and
decreases in the subsurface contamination.

4. Quantify the mass discharge to groundwater or land surface to define the impact of
remaining vadose zone contamination on remediation goals and thereby set a
quantitatively determined remediation endpoint for the vadose-zone contamination.

A recently published guidance document (Truex et al., 2012) builds upon the prior work to
clarify and focus on the specific actions and decisions related to SVE optimization,
transition, and/or closure. The process of gathering information and performing evaluations
to support SVE remedy decisions is presented in this guidance document in a stepwise
approach. Steps start with revisiting the conceptual site model after SVE has been operated
for a period of time. The guidance also describes information that needs to be considered in
terms of the environmental impact and compliance context for optimization, transition, and
closure decisions. Quantitative approaches are provided to evaluate the impact or remaining
vadose zone contaminant sources on groundwater in support of optimization, transition, and
closure decisions. The material in these initial steps is then synthesized using a decision-
logic approach to optimize transition and closure decisions.

An illustration of establishing closure criteria for SVE systems in terms of future impact to
groundwater was recently presented by Carroll et al. (2012). They used numerical modeling
of vapor-phase contaminant transport to investigate the correlation between measured vapor-
phase mass discharge (as characterized for example by the method of Brusseau et al. 2010)
from a persistent, vadose-zone contaminant source and the resulting groundwater-
contaminant concentrations. This relationship was shown to be linear for the study site, and
was used to directly assess SVE remediation progress over time and to determine the level
of remediation in the vadose zone necessary to protect groundwater (Figure 9). Although
site properties and source characteristics must be specified to establish a unique relationship
between mass discharge and the groundwater contaminant concentration, this correlation
provides insight into SVE performance and support for decisions to optimize or terminate
the SVE operation or to transition to another type of treatment.

Alternatives to SVE or Coupled Remedies with SVE

Various alternatives or enhancements have been developed to support the removal or
management of low-accessibility persistent sources that cause SVE to become inefficient
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during later stages of operation. Given that the primary concerns associated with vadose-
zone sources are typically the impacts to groundwater or the land surface, methods that
control vapor migration (flux control) may be useful. Such methods may be more cost-
effective, particularly for cases wherein the remaining contaminant mass is highly
recalcitrant. One option is passive SVE, the use of which would reduce operations costs.
Passive extraction may be an option at sites where there is a significant lag in subsurface
pressure response to atmospheric pressure changes, such that there are large differential
pressures between the subsurface and the atmosphere (e.g., Rossabi et al., 1998; Ellerd et al.,
1999; Christensen et al., 2000; Kamath et al., 2009). Another option is the periodic operation
of SVE. This is similar to the cyclic SVE method noted above, except that the objective is to
control vapor migration rather than effect mass removal. The frequency of operation would
be based on changes in contaminant concentrations, which would be tracked via a
monitoring program. Another option is to emplace a barrier between the source and the
sensitive zone. For example, air can be injected between the source and the land surface to
prevent vapor migration to sensitive surface areas. For another example, the placement of a
layer of non-toxic oil near the water table was recently demonstrated to impede mass
transfer across the groundwater-vadose-zone interface. The oil is expected to slowly
dissolve and may need to be replenished. Dissolved oil may act as an electron donor to
promote reductive dechlorination in ground water (Riha et al., 2012). In some cases, surface
remedies, as are commonly applied for vapor intrusion, may be the most cost-effective
approach (EPA, 2008).

If site closure requires additional reduction of contaminant mass in the vadose zone beyond
what was attained with SVE, more aggressive remedies may be needed beyond flux control.
These approaches include multi-phase extraction or air sparging (if the mass is primarily
concentrated in high-moisture soils near the water table), enhanced bioremediation, and in-
situ thermal remediation. In some cases, vapor extraction via SVE is part of the technology,
but other mechanisms of mass removal are also involved. Examples of available methods
are introduced below. Detailed discussion of the application and potential limitations of the
methods is beyond the scope of this effort.

Multiphase extraction involves the simultaneous extraction of vapors and liquids using the
same well, employing either a single vacuum pump or separate pumps for the separate
phases. The liquid extraction may enhance the removal of CVOC mass from the location of
the smear zone/capillary fringe by lowering both the water table and levels of water
saturation. The application of vacuum can also enhance the removal of liquids from soils
with modest permeabilities (e.g., 1073 to 107> cm/sec) for simultaneous recovery of
dissolved mass or NAPL from the source areas (USACE, 1999).

