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Foreword

The U.S. Environmental Protection Agency is charged by Congress with protecting the Nation’s land, air, and water
resources. Under a mandate of national environmental laws, the Agency strives to formulate and implement actions
leading to a compatible balance between human activities and the ability of natural systems to support and nurture life. To
meet this mandate, EPA’s research program is providing data and technical support for solving environmental problems
today and building a science knowledge base necessary to manage our ecological resources wisely, understand how
pollutants affect our health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency’s center for investigation of technological
and management approaches for preventing and reducing risks from pollution that threatens human health and the
environment. The focus of the Laboratory’s research program is on methods and their cost-effectiveness for prevention
and control of pollution to air, land, water, and subsurface resources; protection of water quality in public water systems;
remediation of contaminated sites, sediments, and ground water; prevention and control of indoor air pollution; and
restoration of ecosystems. NRMRL collaborates with both public and private sector partners to foster technologies
that reduce the cost of compliance and to anticipate emerging problems. NRMRLs research provides solutions to
environmental problems by: developing and promoting technologies that protect and improve the environment; advancing
scientific and engineering information to support regulatory and policy decisions; and providing the technical support
and information transfer to ensure implementation of environmental regulations and strategies at the national, state,
and community levels.

At many hazardous waste sites contaminants reside in the subsurface as separate dense non-aqueous phase liquids
(DNAPL). These DNAPL serve as persistent sources of dissolved phase contamination and are a major impediment
to successful and cost-effective cleanup of sites. Commonly used pump-and-treat remediation systems have not been
effective in removing DNAPL from these subsurface source areas or in restoring down-gradient contaminated groundwater
to desired levels of cleanliness. However, field-scale research has demonstrated that a high percentage of the DNAPL
mass can be removed by implementing aggressive in-situ technologies such as thermal or chemical flooding. These
studies have shown that while a significant fraction of the DNAPL mass can be efficiently removed in a short period, the
efficiency of DNAPL extraction often decays exponentially with increasing mass removal. As a result, there is currently
no consensus in the academic, technical and regulatory communities on the ecological or environmental benefits of
DNAPL source treatment or on the appropriate metrics for quantifying these benefits. To provide technical guidance
regarding these critical environmental issues the US EPA convened a panel of national and international scientists and
practitioners to conduct a critical, independent review of DNAPL remediation issues. This document contains the findings
and recommendations of the panel. This report does not necessarily represent Agency views or policies and should
not be interpreted as such. However, the information may be useful in developing appropriate research strategies and
plans for solving this important environmental problem.

Stephen G. Schmelling, Director
Ground Water and Ecosystems Restoratich Division
National Risk Management Research Laboratory
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Executive Summary

Introduction

Releases of Dense Non-Aqueous Phase Liquids (DNAPLs) at a large number of public and private sector sites in the
United States pose significant challenges in site remediation and long-term site management. Extensive contamination
of groundwater occurs as a result of significant dissolved plumes generated from these DNAPL source zones that
vary in size and complexity depending on site characteristics and DNAPL properties and distribution. Risk and liability
management, consistent with regulatory compliance requirements, could involve remediation of the source zone as well
as management of the dissolved plume. The source zone is defined here as the groundwater region (volume) in which
DNAPL is present as a separate phase, either as randomly distributed sub-zones at residual saturations or “pools” of
accumulation above confining units and includes the volume of the aquifer that has had contact with free-phase DNAPL
at one time, but where all of the DNAPL mass is now present only in the dissolved or sorbed phases or diffused into
the matrix in fractured systems. Over the past two decades, innovations in site characterization and remediation
technologies have been developed and deployed at DNAPL sites. Several in-situ technologies are available which can
achieve substantial DNAPL source depletion either by extraction or destruction. However, because of the risk of failure
in achieving certain regulatory targets after implementing a source-depletion technology (e.g., MCLs in the source
zone), combined with uncertainties in site characterization (i.e., the location and amount of DNAPL in groundwater at
a site), in forecasting potential benefits and adverse impacts of partial source depletion, in prediction of life cycle costs,
and uncertainties regarding the acceptability of alternative clean-up levels, many site owners have been reluctant to
undertake aggressive source-depletion technologies. Thus, at the majority of DNAPL sites, containment of the source
zone and/or management of the dissolved plume for cost-effective risk/liability reduction and regulatory compliance
have been the dominant strategies of choice.

Charge to the Panel

As the continued annual costs and uncertainties associated with long-term management of DNAPL sites become more
apparent, a reassessment of the factors controlling decisions on whether to implement DNAPL source depletion actions is
needed. The long-term cost, reliability, and institutional requirements of the containment strategy for DNAPL source zones
are thus topics of current scientific and policy debates, which provided the primary impetus for the U.S. Environmental
Protection Agency (U.S. EPA) to establish an Expert Panel on these issues. In the summer of 2001, U.S. EPA formed an
Expert Panel (“Panel’) consisting of twelve recognized experts on DNAPL fate and transport and DNAPL site remediation
to examine four specific issues regarding DNAPL source-zone treatment and management:

A. Status of technology development and deployment for DNAPL source remediation.
B. Assessment of source remediation performance goals and metrics.

C. Evaluation of costs and benefits of source remediation.

D. Research issues and needs.

In order to gather technical information and diverse views, the Panel participated in a two-day workshop involving Panel
members and other invited experts (October 19 — 20, 2001; Dallas, TX), and then the Panel met for two days (February
2002; Orlando, FL) to deliberate. The Panel’s discussions resulted in the identification of seven questions that cover three
of the four issues for which EPA had sought guidance. Charge D, Research Issues and Needs, is addressed directly in
Section 4.0 of this Report. These questions are as follows:

1.  What are the potential benefits and the potential adverse impacts of DNAPL source depletion as a remediation
strategy? (Charges A and C)

2.  What are the appropriate performance metrics for assessment of DNAPL source depletion technologies?
(Charge B)

3. Areavailable technologies adequate for DNAPL source characterization to select and evaluate depletion options?
(Charges A and B)



What performance can be anticipated from source-zone mass depletion technologies? (Charge A)

Are currently available tools adequate to predict the performance of source depletion options? (Charges A and
C)

6. What are the factors restricting the effective and appropriate application of source depletion technologies?
(Charge A)

7. How should the decision be made whether to undertake source depletion? (Charge C)
Potential Benefits and Adverse Impacts of DNAPL Mass Depletion in the Source Zone

The potential benefits of DNAPL source depletion have been the subject of significant on-going technical and policy
debates. Private site owners generally weigh remedies in terms of their risk management benefits and potential for
reducing the total life-cycle cost to achieve site closure, assuming that the remedies under consideration meet all
regulatory requirements for protection of human health and the environment. Government site owners, such as the
Department of Defense (DOD), the Department of Energy (DOE), and EPA Superfund-lead sites generally follow a similar
process, although the details of the remedy selection process may differ from decision processes at private sector sites,
particularly with respect to assumptions regarding site institutional controls and the time value of money.

Regardless of the site owner, there is a range of benefits, from a risk management perspective, that may result from
DNAPL source-zone depletion. These include explicit benefits such as: 1) mitigating the future potential for human
contact and exposure through long-term reduction of volume, toxicity, and mobility of the DNAPL, 2) mitigating the future
potential for unacceptable ecological impacts, 3) reducing the duration and cost of other technologies employed in
conjunction with the source removal technology, and 4) reducing the life-cycle cost of site cleanup. These benefits can
be achieved if the source depletion option can result in the following outcomes: 1) reduction of DNAPL mobility, if mobile
DNAPL is present, 2) reduction in environmental risk to receptors; 3) reduced longevity of groundwater remediation, and
4) reduction of the rate of mass discharged from the DNAPL source zone. These outcomes could then lead to enhanced
efficiency of complimentary technologies used for groundwater remediation as well as potential reduction in life-cycle
costs. Implicit benefits of DNAPL source-zone depletion include: 1) minimizing risks of failure of long-term containment
strategies, 2) mitigating public stakeholders' concerns, 3) enhancing a company’s “green image” as stewards of the
environment, and 4) minimizing future uncertain transaction costs associated with management of the site.

Adverse impacts of DNAPL source depletion could include: 1) expansion of the DNAPL source zone due to mobilization
of the residual DNAPL, 2) undesirable changes in the DNAPL distribution (i.e., DNAPL architecture), and 3) undesirable
changes in the physical, geochemical and microbial conditions that may cause long-term aquifer degradation, and/or
may adversely impact subsequent remediation technologies. All of these adverse impacts could increase life-cycle costs
of site cleanup.

Quantitative predictions of these potential benefits and adverse impacts to aid decision making on whether to implement
DNAPL source depletion actions are highly uncertain. These uncertainties remain as significant barriers to more
widespread use of source depletion options.

Appropriate Metrics for Performance Assessment

The Panel assessed the technical basis for using drinking water standards, such as Maximum Contaminant Levels
(MCLs), as the single performance goal for successful DNAPL source-zone remediation and the use of chemical analyses
in groundwater samples from monitoring wells as the primary metric by which to judge performance of groundwater
remediation systems. Although an MCL goal may be consistent with prevailing state and federal laws for all groundwater
considered a potential source of drinking water and is a goal that is easily comprehended by the public, this goal is not
likely to be achieved within a reasonable time frame in source zones at the vast majority of DNAPL sites. Thus, the
exclusive reliance on this goal inhibits the application of source depletion technologies because achieving MCLs in the
source zone is beyond the capabilities of currently available in-situ technologies in most geologic settings.

In recent years, there has been a trend towards the adoption of a more pragmatic regulatory approach by some regulatory
agencies that are considering alternate or intermediate performance goals and phased remedial action approaches
for cleanup of contaminated sites. Such flexibility may result in implementing alternative strategies for groundwater
cleanup, including: 1) establishment of management zones where cleanup goals other than drinking water standards
may be applied, 2) groundwater classification schemes that permit alternative remedial action goals, and 3) other
flexible regulatory approaches that do not impose non-degradation requirements or drinking water standards in DNAPL
source zones. These new federal and state regulatory policies provide a more encouraging climate for implementation
of innovative source-depletion technologies, in those situations where partial depletion of DNAPL sources is deemed
an intermediate goal as a part of phased site cleanup.
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In addition to alternative goals applied to DNAPL source zones, alternative metrics other than single-point measurements
from groundwater monitoring wells should also be considered. One of the alternative metrics for judging the performance
of source-mass depletion technologies is contaminant mass discharge, defined as the summation at a point in time
of point values of contaminant mass flux (mass per time per area) across a vertical control plane encompassing the
plume and perpendicular to the mean groundwater flow direction at a location downgradient of the DNAPL source
zone. Both theoretical analyses and limited field data indicate that partial DNAPL mass depletion in the source zone
reduces contaminant mass discharge. The magnitude and timing of such reduction are strongly governed by the
site hydrogeology, the contaminant mass distribution (DNAPL and non-DNAPL masses), and the type and method of
application of the source-depletion technology. Because a sufficient knowledge base does not yet exist to specify the
level of mass discharge reduction needed to achieve site-specific benefits, such as risk reduction and reduction of the
time lag between source remediation and mass discharge reduction, additional research will be necessary before this
metric can be used to quantify the benefits of DNAPL source depletion.

Adequacy of Site Characterization Technologies

Site characterization tools are available to measure most of the performance metrics discussed. Because of the inherent
complexities of DNAPL migration and distribution in subsurface environments, none of the available characterization
tools is without limitations on suitability and accuracy. The current status of site characterization tools has been
thoroughly reviewed in the literature, and several recent summaries provide adequate information for selection of the
appropriate site characterization tools for the purposes of selection, design, and performance assessment of DNAPL
source depletion technologies.

The Panel concluded that available technologies are adequate to locate and delineate the suspected DNAPL source
zones. However, in practice, locating the DNAPL source zone and determining the actual mass and spatial distribution
of the DNAPL mass is very difficult, and will only be possible with extensive sampling at the majority of sites. The cost
and level of accuracy achievable by source-zone characterization tools can only be answered on a site-specific basis.
Further investment by EPA and other governmental agencies in determining the level of accuracy required for source-
zone characterization tools as a function of subsurface geologic conditions, DNAPL characteristics and distribution, and
a specific DNAPL depletion technology is warranted.

New techniques for monitoring groundwater flow and contaminant mass flux and mass discharge rate have been
developed, but to date, these methods have not been field tested at sufficiently diverse sites. Further guidance on the
reliability, accuracy, and cost of mass flux and mass discharge rate monitoring techniques may be forthcoming based
on research funded by DOD and other agencies.

Performance of Source-Zone Mass Depletion Technologies

Over the past two decades, a large body of information has been developed on the performance of source-zone mass
depletion technologies. Hundreds of pilot-scale site trials using innovative in-situ technologies have been conducted
in DNAPL source zones, although a much smaller number of full-scale source depletion projects have been reported.
In addition, various federal (EPA, DOE, DOD) and state agencies (e.g., Interstate Technology Regulatory Council,
“ITRC”) have compiled information on source depletion technologies and case studies of the application of DNAPL
source depletion technologies, and this information is available on the respective web sites of these organizations.
Additional information on the cost and effectiveness of source-zone depletion technologies is expected within the next
year based on reported surveys conducted by the U.S. Navy (at over 170 sites) and the ITRC committee on DNAPL
source remediation case studies.

Many of these studies report that substantial quantities of DNAPL mass have been removed from the subsurface. A
few case studies are included in this Report where Panel members had first-hand knowledge. Based on this body
of knowledge, the Panel concluded that several technologies are sufficiently developed and ready for deployment at
DNAPL-impacted sites. These include thermal technologies, in-situ surfactant/cosolvent flushing, and in-situ chemical
oxidation. In-situ biodegradation is the one technology evaluated that is still in an early developmental stage although
even this technology has been implemented as a final remedy at several DNAPL sites. Combinations of different source
depletion technologies have also not been widely tested or evaluated.

Although the Panel did not have the resources to evaluate this information on technology performance and costs in
detail, it is clear that large quantities of DNAPL can be removed from source zones, with the magnitude of the removal
highly dependent on site-specific and technology-specific factors. However, it is highly uncertain that MCLs can be
achieved in source zones impacted with DNAPLs in most geologic settings. Nonetheless, a number of DNAPL sites
have received no further action letters, indicating that regulators were satisfied that the remedial action objectives had
been achieved in the source zone. It is clear that site closure of DNAPL-impacted sites may be possible depending
upon site conditions, but such cases may be the exceptions rather than the rule at this time.
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Source-zone containment has been a goal adopted at a large number of DNAPL sites, and groundwater pump-and-
treat, cut-off walls, or permeable reactive barriers have been effectively implemented. In the long term, containment has
the disadvantage of requiring continued maintenance of effectiveness and the associated perpetual financial burden.
In addition, long-term effectiveness of the containment strategies is not assured. The Panel found only a few case
studies where rigorous monitoring data have been used to assess the benefits of source containment for long-term
plume management.

Although source depletion technologies are capable of removing substantial amounts of the DNAPL in source zones
at sites with favorable hydrogeologic conditions (i.e., less heterogeneous and more permeable subsurface conditions),
achievement of drinking water MCLs in these source zones as well as source zones in more challenging heterogeneous
hydrogeologic conditions (e.g., bedrock, karst systems, multiple stratigraphic units) is unlikely. However, these technologies
are capable of achieving partial DNAPL depletion, which may provide other performance benefits, including eliminating
the mobility of the DNAPL, and reduction in the mass discharge rate of DNAPL constituents from the source zone,
which may reduce environmental risks and life cycle costs.

Factors Limiting Application of Source Depletion Technologies

Several obstacles have prevented widespread application of source-zone depletion technologies. These include: 1) setting
of remedial action objectives (such as achieving MCLs in the source zone) that are likely to be technically impractical
within a reasonable time frame, 2) uncertainty of the long-term effectiveness and cost of source depletion and length
of time before site closure, 3) the lack of well-documented case studies that could reduce the uncertainties regarding
the effectiveness of source depletion technologies, 4) lack of availability of insurance to mitigate the risks of failure of
source-zone remedial actions, and 5) the limited number of technology vendors, which adds to uncertainties of cost, risk
of failure, and risk of bankruptcy by the vendor. An additional uncertainty at most sites is the fraction of the contaminant
mass in the DNAPL source zone that may be present in diffusion-controlled, low-permeability zones. If the metric for
successful remediation is achievement of MCLs, the source depletion goal must include depletion of the dissolved
and sorbed phase mass in addition to the DNAPL mass. In-situ technologies for source-zone depletion are generally
limited in their ability to remove contaminant mass from these low-permeability zones; however, thermal technologies
may overcome this limitation at some sites. On the other hand, it is likely that continued release of contaminants from
these low-permeability zones will be at mass discharge rates substantially lower than those prior to source depletion.
Whether this reduction in source-zone mass discharge would be sufficient to warrant implementation of the source
depletion technology is not currently predictable, and remains an important research topic.

Adequacy of Tools to Predict Performance

Reliable (validated) modeling codes and decision tools along with associated data are not currently available to:
1) predict the performance of DNAPL source-zone remediation technologies, 2) predict the beneficial and adverse
impacts after the remediation is attempted, and 3) guide the decision process for selecting technologies or end points.
The Panel concluded that quantification of explicit benefits, such as the reduction of risks and cost liabilities after partial
source depletion, is an exceptionally difficult task and that much of the difficulty results from the inherent uncertainty in
determining the magnitude and distribution of the DNAPL source zone mass prior to remediation.

Uncertainties in predicting remedial performance, life cycle costs, and benefits confound both economic and technical
analyses and comparison of technical options for DNAPL source-zone depletion. A strategy for achieving benefits from
partial source mass depletion would be to reduce contaminant mass discharge to a level less than the natural attenuation
capacity within the dissolved plume. Under such conditions, the contaminant mass discharge for the DNAPL constituents
becomes less than the rate of contaminant degradation in the plume and, as a result, the plume gradually shrinks
until a new, smaller steady state plume is achieved. Such a strategy is most likely to be beneficial for small DNAPL
source zones at sites that are inactive. However, at many chlorinated solvent sites, natural attenuation by microbial
degradation is ineffective because of inadequate microbial and geochemical conditions in the plume, and modifications
of these conditions will be necessary to achieve acceptable degradation rates or dispersion to be protective of potential
receptors.

On Making the Decision to Undertake Source Depletion

The Panel recognizes that the decision to implement source-zone depletion technologies for DNAPL site remediation
is based on highly site-specific conditions and criteria, and that numerous regulatory, technology, and stakeholder
factors must be considered. The current decision process, as practiced in the U.S., has generally resulted in selection
of containment over source depletion. The Panel concluded that new approaches to this decision process are needed.
Therefore, the Panel considered two distinct options for developing an improved decision analysis framework: one
based on a qualitative, semi-empirical analysis, and the other based on a quantitative model-based analysis. The Panel
recognizes that neither of these options has been formally used at DNAPL sites for decisions on whether to implement
source-depletion technologies, but the Panel urges EPA to consider the utility of qualitative approaches as a screening
level tool for evaluating the appropriateness of source depletion compared to containment, and to assess the feasibility
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of developing a quantitative model that can account for a broad range of potential costs, benefits, and negative impacts
from implementing DNAPL source-depletion technologies.

Knowledge Gaps and Research Needs

The Panel found that although much information on DNAPL source depletion has been developed, knowledge gaps
still exist regarding the effectiveness and cost of these technologies for DNAPL source removal in a wide range of
hydrogeologic settings. Research is needed on the following topics: 1) development, verification, and comparison of
alternative technologies for measuring mass flux and mass discharge from DNAPL source areas before and after source
depletion, 2) development of improved predictive tools to estimate the benefits and adverse effects of partial source
depletion for a range of DNAPL treatment technologies and DNAPL distribution and geologic scenarios, 3) continued
field testing of DNAPL source-depletion technologies incorporating more than one technology (e.g., thermal, in-situ
flushing, or in-situ chemical oxidation combined with biodegradation), 4) development of guidance on the conditions in
which source depletion is not likely to be an effective strategy, 5) assessment of the long-term water quality impacts of
source-depletion technologies, and 6) development of quantitative decision analysis tools that will permit an accounting
of all potential costs, benefits, and adverse impacts of partial DNAPL source depletion.

A key knowledge gap is estimating the fraction of the total universe of DNAPL-impacted sites that would benefit from
partial DNAPL depletion from the source zone. The Panel consensus was that partial DNAPL source depletion will have
benefits at a portion of DNAPL-impacted sites, but the Panel did not have sufficient information to reach consensus,
and was not willing to speculate. Resolution of this knowledge gap is a major research need and would provide the
necessary foundation for expanded support of research and development programs on the issues raised in this Report.
In the meantime, market forces and regulatory mandates will likely determine the extent to which DNAPL source-zone
depletion technologies will be applied.

In the past decade, major advances have been made in technologies for characterization and performance assessment
of remedial actions of DNAPL source zones, but there is need for additional advances. Part of the cost of applying an
innovative technology for source mass depletion includes the cost of additional site characterization needed for technology
selection and remedial design based on the choice of performance metrics. A major challenge is the identification of
the degree of characterization and post-remediation monitoring necessary for effective application of each of the in-situ
source depletion technologies. Research is needed to establish guidance for practical source-zone characterization
keyed to the available technologies.

Conclusions

In the final analysis, the Panel concluded that partial mass depletion from DNAPL source zones has been a viable
remediation strategy at certain sites and is likely to provide benefits at a number of additional sites. However, barriers
to more widespread use of DNAPL source-zone technologies persist. Additional theoretical analysis and assessment
tools (performance prediction tools; cost-benefit assessment tools; technology failure analysis; reliability of long-term
management), improved monitoring techniques (site characterization; performance assessment), and field scale
demonstrations that elucidate benefits of partial source depletion are needed to provide a more informed basis for
decision-making on whether to undertake DNAPL source-zone depletion at both sites with a containment remedy in
place and at new DNAPL sites. This information will also provide a basis to estimate the proportion of DNAPL-impacted
sites that would be candidates for implementation of source-depletion technologies. At some DNAPL sites, containment
may be the only viable remedial action, and at such sites, containment may be considered a “presumptive remedy”
eliminating the need for costly additional studies. The Panel urges EPA to provide appropriate guidance for defining the
conditions under which DNAPL source remediation would be a viable option for site cleanup compared to a containment-
only option using the broader definition of benefits of this strategy as discussed in this Report.

The current strategy of source-zone containment has generally proven reliable for limiting routes of human and ecological
exposure to chemical contaminants emanating from DNAPL-impacted sites, provided that the containment system (e.g.,
pump-and-treat, or permeable barriers) has been properly designed and maintained. However, this strategy poses long-
term risks, transfers the burden of site management to future generations, and requires long-term financial stability of
the responsible parties. Furthermore, these long-term risks are generally difficult or impossible to quantify accurately. It
is thus imperative that sufficient resources be devoted to resolving the many uncertainties that this Panel has identified
in DNAPL source-zone characterization and depletion technologies to ensure that source depletion at DNAPL sites is
implemented to the maximum extent practicable.

Recommendations
The Panel’s specific recommendations to EPA are as follows:

1. Expand the existing EPA program for research, demonstration projects, and technology transfer to address and
reduce the uncertainties in predicting and verifying the benefits and undesirable impacts from application of
DNAPL source-zone depletion technologies.
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Continue to support demonstration efforts to develop, test, and validate the most promising innovative and
emerging technologies for DNAPL source-zone characterization and mass depletion.

Develop a new guidance document for source-zone response actions at DNAPL sites that provides a road map
for decision makers to determine if implementation of source depletion technologies is appropriate.

Conduct a thorough and independent review of a selected number of DNAPL sites where sufficient documenta-
tion is available to assess the performance of source depletion using multiple metrics.

Develop and validate technologies for cost-effective and accurate measurement of mass flux and mass discharge
from DNAPL source zones, and determine how these measurements relate to risk management decisions.

Evaluate impacts of source depletion technologies on long-term aquifer water quality.

Develop and validate cost-minimization and net benefit-maximization decision models suitable for evaluating the
complete spectrum of costs, benefits, and negative impacts of source-depletion technologies.
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1.0 Introduction

1.1 Background

It is well recognized by stakeholders that remediation of soil and groundwater contaminated by organic chemicals in
the form of dense non-aqueous phase liquids (DNAPLS) represents major technical, economic, and institutional chal-
lenges. While the consequences of DNAPL releases on groundwater quality are easily observed and have been widely
documented, the characterization and remediation of DNAPLs in groundwater remain problematic. At most sites, char-
acterization of the location, distribution, and amount of DNAPL causing continued groundwater contamination is difficult,
and often inaccurate. Removal or in-situ destruction of DNAPL, even when reasonably well characterized, has proven
difficult in saturated zones with any significant degree of heterogeneity.