Contaminant mass in the vicinity of the water table and capillary fringe is not readily
accessible to SVE. Air sparging is an option for treatment of such contamination, and
involves the injection of air into wells with screened intervals below the water table (e.g.,
Johnson et al., 1993; USACE, 2008). The injected air moves through pore-space channels
outwards and upwards from the well based on buoyancy and air-entry pressures of the
sediment. The injected air induces CVOC volatilization from groundwater, and the
contaminants travel with the gas to the vadose zone before subsequent extraction to the
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surface by SVE. Air sparging is an alternative for cases wherein dewatering the upper
portion of the aquifer (to allow SVE access) is impractical.

At sites where the contaminants are primarily aerobically biodegradable (or cometabolically
degradable), replacing active extraction with air injection (i.e., bioventing) would provide
oxygen to the native bacteria and stimulate additional contaminant removal without the cost
of off-gas treatment. Air injection can be pulsed, with the pulse frequency and duration
based on observed oxygen uptake rates. Air can be supplemented by a co-metabolite, such
as methane, propane, or toluene vapors to promote the expression of enzymes by aerobic
bacteria that fortuitously degrade recalcitrant chlorinated compounds. Existing SVE wells,
piping, and blowers can often be used. The addition of gaseous nutrients (e.g., nitrous oxide,
triethyl phosphate) may be needed to maximize the degradation rates, although many sites
have been addressed without nutrient addition. Bioventing is addressed in several design
manuals (e.g., EPA, 1995c; USACE, 1999, 2002).

Heat may be introduced through electrical-resistivity heating (passing currents between
electrodes placed into the soils to be treated), thermal-conduction heating (heat propagates
through conduction from heaters placed in wells), hot-air injection, or steam injection (e.g.,
USACE, 2009; Kingston et al. 2010). The vapors generated by the process are typically
collected via vapor extraction wells. The application of heat results in higher vapor pressures
for most organic contaminants and is accompanied by changes in the solubility, viscosity,
surface tension, and density of non-aqueous phase liquids. In addition, rates of
bioremediation (and hydrolysis for chlorinated ethanes) may be significantly enhanced at
elevated temperatures.

The injection of a dry gas to reduce the water content of the vadose zone is termed
desiccation. This approach has been shown to enhance SVE effectiveness (e.g.,
Garciagerruzo et al., 1994, Oostrom et al., 2005). The reduction in water content has the
potential to increase the accessibility of areas of the vadose zone that were inaccessible due
to high water content and low relative gas permeability, thereby reducing bypass flow. In
addition, a reduction in water content may also reduce mass-transfer limitations by reducing
the significance of aqueous-phase diffusion.

SUMMARY AND REMAINING CHALLENGES

Contamination of subsurface environments by chlorinated-solvent compounds remains a
significant human-health issue in the U.S.A. and many other countries. Contaminant sources
in the vadose zone pose specific potential risks though their impact on groundwater quality
and vapor intrusion. Currently, these impacts constitute the primary risk drivers for decision
making concerning remediation of vadose-zone sources.

As discussed above, assessing the impact of vadose-zone sources requires measurement or
estimation of the contaminant mass discharge associated with the source. Accurate

measurement of contaminant mass discharge for vadose-zone sources remains a significant
challenge, and necessitates development of robust methods that consider the unique factors
associated with the multi-phase, highly dynamic properties inherent to chlorinated-solvent-
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contaminated vadose zones. Inroads to this issue are being made with the development of
field-based measurement methods as noted.

SVE remains the most widely used remedy for CVOC-contaminated vadose zones. It has
been used successfully at innumerable sites. However, SVE operations typically exhibit
reduced mass-removal effectiveness at some point due to the impact of poorly accessible
contaminant mass and associated mass-transfer limitations. Addressing the reduced
performance of SVE, and decisions on alternative remedies and SVE closure, is a pressing
issue. Alternative remedies, such as flux control, air sparging, and multi-phase extraction are
often used in conjunction with or after closure of SVE.

Developing robust methods for collecting, analyzing, and employing information in support
of remedy selection, alteration, and closure is critical for successful long-term management
of sites contaminated by chlorinated solvents. An approach that incorporates analysis of
SVE operations data, implementation of contaminant mass discharge tests, and
mathematical modeling provides a flexible means to produce such information, as illustrated
by recent efforts conducted at two DOE sites (Truex et al., 2009; Brusseau et al., 2010;
Stauffer et al., 2011; Carroll et al., 2012, 2013). This integrated approach is anticipated to be
able to better address issues such as the changes in source-zone architecture and dynamics
likely to occur during remediation, and the inherent uncertainty associated with
characterizing site properties and conditions.
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Conceptual diagram illustrating the transport and mass-transfer processes relevant to the
impact of vadose-zone sources on groundwater and vapor intrusion. Adapted from Carroll et

al. (2012).
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Figure 3.
Data collected for several SVE operations (see Table 1 for key): A) One-year operations; B)

Multi-year operations. Time represents operational time (periods of non-operation removed).
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Figure4.