Since the early 1980s, the U.S. Environmental Protection Agency (U.S. EPA), the Department of Energy (DOE), the
Department of Defense (DOD), and various private organizations have recognized that DNAPL site remediation entails
significant technical challenges. For example, through fundamental and applied research directed by the Robert S. Kerr
Environmental Research Center, in Ada, Oklahoma, the U.S. EPA prepared numerous technical guidance documents to
advise stakeholders on characterization and remediation of DNAPL sites (U.S. EPA, 1994, DNAPL Site Characterization
Quick Reference Fact Sheet, EPA/540/F-94/049). In addition to relevant guidance documents, EPA also developed policy
guidance in recognition of the technical challenges confronting cleanup of DNAPL sites. The technical impracticabil-
ity (T1) guidance document published in 1993 provided EPA’s recommended approach for assessing the feasibility of
meeting established performance goals at Superfund and RCRA sites where remediation was considered impracticable
from “an engineering perspective, taking cost into consideration” (U.S. EPA, 1993, Tl Guidance Document). However,
since 1990 this policy instrument has been infrequently used and as of this date, only 48 TI waivers have been granted
from a universe of approximately 1,500 Superfund sites. The number of Tl applications over this period is unknown.
Nonetheless, many Records of Decision at Superfund sites include containment remedies and as such likely contain
analyses that are consistent with the technical bases presented in the Tl guidance.

In 1994, a committee established by the National Research Council prepared a report on Alternatives for Groundwater
Cleanup (NRC, 1994) summarizing the research knowledge and practical experiences of the past two decades on the
use of the so-called “pump-and-treat” technology, the dominant approach at that time to remediation of groundwater
contaminated by DNAPLs. Groundwater sites impacted by DNAPL were considered to be the most difficult sites to
remediate, and at that time, none of the known or suspected DNAPL sites had achieved required cleanup levels.

While significant technical advances in DNAPL site characterization and remediation technologies have been achieved,
there is still a lack of consensus regarding the ability of available technologies to achieve groundwater remediation per-
formance goals at DNAPL sites within a reasonable time frame and at a cost commensurate with perceived benefits or
risk reduction. In particular, there is a lack of consensus regarding the appropriateness of applying intensive and often
costly remediation technologies for DNAPL extraction or destruction in the source zone, if such partial mass removal
will not have a quantifiable and substantial impact on the duration and life-cycle cost of a containment remedy, such
as pump-and-treat. Given the uncertainties associated with the application of innovative technologies and the risk of
inadequate performance, combined with the difficulties of predicting the benefits of partial DNAPL source depletion,
many potentially responsible parties in both the private sector (industry) and the public sector (government) are reluctant
to undertake intensive source-zone remediation.

The current practical consequence of this lack of consensus is that for the vast majority of groundwater-contaminated
sites where DNAPL is suspected or known to be present, site remediation strategies are dominated by containment
technologies, coupled with long-term monitoring. This strategy has been effective at limiting the spread of contaminants
at these sites and significantly reducing the risk of human and ecological exposures to these chemicals, but the failure
to remove the DNAPL source from the groundwater requires that both long-term institutional controls and assurances
of sufficient financial resources to maintain these controls must be in place. Stakeholder concerns over the long-term
stability of these engineering and/or institutional controls, coupled with continuing issues related to natural resource
damage claims, continue to provide a powerful incentive for improving our capabilities to remove or destroy DNAPLs
found in soil and groundwater.



1.2 Expert Panel Formation

In the context of this debate regarding DNAPL source remediation, EPA, through its Ground Water and Ecosystems
Restoration Division (GWERD), formed a DNAPL Expert Panel (“Panel”) to advise EPA on a number of key issues
related to remediation of DNAPL source zones. The members of the Expert Panel and their affiliations are shown in
Table 1-1, and short biographical sketches of the Panel members are included in Appendix B.

In the summer of 2001, the U.S. EPA’s Robert S. Kerr Environmental Research Center in Ada, Oklahoma, organized
the Panel to provide independent advice to EPA on a series of issues regarding DNAPL source remediation. These
four issues included the following:

A) Status of technology development and deployment for DNAPL source remediation.
B) Assessment of source remediation performance goals and metrics.

C) Evaluation of costs and benefit of source remediation.

D) Research issues and needs.

Table 1-1

Panel Participants

Name

Kavanaugh, Michael, Panel Co-Chair
mkavanaugh @pirnie.com

Rao, Suresh, Panel Co-Chair
pscr@ecn.purdue.edu

Abriola, Linda
abriola @ engin.umich.edu

Cherry, John
cherryja @sciborg.uwaterloo.ca

Destouni, Georgia
georgia.destouni @ natgeo.su.se

Falta, Ronald
faltar @ clemson.edu

Major, David
dmajor @ geosyntec.com

Mercer, James
Jmercer@geotransinc.com

Newell, Charles
cjnewell @ gsi-net.com

Sale, Thomas
tsale @ lamar.Colostate.edu

Shoemaker, Stephen
stephen.h.shoemaker @ usa.dupont.com

Siegrist, Robert
siegrist@mines.edu

Teutsch, Georg
georg.teutsch @ uni-tuebingen.de

Udell, Kent
udell@me.berkeley.edu

Affiliation

Malcolm Pirnie, Inc.
Purdue University School of Civil Engineering

University of Michigan, Dept. Civil & Environmental Engineering
(Note: Currently at Tufts University)

University of Waterloo Dept. of Earth Sciences

Stockholm University
Dept. of Physical Geography & Quaternay Geology
Stockholm, Sweden

Clemson University
Dept. Environmental Engineering & Science

Geosyntec
GeoTrans, Inc.
Groundwater Services, Inc.

Colorado State University
Department of Civil Engineering

DuPont

Colorado School of Mines
Environmental Science & Engineering

University of Tuebingen,
Germany Center for Applied Geoscience

University of California, Berkeley



The Panel first participated in a two-day workshop organized by Dynamac Corporation for EPA in October 2001 in Dal-
las, Texas. The agenda for the two-day workshop is also included in Appendix C, and a list of attendees is included in
Appendix D. Subsequently, the Panel held a two-day meeting in Orlando, Florida, in February 2002. The Panel decided
at that meeting to define the technical issues as “DNAPL source-zone depletion” reflecting the general consensus that
although complete or 100 percent DNAPL removal from source zones in the saturated zone is technically impracticable
at all sites, partial DNAPL source depletion may be sufficient to meet site-specific remedial action objectives. In re-
sponse to the charges from EPA to address the four key issues, the Panel generated a series of questions summarized
in Table 1-2. Shown also in this table is the relationship between the questions posed and three of the four issues
presented by EPA. Charge D, Research Needs, is the focus of Section 4.0 in the Report.

Table 1-2 Questions

Question 1: What are the potential benefits and potential negative impacts of DNAPL source depletion as a
remediation strategy? (Charges A and C)

Question 2: What are the appropriate performance metrics for evaluation of source depletion technologies?
(Charge B)

Question 3: Are available technologies adequate for DNAPL source characterization to select and evaluate
source depletion options? (Charges A and B)

Question 4: What performance can be anticipated from source-zone mass depletion technologies? (Charge
A)

Question 5: Are currently available tools adequate to predict the performance of source depletion options?
(Charges A and C)

Question 6: What are the factors restricting the effective and appropriate application of source depletion strate-
gies? (Charge A)

Question 7: How should the decision be made whether to undertake source depletion? (Charge C)

1.3 Organization of the Report

Based on review of the information provided at the October workshop, the knowledge and experience of the Panel
members, and results of the Panel process, the Panel has prepared the following Report to the U.S. EPA (“Report”).
To ensure common understanding in discussing DNAPL source remediation, Section 2.0 of this Report begins with an
overview of the DNAPL problem. Section 3.0 presents the Panel’s response to the seven questions generated to address
each of the four issues raised by EPA in the charge to the Panel. In general, except where noted, these responses
represent a consensus of the Panel. The final two sections of the Report summarize knowledge gaps and research
needs, Section 4.0 (Charge D) and provide the Panel’s conclusions and recommendations to EPA (Section 5.0).






2.0 Problem Description

2.1 DNAPLs as a Source of Groundwater Contamination

Dense Non-Aqueous Phase Liquids (DNAPLs) are water-immiscible organic liquids with a density greater than that of
water at ambient temperature and pressure. The most prevalent types of DNAPLSs are the halogenated organic solvents
(including trichloroethene, “TCE”, and tetrachloroethene, “PCE”), but many sites are contaminated with other types of
DNAPLs including coal tar and creosotes (complex hydrocarbon mixtures consisting of polycyclic aromatic hydrocarbons
and other aromatic hydrocarbons), polychlorinated biphenyl (PCBs), and certain pesticides (Cohen and Mercer, 1993).
Numerous references provide detailed information on the physical and chemical properties of DNAPLs (e.g., Hunt et
al., 1988; Mercer and Cohen, 1990; Cohen and Mercer, 1993; Pankow and Cherry, 1996; and U.S. EPA, 1991).

Although there was broad recognition of groundwater contamination from chlorinated solvents in the 1970s and early
1980s, the crucial role of DNAPLs as the primary source of this contamination was overlooked until the mid-1980s. The
pioneering work on the fate of DNAPLs in the subsurface conducted by Schwille and his colleagues in Germany set
the stage for an explosion in our understanding of the role of DNAPLs in groundwater contamination (Schwille, 1988).
Pankow and Cherry (1996) provide a comprehensive history of the growth of knowledge regarding the role of DNAPLs
in groundwater contamination. Since the early 1990s, however, the significance of the presence of DNAPL on the
effectiveness of groundwater remediation has been fully recognized.

As is now well understood, the physical, chemical, and biotic degradation properties of DNAPLs determine the threats
that such organic chemicals pose to the environment (Pankow and Cherry, 1996). DNAPLs can migrate relatively easily
in the saturated zone under gravity forces, penetrate deeply into aquifers, and in some cases, travel substantial horizontal
distances away from the original source area. Rates of migration are dependent on the properties of the DNAPLs
(viscosity, density, interfacial tension), and the geologic characteristics of the subsurface (e.g., see Pankow and Cherry,
1996, for a review of the physics of DNAPL flow in various subsurface environments). DNAPLs exhibit relatively low
aqueous solubility (typically in the milligrams per liter range or parts per million [ppm]), but the solubility levels generally
exceed drinking water standards (typically in the microgram per liter range or parts per billion, ppb) by several orders of
magnitude. Some DNAPL compounds, such as chlorinated solvents, are relatively volatile in pure phase, and can thus
partition into soil gas, causing further migration of those DNAPL constituents in the vadose zone, and posing potential
threats to air quality in confined spaces, an issue that has received national attention and has been addressed in recent
regulatory guidance (see for example, http://www.epa.gov/epaoswer/hazwaste/ca/eis/vapor.htm).

DNAPL constituents slowly partition into the aqueous phase (Eberhardt and Grathwohl, 2002), usually under mass
transfer controlled conditions (see e.g., Frind et al., 1999) thus causing the development of a dissolved groundwater
contaminant plume. In addition, under natural biogeochemical conditions found within dissolved plumes at most sites,
chemical constituents of some DNAPLs (chlorinated solvents such as PCE and TCE) do not easily or rapidly degrade
either biotically or abiotically. As a consequence, large and relatively mobile plumes of these chemicals will form and
can migrate significant distances from the location of the original DNAPL release(s). Partial (biotic/abiotic) degradation
of chlorinated solvents can transform the parent compound to by-products that are potentially of greater environmental
concern (e.g., vinyl chloride and DCE). For coal tars and creosote DNAPLSs, the primary constituents of concern are
the polyaromatic hydrocarbons (PAHSs), with a broad range of solubilities and susceptibility to biological degradation.