High-resolution data collected for SVE operations: A) AFP44 site 2, Tucson International
Airport Area Superfund site in Tucson, AZ; B) AFP44 site 3, Tucson International Airport
Area Superfund site in Tucson, AZ; C) AFP44 site 5, Tucson International Airport Area
Superfund site in Tucson, AZ; D) Hanford Z-9 Trench site, U.S. Department of Energy,
Hanford, WA. Time represents operational time (periods of non-operation removed).
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Figureb5.
Data presented in Figure 3, normalized in terms of relative CMD and relative pore-volume

discharge as follows. Elapsed operational time was multiplied by the SVE extraction rate to
determine cumulative vapor discharge. This was normalized by the estimated pore volume
of the treatment domain to determine pore-volume discharge. This value was scaled for each
site by the maximum pore-volume discharge of the site. The contaminant mass discharge
was normalized by the maximum value.
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Figure6.

Conceptual diagram illustrating remediation issues and concentration-time and mass-
removal-time profiles for the three stages typical to SVE remediation of sites contaminated
by CVOCs. Subsurface block schematics modified from Stroo et al. (2012).
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Ilustrative cross-sectional diagrams of a hypothetical well’s swept volume, as radial
distance from the extraction well, at a few elapsed times (teng equals end of test) in relation
to the location of a source. Inset plots contain concentration (C) versus time (T) responses
for each associated scenario. From Carroll et al. (2013).
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Figure8.

Relationship between reduction in contaminant mass discharge (CMD) and reduction in
contaminant mass for the Verona SVE operation. The one-to-one line is shown for
reference.
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Figure9.

Correlations of simulated vadose-zone contaminant mass discharge (CMD) versus the
predicted long-term maximum concentrations of CVOC in groundwater. Note that
groundwater concentration is calculated by assuming mixing through a vertical depth of 10
meters (screened monitoring well). The nomograph is used by inserting the measured or
estimated contaminant mass discharge at the x-axis, drawing a vertical line upward to the
type-curve that best represents the site conditions, and then drawing a horizontal line to
intersect the y-axis to determine the associated groundwater concentration. The two
examples are keyed to the “Base Case” type-curve. Adapted from Carroll et al. (2012).

Vadose Zone J. Author manuscript; available in PMC 2014 November 06.

10,000




Page 39

Brusseau et al.

(suoz payean; Jo wafeAInba awnjoA-a1od Aq pazijewdou ayes abreyosip) Indybnoayy swnjoa-alod = _.>n_~m

NIH-PA Author Manuscript

05661 ‘Vd3 000'02 6 000'02 000'T9 T BUOIA
UOI}RDIUNWILIOD [RUOSIDd 00s'€ €0 000°08T 000°02 v VL
08661 ‘Vd3 009'€T €0 000'6€ 000S-00TZ | SIIaMm [euoziioH InowAss
4866T ‘Vd3 09€'T 500 000'7TZ 0025-008T L | (s1) suswers/isszu
UOITRDIUNWIIOD [BUOSIad 000'ss | 80'0-v0'0 | 000'006'z 000T9-00T8 vz-€ piojuEH
0566 'Vd3 00€'L 60 000'2€ 00L'6 sz PlIyoareS
0002 ‘uuAl4 pue uoswoy 9/ 0T 00T 056 9 uspiog
UOI}RDIUNLILIOD [RUOSIDd 008'c VN V'N 000°0€ z S-vid4v
UOITRDIUNWIIOD [BUOSIad 00T'S V'N V'N 00.'9€ 91 £-vrd4v
UOI}RDIUNLILIOD [RUOSIDd 000'SE L00 | 000'000 006'7 7] T-vdav
Awwmcv_m:\h,wﬂww (Repjnd) | (w)euoz (p/gw) oY SIPM
90.n0S ereq Josse edlAd | juowpessy | uonoenx3 ol uoloe 11x3 foy918
‘suoieoljdde uonoeixa JodeA [10S [eJoASS 104 Pa1Ia]|09 UOIBWIOLU|
T3alqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Vadose Zone J. Author manuscript; available in PMC 2014 November 06.