2.2 Magnitude of the Problem

Although DNAPL contamination of soil and groundwater is now widely recognized, there are few studies that have
bounded the magnitude of the problem. EPA analyses (U.S. EPA, 1993) suggest that DNAPL is present at approximately
60 percent of Superfund sites where organic chemicals have been detected. However, the presence of DNAPLs is rarely
observed directly, and must be inferred by comparing the maximum levels detected in soil or groundwater samples
to the effective solubility in water or the residual saturation in soil of the DNAPL chemical of concern. It is probable,
however, that DNAPLs are present at many sites where DNAPL constituents have been detected even with maximum
concentrations in samples taken from groundwater monitoring wells below one percent of the effective aqueous solubility,



which is generally used as a rule of thumb to infer the presence of the DNAPL at a site (Feenstra and Cherry, 1988;
U.S. EPA, 1992). It should be noted that this widely used rule-of-thumb has no fundamental theoretical basis, but it is
consistent with empirical observations and the impacts of dispersion on concentrations of chemicals dissolving from
a DNAPL into water flowing past the material. Nonetheless, the presence of organic contaminants at levels below or
above this threshold may or may not demonstrate the presence of DNAPLSs.

The NRC study (NRC, 1994) on Alternatives for Groundwater Cleanup summarized various published estimates
on the number of sites in the U.S. where groundwater was likely contaminated. The estimated number of sites with
suspected groundwater contamination, excluding leaking underground storage tanks, which primarily contain petroleum
hydrocarbons, ranged from 30,000 to 50,000 sites (NRC, 1994). For example, the State Coalition for Remediation of
Drycleaners estimates that up to 75 percent of the 36,000 active dry cleaning establishments in the U.S. have experienced
releases of PCE or other dry cleaning solvents (http://www.drycleancoalition.org/pubs.cfm “Conducting Contamination
Assessment Work at Drycleaning Sites”). If one assumes that approximately 80 percent of the 30,000 to 50,000 sites
with impacted groundwater are contaminated with organic chemicals, and of those organic chemicals, approximately
60 percent are DNAPLs as estimated by EPA, the total number of DNAPL impacted sites in the U.S. could range from
15,000 to 25,000 sites.

The annual and life cycle costs to remediate the DNAPL sites could be quite high. Currently, at the majority of these
sites, hydraulic containment using the conventional groundwater pump-and-treat technology is the dominant remedial
technology of choice, without implementation of source depletion technologies. If pump-and-treat technologies remained
in operation, or were applied to all DNAPL sites in the future, annual costs would be substantial. Based on data collected
by EPA (U.S. EPA, 1999a), and on the experience of Panel members (see also, NRC, 1994), annual costs for operation
and maintenance of pump-and-treat systems range from $30,000 to $4,000,000 per year, with a median value of
roughly $180,000 (1999 dollars) per site, based on the EPA 28 Site Study (U.S. EPA, 1999a). Thus, using this median
value, annual O&M costs for the 15,000 to 25,000 sites in the U.S. with DNAPL contamination could range from $2.7
to $4.5 billion dollars per year if all sites relied on groundwater pump-and-treat only as a containment remedy. The total
life cycle costs for this remediation strategy depend on assumptions of equipment replacement frequency and costs
and the net discount rate. The estimated life cycle costs for cleanup of DNAPL sites, assuming a net present value
estimate based on 30 years of operation, would range from $50 to $100 billion dollars for discount rates ranging from
5 to 10 percent. (It should be noted that the discount rate in public sector accounting could be as low as 3.9 percent
compared to private sector present value discount rates ranging up to 12 percent).

Although a precise estimate of the total life cycle costs for remediation of DNAPL sites using a containment strategy
is lacking, these order of magnitude estimates clearly show that the cleanup of groundwater DNAPL sites will require
significant annual expenditures for the next several decades if hydraulic containment is the dominant strategy for
groundwater remediation at these sites. These order of magnitude cost estimates suggest that development or
implementation of existing and emerging source-depletion technologies could potentially reduce this annual liability by
depleting the DNAPL source zone, resulting in reductions in life-cycle costs at those DNAPL sites with a containment
remedy in place such as groundwater pump-and-treat as well as at those sites where no remedial actions have yet
been selected. In addition to potential cost savings, source depletion would provide other benefits to site owners and
the public, as discussed subsequently in this report.

2.3 Regulatory Framework

Among the principal drivers for undertaking remedial actions at groundwater sites contaminated with DNAPLs are federal
and state statutes that have established methodologies for setting cleanup standards at sites managed under various
regulatory regimes (see e.g., U.S. EPA, 1996). Source control is a critical component of site remediation strategies aimed
at returning groundwater to maximum beneficial uses in a reasonable time frame and for achieving pollution prevention
goals (see U.S. EPA, 2002; www.epa.gov/correctiveaction). For example, the CERCLA statute requires remedial actions
to attain drinking water standards established under the Safe Drinking Water Act, or water quality criteria established
under the Clean Water Act,”...where such goals or criteria are relevant and appropriate under the circumstances of
the release.” Superfund regulations, contained in the NCP (Final National Oil and Hazardous Substances Pollution
Contingency Plan) establish that the cleanup goal for contaminated ground water is: “...to return usable ground waters
to their beneficial uses wherever practicable, within a timeframe that is reasonable given the particular circumstances
of the site.” Superfund guidance further clarifies that drinking water standards are to be used as cleanup levels for
ground waters that are determined to be current or potential sources of drinking water. For sites regulated under RCRA
Corrective Action, similar final cleanup goals are established, although the point of compliance (POC) and various
short-term and intermediate goals may be defined for the site (see U.S. EPA, 2002; www.epa.gov/correctiveaction). The
regulatory context for groundwater cleanups is further complicated by state and local laws, which generally must be at
least as stringent as federal requirements.




In recent years, however, many states have begun to adopt a more pragmatic regulatory approach, based on alternate or
intermediate performance goals and phased remedial actions, for cleanup of contaminated sites. For example, revisions
to Arizona state laws in 1997 now allow the Arizona Department of Environmental Quality (‘“ADEQ”) increased flexibility
in selection of groundwater cleanup methods and levels. ADEQ is “authorized to adopt rules for remedy selection that
incorporate analysis of a range of cleanup alternatives, from remediation of the contamination to no action.” Significantly,
the statute clarifies that cleanup need not always result in achievement of drinking water standards in the aquifer itself.
States such as Vermont, California, and New York among others are implementing alternative approaches to groundwater
cleanup including establishment of management zones where cleanup goals other than drinking water standards may be
applied, groundwater classification schemes that permit alternative remedial action goals, and other flexible regulatory
approaches that do not impose non-degradation requirements or drinking water standards in source zones. These new
federal and state regulatory policies and practices provide a more encouraging climate for implementation of innovative
source-depletion technologies in those situations where partial depletion of DNAPL sources may be deemed an acceptable
intermediate goal as a part of phased site cleanup. On the other hand, regulatory policies are also constrained by public
concerns over leaving contamination in place and concerns over natural resource damages, and there is currently no
accepted regulatory definition of qualitative terms such as “mass removal to the extent practicable.” This results in
significant uncertainty as to the extent of mass depletion that may be required in a DNAPL source zone.

The Panel has not undertaken an assessment of all new regulatory practices or changes in policies, but it is the experience
of the consultants on the Panel that for groundwaters considered potential sources of drinking water, requirements
for restoration or achieving MCLs in a source zone are the dominant regulatory approach across the country. Where
alternative metrics or remedial actions are considered acceptable by the regulatory agency (e.g., remove mass to the
extent practicable, eliminate DNAPL mobility, or achieve levels higher than MCLs), the potential for partial DNAPL source
depletion to meet site-specific remedial action objectives is increased.

In addition to regulatory drivers, remedial actions in source zones may also be undertaken to eliminate long-term liability.
Responsible parties can potentially be held liable for tort liability (e.g., human health impacts, nuisance, trespass,
diminution of property values). Furthermore, as specified under CERCLA, states may sue responsible parties for natural
resource damages, increasing the long-term risks that failure to cleanup a site would result in significant claims against
such parties.

2.4 Technical Framework

To provide a consistent technical framework for addressing the four issues presented by EPA to the Panel, the following
discussion addresses key factors that the Panel considers essential for a comprehensive understanding of the DNAPL
source-zone remediation challenge. Before addressing questions such as what benefits can be obtained by depleting
DNAPL mass from source zones, or which technology or technologies work best, it must first be recognized that source
zones at DNAPL-impacted sites differ in important ways. These differences can have profound impacts on the technical
and institutional approaches taken to groundwater remediation that are: 1) consistent with regulatory requirements,
2) mitigate stakeholder concerns, and 3) balance the benefits of risk reduction against life cycle costs. Benefit/cost
balancing and the resultant risk management decisions related to the implementation of source depletion technologies
can best be understood in the context of the technical framework presented below.

For purposes of this Report, the source zone has been defined as the groundwater region in which DNAPL is present
as a separate phase, either as randomly distributed sub-zones at residual saturations or “pools” of accumulation above
confining units (Mackay and Cherry, 1989; Cohen and Mercer, 1993; Feenstra et al., 1996). This earlier definition is
extended here to include the volume of the aquifer that has had contact with free-phase DNAPL. This reflects the
observation that diffusion can drive substantial contaminant mass into stagnant zones (e.g., clay) adjacent to DNAPL
(Parker, et al., 1994, Parker, et al., 1997; Reynolds and Kueper, 2002). After depletion of DNAPL, back diffusion of
sorbed and dissolved contaminants from stagnant zones can sustain plume concentrations (Liu and Ball, 2002). A
good example of the cases to be included by this expanded definition is the source zones in fractured media discussed
in the following paragraphs. The term source-zone architecture (Sale and McWhorter, 2001) is used to describe the
geometry (shapes, sizes, spatial distribution, inter-connections) and DNAPL content of the sub-zones. The source-zone
DNAPL architecture impacts the source strength (i.e., mass discharge rate), the evolution of the dissolved plume, and
the efficiency of remediation. DNAPL sources in the vadose zone are not considered in this report.

The Panel determined that the primary factors differentiating source zones from other zones in the contaminated aquifer
such as the dissolved plume include: a) site hydrogeology; b) DNAPL spatial distribution; c) size of the site and DNAPL
release(s); d) composition and properties of the DNAPL (single- or multi-component); and e) the degree of ground
surface interferences.



Site Hydrogeology: Hydrogeologic features—such as lithology and permeability—have a dominant effect on the
rate and direction of groundwater flow and contaminant transport. DNAPL migration and distribution subsequent to a
release are also strongly controlled by the hydrogeologic features. Two primary geologic conditions can be identified:
1) unconsolidated porous media, and 2) consolidated (fractured) porous media. For the unconsolidated media, we
are particularly interested in three features of the medium: 1) the permeability, as represented by the mean hydraulic
conductivity, 2) the degree of hydrologic heterogeneity, as represented by the variance of the distribution of values for
the saturated hydraulic conductivity, and 3) the extent of anisotropy and spatial correlation, as represented by the ratio
of the correlation lengths. For consolidated fractured media, advective transport occurs primarily in the fracture network,
while the porosity of the rock matrix serves as stagnant zones connected to the advective flow paths via molecular
diffusion; thus, these stagnant zones serve as long-term diffusion sinks/sources. Three specific features are of particular
importance for fractured systems: 1) the porosity of the rock matrix, which gives an indication of the fraction of the pore
volume that serves as the diffusive sink/source for contaminant transport, 2) the spatial organization of the fracture
network, with an emphasis on the inter-connectedness of the fractures, and 3) the fracture-size distribution.

A typical heterogeneous unconsolidated medium is represented in Figure 2.1, and examples include deltaic deposits
(e.g., Southeastern coastal plains hydrogeology; Garber Wellington Aquifer, Central Oklahoma) and glacial outwash.
Such aquifer materials generally exhibit anisotropy in permeability (K_,) values; that is, saturated hydraulic conductivity
values in the x- or y-directions may be much larger than those in the z-direction, and as a result, preferential orientation
of the stratigraphic layers occurs. This anisotropy is characterized by the ratio of the spatial correlation lengths in the
x (or y) and z directions. Note that the larger the ratio, the more pronounced is the horizontal orientation of the layers,

whereas, as the correlation length increases, the characteristic lengths of the inclusions increase.

Figure 2.1 Schematic representation of an unconsolidated heterogeneous geologic setting.
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Fractured media may be grouped into two distinctly different types based on the porosity of the rock matrix (Pankow
and Cherry, 1996). The first type has large matrix porosity, while the second type has small matrix porosity. The term
“fractures” is used to evoke scenarios in which the bulk capacity to transmit fluids is primarily associated with flaws (e.g.,
fractures) in an otherwise low-permeability matrix. The porosity of the fractures is typically a very small fraction of the
overall material volume. With large matrix porosity, contaminants (DNAPL and dissolved phase) are depleted from the
fracture via diffusion into the matrix. Within the matrix, contaminant mass is stored as aqueous and sorbed phases.
Molecular diffusion initially retards contaminant migration via advection, as the rock-matrix porosity serves as a sink.
However, once the source is removed and the contaminant concentrations in the fracture network decrease, diffusion
out of these stagnant intra-matrix regions can sustain contaminant concentration in the advective flow paths within the
fracture network. Examples of such geologic media include limestone (e.g., the Niagara Escarpment, Niagara Falls,
New York) and Lacustrine Clays (e.g., Sarnia, Ontario).



Alternatively, contaminants transmitted along fractures in matrix material with low matrix porosity are not attenuated by
molecular diffusion. This limits the formation of an in-situ diffusion source. Unfortunately, it also allows contaminants to
migrate much faster than in an equivalent fractured medium with large rock-matrix porosity. Examples of such geologic
media include crystalline rock in the Piedmont region of the eastern U.S., and granitic bodies in the Rocky Mountains. A
hypothetical depiction of a DNAPL source zone in a fractured medium is shown in Figure 2.2, after Davis and DeWeist
(1996).

Figure 2.2 Schematic representation of fractured media site contamination DNAPL.

DNAPL Spatial Distribution: For a given DNAPL release scenario, very different spatial distributions of the DNAPL
will occur depending upon the size of the release and the hydrogeologic settings. DNAPLs are present either as a free
phase, and therefore, mobile liquid, or as residual liquids. Following the release(s), DNAPL constituents may partition
into the water phase, the aquifer solids, or the soil vapor. Thus, DNAPL in a source zone may be distributed among four
phases: 1) pure DNAPL, 2) DNAPL constituents sorbed on the surfaces of the aquifer solids, 3) dissolved in pore water,
and 4) in soil vapor. Here, we do not consider the vapor-phase because remediation of DNAPL in the vadose zone is
not the focus of this Report. Free-phase DNAPL may occur either as “pools” of an accumulation occupying most (but,
not all) of void spaces in more-permeable zones or at “residual saturation” where disconnected globules are trapped
by capillary forces (see e.g., Imhoff et al., 2003).

Size of the Site and DNAPL Release Volume: The size and frequency (release history) of DNAPL release(s) have a
dominant effect in determining the distribution of “pools” and regions of residual saturation. The DNAPL source-zone
architecture represents sizes, shapes, volumes, and connections of these DNAPL sub-zones and their hydrodynamic
interactions with the more-permeable regions within the aquifers. That is, “architecture” defines both the morphological
features (such as spatial distribution patterns, NAPL content, etc.) of the sub-zones and their “functions” in terms of
hydrodynamic accessibility (i.e., rate of release by aqueous dissolution). DNAPL mass in stagnant regions (e.g., clay
inclusions in unconsolidated media, intra-matrix porosity in fractured media) is stored primarily in the sorbed and
dissolved phases, and mass-transfer via molecular diffusion is the primary transport mechanism (see e.qg., Parker et
al., 1994; Parker et al., 1997). It should be recognized that the source-zone architecture can and does change over
time, especially when source remediation technologies are implemented; such changes have significant influence on
the “source strength” (defined as the total mass discharge rate; MT') and the manner in which the plume responds.

Properties and Composition of the DNAPL: Physical and chemical properties of the DNAPL, such as solubility,
density, viscosity, interfacial tension, and composition, also play an important role in: 1) multi-phase flow behavior, which
governs DNAPL source-zone architecture, 2) generation of a dissolved plume, and 3) performance of the remediation
technologies. While many DNAPLs of interest are single-component liquids (e.g., chlorinated solvents, such as PCE or
TCE), multi-component DNAPLs (e.g., creosote and coal tars) are also of significant practical interest. At many sites,
chlorinated solvents are often found as mixtures, either with other hydrocarbons (e.g., fuels) or other solvents used in
industrial operations, or may be released as spent solvents that contain a variety of chemical constituents.



While chlorinated solvents are generally considered to be non-wetting with respect to the aquifer solids, the presence
of minor constituents (e.g., surfactants, organic acids) or “aging” after release can alter the interfacial tension and
wetting behavior of a DNAPL (Powers and Tamblin, 1995; Lord et al., 1997a,b). Complex DNAPLs, such as coal tars
and creosotes, also tend to behave as a wetting phase. Wetting DNAPLs are likely to be found at larger residual
saturations, tend to exist as coatings rather than as dispersed globules, and are able to penetrate into low-permeability
stagnant zones (Abriola and Bradford, 1998; Bradford and Abriola, 2001; Abriola et al., 2002). Such dramatic alterations
in source-zone architecture must be evaluated in site assessment and remedial designs.

Degree of Surface Interferences: Surface structures including buildings, tanks, process units, buried utilities, and/or
roadways limit access for investigation and installation of DNAPL source-zone depletion technologies. Generally, at
sites with larger numbers of such interferences or “active” sites with on-going operations, one is more likely to encounter
problems in deploying a selected source depletion technology.

In summary, the above five factors must be considered when evaluating appropriate technical and institutional strategies
for groundwater remediation at DNAPL sites. The characteristics of individual sites must be carefully evaluated when
considering site characterization efforts and potential remedial actions including the implementation of source-zone
depletion technologies.
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3.0 Questions

The following section summarizes responses to seven questions generated by the Panel in response to the charge
from EPA on the issue of source-zone remediation at DNAPL sites.

3.1 Question 1: What are the Potential Benefits and Potential Adverse Impacts of
DNAPL Source Depletion as a Remediation Strategy?

The potential benefits and the potential adverse impacts of DNAPL source-zone depletion have been the subject
of on-going debates in the remediation field. The potential positive and negative outcomes discussed below are
based on either theoretical considerations or laboratory and field data. However, the magnitude of these outcomes
and the probability of their occurrence need to be determined from site-specific analysis. Analysis here is limited to a
more generic description, and certain remediation technologies are mentioned only to illustrate potential outcomes.
Furthermore, the intensity and persistence of the adverse impacts resulting from aggressive source-zone treatment are
poorly understood, as is the resilience of a treated source zone to recover from such impacts. Similarly, experience
with partial source depletion has not been sufficient to determine whether the benefits of partial source removal
are seen only for a short duration before a rebound occurs to conditions similar to the pre-remediation scenario
or some other unacceptable condition, as has often been the case when applying pump-and-treat technologies to
DNAPL-impacted groundwater sites.

3.1.1 Potential Benefits of Partial Source Depletion

In many respects, the actual or perceived benefits of DNAPL source depletion depend on the view of the particular
stakeholder. Private site owners generally weigh remedies in terms of their risk management benefits and potential
for reducing the total life-cycle cost to achieve site closure, assuming that the remedies under consideration meet
all regulatory requirements for protection of human health and the environment. Government site owners, such as
the Department of Defense (DOD) or the Department of Energy (DOE) generally follow a similar process, although
the details of the remedy selection process may differ from decision processes at private sector sites, particularly
with respect to the time value of money.

In all cases, regardless of the site owner, there is a range of benefits, from a risk management perspective, that
may result from source depletion. These include explicit benefits such as: 1) mitigating the future potential for human
contact and exposure through long-term reduction of volume, toxicity, and mobility of the DNAPL, 2) mitigating
the future potential for unacceptable ecological impacts, 3) reducing the duration and cost of other technologies
employed in conjunction with the source depletion technology, and 4) reducing the life-cycle cost of site cleanup.
These benefits can be achieved if the source depletion option can result in the following outcomes: 1) reduction of
DNAPL mobility, if mobile DNAPL is present, 2) reduction in environmental risk to receptors; ¢) reduced longevity
of groundwater remediation, and 3) reduction of the rate of mass discharged from the DNAPL source zone. These
outcomes could then lead to enhanced efficiency of complimentary technologies used for groundwater remediation
as well as reduction in life-cycle costs. Implicit risk management benefits include: 1) minimizing risks of failure of
containment strategies, 2) mitigating public stakeholders' concerns, 3) enhancing a company’s “green image” as
stewards of the environment, and 4) minimizing future uncertain transaction costs associated with management of
the site. In contrast to explicit benefits, these implicit benefits are often difficult to quantify in monetary terms. The
following is a brief discussion of some of these benefits that may arise from mass depletion in a DNAPL source
zone.

Reduction of DNAPL Mobility

The potential benefit of source depletion (such as by pumping free-phase DNAPL) to reduce free-phase DNAPL
mobility and mitigate further spread of the source is clear. In some cases, free product mass removal may be
necessary to prevent or reverse direct discharge of DNAPL to the land surface or surface water and thereby mitigate
the associated risk potential to human and/or ecological receptors. The goal in such a case is to deplete the source
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sufficiently to reduce DNAPL to a residual saturation level, or at least to a point of relative stability. It may be possible,
at least in principal, to achieve this objective through physical containment measures. However, the experience of the
Panel has been that containment of DNAPL through physical measures (e.g., sheet pile barriers, slurry walls, etc.) is
challenging and presents uncertainties regarding long-term reliability.

EPA (1998) evaluated the performance of subsurface engineered barriers, assessed 36 sites in detail, and concluded that
if properly designed, such systems are effective containment systems primarily of the dissolved plume for the short and
middle term, duration undefined. Presumably, “middle term” refers to a period of less than 10 years. However, at four
of the 36 sites, contaminant leaks were detected at the interface between the barrier and anchor materials (i.e., barrier
key), and at four other sites, evidence suggested that the containment objective had not been met. Two of the 36 sites
had barrier walls installed with the objective to “contain” DNAPL, but the data were not sufficient to verify the success
of these barriers, although at one barrier, EPA concluded that the containment objective may have been achieved. In
those cases where source-zone containment is the goal, one uncertainty is whether the source zone containing DNAPL
has been accurately defined. Thus, the success of physical containment strategies for mobile DNAPL is certainly not
assured, and uncertainties remain regarding longer-term performance (>10 years).

In such cases, free product removal may provide an advantage by reducing the risks of barrier failure. In evaluating
this benefit, however, the Panel concluded that at the vast majority of sites impacted with chlorinated solvent DNAPLSs,
the presence of highly mobile separate free phase cases is the exception rather than the rule since most chlorinated
DNAPLs (PCE, TCE) generally come into hydraulic equilibrium relatively quickly following release. However, sites with
wetting DNAPLs may be an exception to this general rule, and the Panel is aware of several reports of continued mobility
of DNAPLS such as creosote and coal tars even though disposal may have occurred decades earlier.

Reduced Longevity

Source depletion provides a potential benefit in reducing the longevity of the DNAPL source and the associated dissolved
plume. This potentially translates into risk reduction by shortening the time frame for site closure and thus reducing
the overall potential for human or ecological exposure to the site DNAPL contaminants. The magnitude of this benefit
is highly site-specific and will depend primarily on the degree of subsurface heterogeneity, DNAPL source distribution
within the saturated zone (e.g., see previous discussion in Section 2.0), the extent of source depletion from high- and
low-permeability zones, and the rate of other attenuation processes occurring at the site.

This potential benefit is common to all source depletion strategies, but difficult to predict and quantify at present due
primarily to: 1) uncertainties in estimates of the initial and the residual DNAPL mass, and 2) characterization of the
distribution of the DNAPL after source depletion has been implemented. These uncertainties are an inherent characteristic
of subsurface systems because of highly heterogeneous geologic properties of all aquifers.

In tandem with risk management benefits, the potential value of source depletion in the view of the site owner may be
in reducing the life cycle cost to achieve cleanup goals and site closure. For contaminated groundwater, the classic risk
management approach has been to institute hydraulic controls (e.g., a pump-and-treat remedy) to stop plume growth
coupled with restriction of groundwater use to prevent public exposure (U.S. EPA, 1996; NRC, 1994; U.S. EPA, 2001).
This approach has generally been an effective risk management strategy, preventing unacceptable exposure to DNAPL
chemicals, and containing plume migration. Long-term success of this strategy, however, depends on providing the
appropriate controls and restrictions effectively over very long time frames (i.e., many decades).

On the other hand, this strategy of long-term management is often expensive. The current default assumption is that
DNAPL sites will require several decades to centuries of plume management with significant cost and future uncertainty.
Adding to the site owner’s liability is the potential for permanently reduced land value for DNAPL-contaminated property
as well as threats of natural resource damage claims. Viewed in these terms, source mass depletion has the potential
benefit of reducing the time required for maintaining active controls and the associated life cycle cost of cleanup at a
DNAPL site. This evaluation can be looked at from the standpoint of balancing the upfront cost and effectiveness of
source removal vs. the long-term cost of controls, compared on a present worth cost basis. A brief discussion of this
balancing process is presented under Question 4.

Reduction of Contaminant Mass Discharge to Receptors

Depleting the DNAPL source zone may result in near-term reduction in contaminant mass discharge rate, which is
the total contaminant mass leaving the source zone per unit time. This mass discharge rate can be thought of as the
source strength (M) and is defined as the mass of contaminant per unit time migrating across a hypothetical vertical
cross section (a “control” plane) in the aquifer downgradient of the source zone, and perpendicular to the direction of
groundwater flow (See Figure 3.1). This mass discharge rate divided by the total cross-sectional area of the source
control plane yields an estimate of the average contaminant flux (M L2 T1).
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Figure 3.1 Schematic representation of a control plane, and a definition of the source strength (M,) and local values
for ground-water flux (q), and contaminant flux (J).

A classic example is the case of a dissolved-phase plume emanating from a DNAPL source discharging to a surface
water body or public water supply well. Depleting the mass of DNAPL in the source zone may be useful in eventually
reducing the total mass discharge rate to the surface water body or supply well, thereby mitigating the risks of unacceptable
human or ecological exposure to the chemicals of concern from the site. Reduction of the mass discharge rate leaving
the source zone may also result in near-term plume assimilation and enhanced efficacy of a natural attenuation remedy
vs. active plume control measures.

Recent theoretical analyses (Rao and Jawitz, 2003; Rao et al., 2001) and field experiments (Brooks et al., 2002)
suggest that partial depletion of DNAPL mass by in-situ flushing within the source zone located in unconsolidated
heterogeneous geologic media can also result in a measurable reduction of the contaminant mass discharge rate at
the downgradient control planes. In contrast, other modeling analyses have indicated that nearly complete removal of
DNAPL in homogeneous geologic media is required before measurable reduction in the mass discharge rate is observed
(Sale and McWhorter, 2001). However, more recent analytical and numerical analyses concluded that mass discharge
rates are expected to decline as the DNAPL mass is depleted (Falta, 2003). Thus, benefits from partial source depletion
are uncertain, and measurement of the mass discharge rate achieved as a function of the degree of source depletion
achieved becomes a critical issue for evaluating this benefit when considering source depletion options. The changes
in the spatial distribution of the local contaminant fluxes and the magnitude of the resulting mass discharge rate are
explicitly related to the hydrologic heterogeneity, the initial DNAPL architecture, and the correlation between hydraulic
conductivity and the DNAPL saturation at the local scale.

In general, the relationship between the fractional reduction in source-zone contaminant mass (X) and the fractional
reduction in contaminant mass discharge rate (Y) may be described using an empirical relationship (Rao et al., 2001):
Y = X 8. The B value represents the “efficiency” of remediation in terms of mass discharge reduction. Its value ( > 0)
depends on the degree of heterogeneity of the flow field, source-zone architecture (correlation between DNAPL content
and permeability), and the remediation technology and its implementation. Note that small values of 3 represent low
efficiency (usually the case for the less heterogeneous media), while larger values of 3 indicate more efficient contaminant
mass discharge-rate reduction with mass removal, as is the case for more heterogeneous media. More recent theoretical
analyses (Enfield et al., 2003; personal communication) suggest that these curves can take on more complex shapes,
depending on the nature of the interactions between hydrogeologic heterogeneity and the source architecture.

While the benefits of a reduction in contaminant mass discharge rate are not necessarily unique to source depletion
strategies (e.g., source containment could generate similar results), the opportunity for permanence at least conceptually
should be considered as a potential unique risk management benefit for source depletion options. Additionally, the potential
benefits in reducing the costs of complementary groundwater remediation technologies should also be accounted for
as discussed below:

Enhanced Efficiency and Effectiveness of Complementary Technologies

Source depletion coupled with attenuation processes to reduce or eliminate receptor concentrations is a prime example,
but not the only example, of potential benefits of DNAPL source removal. The most important attenuation processes
of interest for DNAPLs include biodegradation and hydrodynamic dispersion. Another benefit is the reduction in the
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contaminant mass discharge rates entering a permeable reactive barrier used for plume containment. This reduction
may increase the life of a permeable reactive barrier, thereby reducing the frequency (and costs) of barrier replacement
or regeneration. The thickness of the permeable barrier and thus its capital costs might also be reduced if the overall
mass discharge rate from the source zone was reduced. The potential for preferential pathways must be accounted
for, however. In addition, a reduction in mass discharge rate from the source zone may reduce the costs of ex-situ
groundwater treatment in those cases where hydraulic containment continues to be required to meet regulatory cleanup
standards at downgradient points of compliance.

Economic Benefits
The economic benefits of source depletion could include the following:

e early site closure and return of the groundwater to beneficial use (the definition of site closure will vary
depending on the site, from unrestricted to restricted use);

e lower annual overall life-cycle costs (i.e., reduction in annual and long-term operation and maintenance
(O&M), or creating conditions that allow application of more passive remediation technologies);

e removal of long-term liability and accrued reserves for remediation;
e enhanced land value through reduction or removal of contingencies that reduce land value; and

¢ land transactions that would not otherwise occur due to the restrictions on land use, or need to retain liability
and access associated with remedies requiring long-term management.

Although these potential economic benefits of source depletion could provide cost savings, generally, source depletion
technologies will not likely be implemented unless the cost to achieve the benefit will be less than the beneficial value
recovered, taking the risk of failure of the depletion technology into account. Also, the differences between the respective
accounting practices of government entities (e.g., cost-to-completion) and commercial organizations (e.g., net present
value) for the reporting of environmental liabilities to their stakeholders can lead to different conclusions on the economic
benefits of the application of source depletion options. In addition, the private sector and the public sector use widely
different net discount rates when conducting net present value analyses. For commercial organizations, an additional
factor is the tax consequences of different remediation options, since O&M costs are considered deductible business
expenses (NRC, 1997a). These two factors will lead to very different conclusions regarding the economic benefits of
source depletion, as will be illustrated in Question 4.

Environmental Stewardship

Stewardship implies “good governance,” which when well executed yields both intangible and tangible benefits. Major
tangible benefits include the following: 1) the earlier recovery of natural resources and placing those resources at
the disposal of current and future generations, 2) removing a long-term risk, and 3) reducing the likelihood of natural
resource damage assessments and subsequent claims. Intangible benefits are more aligned with features associated
with leadership versus management. “Picking the right thing to do” is a leadership quality, while “doing the right thing
well” is associated with management. Responsible parties perceived by the public as picking the right thing to do, and
being transparent in their decision-making will be supported, and this could be transferred into improved market share,
increased share value, or support of their policies and positions.

3.1.2 Potential Adverse Impacts from Use of Aggressive Technologies for Source Depletion

Here, we consider a range of negative impacts that are possible or likely when aggressive technologies for DNAPL
source depletion are implemented. Since source containment is not a depletion strategy, we exclude this from our
discussion, and focus below on various in-situ, innovative technologies that involve some type of aggressive treatment
of the source zone.

Expansion of the Source Zone

Injection of remedial fluids containing surfactants or co-solvents, or thermal treatments (e.g., steam, resistive heating)
has the potential to expand the source zone if adequate hydraulic controls are not in place, or if unexpected mobilization
of otherwise trapped DNAPL occurs. For example, lowering the interfacial tension by adding surfactants or co-solvents
may lead to mobilization of DNAPL into zones previously not contaminated. Penetration into low-permeability zones or
transport to deeper permeable zones is of concern to practitioners, regulators, and site owners.

Changes in DNAPL Architecture

It is possible that certain in-situ remediation technologies can alter the DNAPL architecture in undesirable ways, causing
either an increase in DNAPL mass transfer to flowing groundwater or a reduction in the potential for DNAPL mass
removal. Mobilization of DNAPL at residual saturations can result in pools of new accumulations above confining units,
thus potentially decreasing efficiency of mass removal. Injection of certain oxidants (e.g., permanganate) can result in
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formation of precipitates (e.g., MnO,) that can form coatings on DNAPL ganglia or pools; this also diminishes access
to DNAPL mass, thus reducing mass removal efficiency. Alternatively, removal of some DNAPL mass can actually
enhance access by altering the permeability distribution, which, in turn, results in an increased contaminant flux and
concentrations (at least, temporarily). This is viewed, by some, as a negative consequence. However, this may only
be a transient effect.

Changes in Physical Conditions

Aggressive treatment of source zone can, in some cases, result in significant changes in physical properties of the
treated aquifer zone. For example, in-situ chemical oxidation can lead to formation of precipitates (e.g., MnO,) and
mobilization of colloidal particles; in both cases, plugging of the permeable zones can reduce formation permeability, thus
leading to difficulties in maintaining subsurface fluids delivery or access to remaining DNAPL mass. Bio-fouling during
bioremediation can have similar undesirable consequences. Heating may cause the formation of mineral deposits as low
permeability layers or hard pancakes depending on the geochemistry, as observed at the NASA LC34 demonstration.

Changes in Geochemical Conditions

The injected remedial agents (e.g., chemical, heat) can also alter the geochemical properties within the treated
zone and downgradient within the dissolved plume. For example, introduction of oxidants and reductants or electron
acceptors/donors can modify redox conditions (Eh) or pH or salinity. Similarly, byproducts of the intended reactions
(e.g., organic acids from partial degradation of DNAPL constituents) may also alter geochemistry. Such modifications
can limit (or enhance) microbial processes, enhance mobilization of colloids, and in some cases, promote transport of
certain metals whose solubility and retardation are strongly dependent on pH and the oxidation/reduction conditions.
Formation of degradation by-products that are more toxic than the parent compounds is also a concern when altering
the geochemical environment; for example, the formation of vinyl chloride during reductive dehalogenation of chlorinated
solvents, PCE and TCE.

Additional concerns include trace elements present in injected solutions. For example, permanganate-based solutions
can contain trace amounts of chromium, which could result in unacceptable concentrations of this heavy metal in the
groundwater. Adverse effects can be mitigated by selection of solutions with acceptably low levels of trace elements and
applications of these solutions at sites where the geochemical conditions will immobilize/attenuate these constituents.

Changes in Microbial Ecology

Aggressive treatment of source zones can, in some cases, lead to at least a temporary reduction in microbial biomass,
biodiversity, or functions. Technologies particularly prone to such adverse effects are in-situ chemical oxidation and
thermal technologies. Flushing with surfactants and co-solvents can also result in alteration of microbiological processes.
Limited data are available in assessing such changes, and how, if any, recovery occurs from an initial “insult.” For
example, KMnO, residuals can inhibit the formation of anaerobic zones after treatment and increase the time required
to re-establish biological reductive dechlorination processes. In contrast, residual amounts of remedial agents left in
the source zone may actually be beneficial to microbial processes, as is the case with residual ethanol or surfactant
fermentation products acting as electron donors to promote reductive dechlorination of chlorinated solvents (e.g., see
discussion on Sages and Bachman sites, Appendix A). Reduction in contaminant concentrations may reduce “toxic”
effects and permit faster degradation of certain contaminant classes as well.

Deleterious Impacts on the Deployment of Other Technologies

Some or all of the above-discussed potential adverse effects may inhibit or limit the use of other, perhaps less-aggressive
“polishing,” technologies. For example, if geochemical and microbial alterations are too severe, long-term natural
attenuation capacity may actually decrease. That being the case, either more source-mass depletion would be required,
or the dissolved plumes would be longer for a given contaminant mass discharge.

Additional negative impacts could conceivably include the following: 1) inability to commercially develop or use the site,
both during remediation and even after, if desired endpoints are not reached or adverse effects are deemed too great;
2) financial and legal consequences of failure to meet target endpoints, and 3) stakeholder concerns when remediation
of source is judged to have “failed” by not reaching target endpoint in a projected timeline.

3.1.3 Summary

In summary, source-zone depletion of DNAPL has both potential benefits and potential adverse impacts. Careful
consideration of all intended and unintended consequences, as a part of the remedial design process, is essential for
successful application of source-zone depletion technologies and further assessment of both the desired and undesired
consequences of implementing DNAPL source-zone depletion technologies is needed. Quantification of these positive
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and negative consequences will significantly improve the quality of decision-making when considering DNAPL
source depletion options.

3.2 Question 2: What are the Appropriate Performance Metrics for Assessment of
DNAPL Source Depletion Technologies?

Choosing and quantifying the appropriate metrics for evaluating the performance of DNAPL source depletion
technologies is a critical, but difficult, task. The Panel is aware of a wide variety of goals and metrics that have been
applied to address the issue of determining if a remedial action is successful. These goals have included: 1) halting
migration of contaminants beyond a property boundary, 2) removing mass to the extent “practical,” 3) removing a
certain fraction of the initial mass, and demonstrating plume stability, and 4) reducing overall human health and
environmental risks to levels commensurate with the planned land use.

The metrics used to confirm these goals are usually estimated from measurements of DNAPL constituents in
soil and groundwater using standard site characterization techniques. For DNAPL sites where the groundwater
is considered a potential source of drinking water, the concentration of the chemicals of concern in samples from
individual groundwater monitoring wells located at agreed upon points of compliance is the current approach for
assessing success. Generally, these concentrations must be at or below the agreed upon cleanup criteria (e.g.,
MCLs) for some fixed period of time, determined by site-specific conditions. While the Panel realizes that this metric
will remain a keystone metric in evaluating the success of any remedial strategy on a site-wide basis, exclusive
reliance on this single metric may be misleading in assessing the performance and potential benefits of source
depletion technologies. Other performance metrics may also be appropriate, especially if they are included as
assessment tools in determining progress towards the desired end states, as milestones in “pay for performance”
contracts, and to define intermediate remedial action goals.

The Panel offers the following general considerations related to selection of the most appropriate source depletion
performance metrics:

* No single metric by itself is likely to be adequate for assessing the performance and potential benefits
of DNAPL source depletion technologies; thus, conjunctive use of multiple metrics should be used to
evaluate performance. However, the relative significance or “weight” of each metric as it relates to
decisions on site closure has yet to be developed.

* Some metrics are inherently more variable than others; thus, they are subject to greater uncertainty in
measurement. The degree of uncertainty may also not be known.

e Often, performance metrics must be inferred from other data. That is, performance metrics are
determined using primary data from characterization or monitoring efforts. Error propagation must be
considered.

e Accuracy and reliability of techniques to measure the metrics must be considered when selecting
metrics for performance assessment (i.e., agreement between multiple methods or validity of a single
method).

e Forafew metrics, multiple measurement methods are available, but for others, methods are not proven,
and are currently under development.

*  Some performance metrics, while desirable or appropriate, may be prohibitively expensive to measure.
Thus, methods to estimate these metrics indirectly may be necessary. In such cases, the issue of
reliability must be considered.

The last point is especially important. There are several types of distributed and integrated measures of source
depletion performance assessment that are theoretically possible. It must be recognized, however, that it may not
be feasible to measure some of these quantities under field conditions, due to cost or implementation constraints.

With this background, performance metrics are grouped below into three categories: Type | metrics that can usually
be measured reliably, and are commonly used; Type Il metrics that can sometimes be measured, but are not in
wide use; and Type Il metrics that are theoretically possible and are under development, but that have not yet been
demonstrated at multiple field sites.

3.2.1 Type | Metrics

a. Source Mass Removal

This metric is defined as the contaminant mass recovered or destroyed during source depletion. Direct
measurement is not possible for destruction, and the mass destroyed must be inferred from either mass balance
of the byproducts generated or based on the difference between the estimated initial and final DNAPL mass.
This metric may be less important than the mass remaining, but it is easier to quantify in most cases. There
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are a number of source depletion technologies that remove mass (as opposed to in-situ destruction). For these
technologies, quantifying mass removal should be attempted. Although relatively simple to quantify, the relationship
between this metric and the prediction of long-term success is difficult due to inherent uncertainties in estimates
of the original mass, and the distribution of that DNAPL mass, as well as limitations in modeling tools as will be
discussed in response to Question 5.

b. Change in Dissolved Concentrations Within and Downgradient from the Source Zone of DNAPL
constituents

This metric is relatively easy to measure using multiple methods, but can be highly variable in space and time. In
heterogeneous formations, this metric is not linearly related either to the mass remaining in the source zone or to
the contaminant mass discharge rate. The interpretation of the data from use of this metric is complicated by the
three-dimensional nature of the contaminated zones in the subsurface, the potential presence of preferential flow
pathways, and fluctuations in the rate and direction of groundwater flow. This is the most common metric used to
measure performance of a remediation system addressing groundwater contamination.

3.2.2 Type Il Metrics

a. Mass Remaining (Parent and Byproducts)

This metric is defined as the contaminant mass not recovered (or byproducts created) following implementation
of a source depletion technology. Contaminant mass can include DNAPL sorbed phase contaminants in stagnant
zones and dissolved phase contaminants in stagnant zones in addition to the free or residual DNAPL phase. Direct
and indirect measurement techniques for determining this metric are subject to large errors as discussed under
Question 3.

b. Change in DNAPL Distribution Relative to Geological Features (i.e., the DNAPL Architecture)

Direct contact with or diffusive mass transfer from the DNAPL sub-zones to the primary groundwater flow channels
is critical to downgradient impacts in the dissolved plume. In a quantitative approach, source-zone architecture may
be characterized by multiple parameters that define the spatial statistics of the DNAPL distribution (e.g., mean,
variance, correlation length) as well as the spatial cross-correlation between the distribution of DNAPL content,
hydraulic conductivity, lithology, and other aquifer characteristics. In practice, however, it is either difficult or too
expensive to measure such statistical parameters to describe quantitatively the source-zone architecture.

The spatial distribution of NAPL content within the source zone can be determined either by intensive soil-core
sampling (Rao et al., 1997; Meinardus et al., 2002) or sampling at a number of multilevel sampling locations during
partitioning interwell tracer tests (PITT) (Sillan et al., 1998; Meinardus et al., 2002). The inference of NAPL spatial
distribution from inverse stochastic modeling of PITT tracer data has also been attempted (James et al., 1997;
Zhang and Graham, 2001).

c. Change in DNAPL Composition and Properties

Some remediation technologies can change the composition and behavior of DNAPLs, making them more or less
mobile, soluble, volatile, and more or less recalcitrant or toxic with changing composition. For multi-component
DNAPLSs, total mass reduction may not necessarily be the relevant objective. Rather, the removal of certain target
compounds from the mixture may be more appropriate. For example, for coal tar source zones, thermal or flushing
techniques can generally lead to selective removal of the more soluble or more volatile constituents, leaving behind
some components (usually of higher molecular weight) as the residuals. The environmental and health risks posed
by these residuals need to be considered in assessing the likely benefits of source-zone mass depletion. For
example, bioavailability of some chemicals may decrease after source depletion, reducing the environmental risks
of the remaining mass of chemicals of concern.

d. Physical, Microbial, and Geochemical Changes

As performance metrics, measurement of these parameters is useful to assess the ability to apply follow-on
technologies, or to evaluate the effect of natural degradation processes on the remaining DNAPL source and
corresponding mass flux. Aggressive source depletion activities may cause changes in the physical, chemical, and
microbial subsurface environment. The changes may occur in the source zone, as well as downstream of the source
zone. Changes in these three types of parameters can be assessed through physical examination of cores and
hydraulic measurements (for assessment of physical changes), groundwater samples for geochemical/microbial
analysis using conventional analytical techniques for geochemical analysis, and traditional and molecular techniques
for microbial evaluations. These changes may be beneficial (e.g., improved porosity to flush reactants or nutrients),
neutral, or negative (e.g., decreased porosity, or decimation of key microbial species). They may be short-term
effects, or they may be permanent. These changes may also interfere with measurement of other performance
metrics.
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3.2.3 Type Il Metrics

Type Il metrics are theoretically possible, but technologies to quantify these metrics are still under development and
have not yet been widely demonstrated in the field.

a. Change in Contaminant Mass Flux Distribution Downstream of the Source Zone

Contaminant mass flux is the locally defined contaminant discharge per unit area (the product of the mass
concentration and the Darcy flux). The change of the contaminant mass flux can have a large impact on local
biogeochemical reactions downgradient of the source. Currently, mass flux as a metric is being evaluated in a
number of research settings, and as discussed under Question 1, a number of innovative approaches to quantifying
this parameter are under investigation. However, it must be stressed that the use of the reduction of mass flux as
a performance metric to evaluate source depletion technologies is not generally accepted practice, and has not yet
been embraced by the regulatory community. State regulators, working through the ITRC, have expressed interest in
this metric and are currently (2003) preparing a guidance document on the application of mass flux measurements
to performance assessment of source-zone depletion technologies (see ITRC website for details). However, the
majority of regulators still consider point measurements of contaminant concentrations as the primary metric for
determining the success of any remedial action. In addition, the feasibility of measuring mass flux distributions in
some geologic settings such as fractured systems is still uncertain, and research efforts are needed to address
these uncertainties regarding the accuracy and feasibility of quantifying this metric.

b. Change in Mass Discharge Rate Downstream

This metric provides information on the total rate of contaminant mass discharge from the source to the groundwater.
The mass discharge rate is calculated using the measured spatial integral of the contaminant flux distribution (Hatfield
et al., 2001, 2002), or measured using pumping wells that capture the dissolved plume (Bockelmann et al., 2001;
Ptak and Teutsch, 2000). The contaminant mass discharge rate, in units of mass per time, can be used to calculate
the flux-weighted averaged concentration over the control plane of interest. Measurement at multiple control planes
in a plume can be used to infer the attenuation rate and to distinguish the attenuation mechanisms, differentiating
between dilution and degradation processes (Bockelmann et al., 2001; Ptak and Teutsch, 2000).

c. Change in Stable Isotopes

Technologies that destroy DNAPL mass may also enrich carbon isotopes of the parent chemicals. Comparing the
composition of products and reactants in the dissolved phase (near or downgradient of the source) can be used to
estimate the amount of source depletion.

3.2.4 Summary

Determining the most appropriate metrics for performance assessment of DNAPL depletion technologies compared to
selected remedial action goals is a non-trivial task. Regulators are likely to continue to rely on point measurements at
points of compliance as the primary metric of success when the remedial action goal in a source zone is specified as
the concentration of the chemical of concern in groundwater. Use of this point measurement as the only metric does not
provide sufficient information to assess the overall performance and thus overall benefits of source depletion technologies
as it relates to life cycle costs and overall risk reduction. The Panel urges EPA to consider other performance metrics
as discussed above to ensure that a broader range of potential benefits of source depletion can be quantified. Details
of the Panel’s recommendation on this matter are presented in Section 4.0.

3.3 Question 3: Are Available Technologies Adequate for DNAPL Source Characterization
to Select and Evaluate Depletion Options?

Pre- and post-remediation characterization of the DNAPL source zones is an essential component of contaminated site
assessment and selection/implementation of remedial options. Investment of time and resources in site characterization
provides: 1) more reliable risk assessments, 2) more informed decisions being made about choices among remedial
options, 3) development of optimal designs for remediation, 4) more efficient deployment of remediation technologies,
and 5) more accurate post-remediation audits to judge performance and achievement of the interim cleanup goals or
the final end points required for full closure.

Locating the DNAPL is required in order to characterize and remediate it. Over the last few years, several tools have
been developed and significant advances have been made in the characterization of DNAPL sites. However, given
historical and potentially large and multiple releases combined with complex subsurface DNAPL migration patterns,
DNAPL sources are still difficult to characterize with the available tools, and the level of uncertainty can be as high as
an order of magnitude or more.
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3.3.1 Innovations in Site Characterization Approaches

Traditional, phased approaches to site characterization — constrained by the use of prescriptive protocols and analytical
methods — have placed an undue emphasis on the process rather than the purpose of site characterization. Such
approaches have, in the recent past, limited the faster adoption of innovative site characterization and remediation
technologies, and have often added to the costs and delays in undertaking site remediation at contaminated sites.
Even when prompt decisions have been made, various types of uncertainties in characterization data have contributed
to concerns about the quality of the decisions made. In a linear process, where the site characterization issues are
decoupled from the remedial design and assessment, decisions made tend to be sub-optimal, both in terms of cost-
effectiveness and the achievement of target remediation goals in a timely fashion.

An ideal approach to site characterization should have the following elements (see Crumbling, 2001; EPA 542-R-01-
016): 1) emphasis on achieving performance (e.g., meeting remedial goals), not on a regimented process and check
lists, 2) uses transparent, logical reasoning to develop site plans, 3) engages multi-disciplinary teams to manage the
complex issues, 4) requires continual education and training of the teams engaged in site work, 5) site professionals
deal with various uncertainties and can evaluate the appropriateness of using innovative technologies, 6) rewards
responsible risk-taking, and 7) uses the concept of “keeping the end in mind” to improve decision-making on the extent
of characterization required.

The Triad approach (Crumbling, 2001; Crumbling et al., 2001) to site characterization attempts to incorporate these
elements by integrating systematic planning, dynamic work plans, and real-time analyses into a comprehensive and
more effective approach. Planning engages multi-disciplinary teams to develop and articulate multiple project goals, and
involves the identification of various uncertainties that can influence decision-making. Dynamic work plans (also referred
to as accelerated, or adaptive, or expedited characterization) are “choreographed” by the project’s multi-disciplinary
teams.

3.3.2 Innovations in Site Characterization Tools

The first step in locating DNAPL sources is development of the site history concerning chemical storage, usage, and
disposal. The next step is to characterize subsurface conditions away from any potential DNAPL sources. This is
referred to as an “outside-in” approach. Such an approach allows development of an understanding of stratigraphy,
groundwater flow, and contaminant distribution while minimizing the risk of cross contamination by drilling through a
DNAPL zone. Dissolved concentrations in groundwater, which is an integrator of contamination, can be used along with
site history information to “backtrack” to potential DNAPL source zones. The next step in the characterization process
is to characterize the DNAPL zone, if appropriate, where the focus is more on soil data. Characterization will likely
continue into the remediation stage.

During this initial work, a realistic site conceptual model is developed based on stratigraphy. Noninvasive and minimally
invasive methods are used first, and plume information is used to infer up-hydraulic gradient source conditions. Source
investigation methods are then selected that provide desired remediation data and minimize the risk of DNAPL mobilization.
The following discussion provides a summary of available tools for site characterization in DNAPL source zones. A
compilation of literature citations and information sources for site characterization is provided in Section 6.0.

Non-Invasive Tools: Non-invasive tools that can be used for DNAPL characterization include: 1) site history information
(e.g., chemical use, inventory and disposal records), 2) historical aerial photographs, 3) geological fractures and outcrops,
4) soil gas analysis, 5) surface geophysics, 6) site infrastructure information (e.g., sewers) and 7) employee/witness
interviews. Soil gas surveys can be either passive or active. For DNAPL source identification, old releases, particularly
in hot environments, may have a limited soil gas signal due to weathering. Measurement of naturally occurring radon
(radon-222), which partitions into DNAPL, has been used at a few sites to infer DNAPL presence. Conventional surface
geophysical methods are used to delineate stratigraphy, buried metal and conductive fluids. Subsurface DNAPL is a
poor target for geophysical methods; thus, direct detection of DNAPL is unlikely by this technology.

Invasive Tools: Invasive tools that can be used for DNAPL characterization include: 1) test pits, 2) probing and drilling,
3) soil examination methods, 4) downhole methods, 5) groundwater quality profiling using direct push (DP) and multilevel
wells, 6) well measurements for DNAPL distribution, 7) characterization of DNAPL samples, 8) borehole geophysics, and
9) partitioning interwell tracer tests (PITTs). Test pits are an efficient way to observe shallow stratigraphy and DNAPL
contamination distribution. All of these tools with the exception of the PITT have been widely used to characterize
DNAPL zones. The PITT has also received extensive testing and demonstration, but its high cost tends to limit the
widespread deployment of this technology except at very large sites such as DNAPL source areas at DOE or DOD
facilities. Also, uncertainties still persist on the accuracy of the PITT where significant DNAPL mass may be present in
low permeability zones in the subsurface. Other invasive tools are discussed below.

19



For probing, two widely used direct-push (DP) sampling techniques are rotary hammer or percussion methods
(Geoprobe®) and cone penetration testing (CPT). The benefits of direct-push sampling include: 1) a variety of tools
that can be used, 2) rapid stratigraphic logging and contaminant detection using sensor systems, 3) rapid, depth-discrete
sampling of soil, soil gas, and water, 4) no drill cuttings and little investigation-derived waste (IDW), 5) minimally invasive
with effective grouting and sealing capabilities, 6) reduced potential for contaminant drag-down, and 7) the availability
of standard methods (ASTM D-6282 for direct-push soil sampling, ASTM D-6001 for direct-push groundwater sampling,
and ASTM D-3441 for cone penetration testing). The advantages and limitations of the direct push sampling techniques
are listed in Table 3-1.

For drilling, there are several technologies available. One newer drilling technology is rotasonic drilling. It employs use
of high-frequency mechanical vibration and limited rotary power to drill. This technology is fast, can provide excellent
quality, large diameter, relatively undisturbed cores of soil and rock for characterization, and minimizes IDW. Contaminant
drag-down is a reduced concern because an outer casing is advanced as drilling proceeds, but the technology has limited
availability and relatively high cost and may bias sampling because of heat generated during the drilling process.

Methods to examine soil cuttings/core above ground include: 1) organic vapor analysis (OVA), 2) ultraviolet (UV)
fluorescence, 3) hydrophobic dye shake test, 4) Ribbon NAPL Sampler (RNS) core strip test, and 5) chemical and
partitioning analyses. Chlorinated solvents do not fluoresce unless they are mixed with petroleum products (e.g., cutting
oil), coal tar, or naturally occurring humic compounds that do fluoresce. The hydrophobic dye shake test involves mixing
the soil sample with water and hydrophobic dye powder (e.g., Sudan IV). The RNS cover is a hydrophobic dye-striped
tubular fabric designed to contact soil core extruded from a core barrel. Advantages and limitations of these methods
are listed in Table 3-1.

For chemical analysis of soil core samples, it is important to minimize volatility losses (e.g., by using methanol as
a preservative — EPA SW846 Method 5035). Equilibrium partitioning calculations can then be performed using the
code NAPLANAL www.dnapl.com/publications.html) or similar methods to infer NAPL presence. Based on equilibrium
partitioning calculations, the presence of DNAPL may be inferred from soil concentrations as low as a few hundred
mg/kg.

Down-hole Methods for Detecting DNAPLs: Down-hole methods include 1) membrane interface probe (MIP), 2) RNS
(aka NAPL FLUTe), and 3) cone penetrometer technology (CPT)/laser induced fluorescence (LIF). The MIP is a direct
push-logging tool that records continuous relative VOC concentrations. It is used in combination with the electrical
conductivity to provide rapid, real-time, detailed characterization of stratigraphy and VOC contamination. The RNS uses
a pressurized flexible liner to support and seal a borehole and force a dye-striped NAPL absorbent ribbon against the
borehole wall. Advantages and limitations of these methods are listed in Table 3-1.

Three different downhole fluorescence detection systems have been developed: 1) Site Characterization and Analysis
cone Penetrometer Systems (SCAPS), 2) Rapid Optical Screening Tool (ROST), and 3) Fuel Fluorescence Detector
(FFD). CPT uses strain gauges to measure soil behavior properties while LIF provides real-time logging of fluorescent
contaminants. Thus, like MIP, CPT/LIF provides real-time characterization of stratigraphy and fluorescent contamination.
The SCAPS CPT/LIF was developed by the Navy, Army, Air Force, and DOE; there are approximately eight units
available for federal government use. ROST was developed by Dakota Technologies, Inc. (DTI) and marketed by Fugro,
which operates seven ROST systems in the U.S. and Europe. FFD was developed by Applied Research Associates
(ARA), which operates more than 20 FFD units in the U.S. Advantages and limitations of these systems are listed in
Table 3-1.

Groundwater Profiling: Groundwater profiling downgradient of DNAPL source areas is used to backtrack to the source
area. The profiling can be performed with either DP tools or multilevel wells. DP tools are used to collect multiple discrete
groundwater samples from coarse sediments at multiple depths in a single hole. Available tools include 1) Waterloo
Profiler®, 2) Geoprobe® Dual Tube and GW Profilers, and 3) VERTEK ConeSipper™. In order to apply these tools,
one needs to know the stratigraphy to select sampling zones. Advantages and limitations of these tools are listed in
Table 3-1.

For measuring groundwater quality, hydraulic head, and hydraulic conductivity in overburden and bedrock over time,
multilevel groundwater monitoring systems can be used. Multilevel groundwater monitoring systems include: 1) conventional
well clusters, 2) Continuous Multichannel Tubing™(www.solinst.com), 3) Waterloo Multilevel System (www.solinst.
com), and 4) Westbay MP System® (www.westbay.com), and 5) Water FLUTe™(www.flut.com). Interpreting dissolved
concentrations may be difficult due to non-uniform DNAPL distribution, mixing of groundwater in the well (a function of
the well screen length), and effective solubility when dealing with multi-component DNAPLs. For conventional wells,
the general guidance is that concentrations greater than 1% of the effective solubility suggest the presence of DNAPL,
and concentrations exceeding 10% of the effective solubility indicate a very high probability of DNAPL. Unfortunately,
the exact location of the DNAPL is not easily inferred from the aqueous phase concentration data, and estimates of the
source-zone volume may be overestimated using these empirical rules of thumb regarding DNAPL presence.
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Table 3-1. Advantages and Limitations of Various Site Characterization Technologies

TOOL ADVANTAGES LIMITATIONS
Percussion Probing -Less expensive -Difficult to penetrate hard dense soils
(Geoprobe®) -More mobile and available -Depth limitation

-Well developed sampling tools
-Availability of certain sensors

Cone penetration

-Greater depth penetration
-Certain sensors better developed
(LIF, tip resistance, sleeve friction, etc.)

-More expensive
-Less available
-Less maneuverable

Organic vapor
analysis
Screening of soll
cores

-Rapid and inexpensive

-High concentrations of VOCs associated
with NAPL presence

-Useful to focus sampling

-Readings sensitive to effective
contaminant volatility, water content,
sample temperature, and sample handling

UV fluorescence
detection methods

-Quick and inexpensive

-Many NAPLs fluoresce

-Can provide detailed information on
relationship between stratigraphy and
contaminant distribution

-Can document using a digital camera

-Requires fluorescent NAPL
-Indiscriminant

-Interfere from non-target fluorescent
materials (such as shell fragments in
coastal sediment)

-Significant potential for false positives
and false negatives

Hydrophobic dye
shake

Test use and
limitations

-Simple, quick, and inexpensive field
methods for qualitative assessment and
visual confirmation

-Does not require analytical equipment

-Known background and NAPL-
contaminated samples should be
examined to check for interference and
site-specific response

-Can only detect NAPL if present in
samples

-Potential for false positives (reaction with
other organic matter) and false negatives
(not enough NAPL present)

-Visual contrast can be difficult to discern
in dark soil

Using RNS strips to
detect NAPL in soil
core

-Relatively simple, direct, and cost-effective
(~$4/ft for hydrophobic dye-impregnated
cover)

-Can provide detailed information on
relationship between stratigraphy and
contaminant distribution

-Amendable to rapid documentation via
photography

-Minor discoloration of liner associated
with handling and contact with plastic
core sleeves

-Relatively faint reaction to some NAPLs
-Color fading and/or non detection due to
evaporation

-Potential for false positives and false
negatives

-Potential for cross contamination (open
hole)

Membrane interface
probe (MIP)

-Widely available

-Simultaneous log of VOCs and soil
conductivity

-Operates in vadose zone and soll
conductivity

-Useful for delineating NAPL source zones

-Rapid site screening (100s of feet per day).

-Cost savings

-High detection limits, qualitative
analytical data

-Designed for volatile contaminants
-Contaminant carryover can be high
-Penetration resistance limitations
-Shallow use

21




Table 3-1. Advantages and Limitations of Various Site Characterization Technologies, continued

TOOL

ADVANTAGES

LIMITATIONS

Downhole RNS
(aka NAPL FLUTe™)

-Provides continuous record of NAPL
distribution with depth at borehole location
-Can be deployed in variety of hole types
-Can provide cost savings

-Heterogeneity may limit value of
information

-Relatively ambiguous reaction to some
NAPLs may be difficult to interpret
-Wicking may exaggerate NAPL presence
-Potential for false positives and false
negatives

-Potential for cross contamination

CPT/LIF UV
fluorescence probes

-Real-time delineation of stratigraphy and
fluorescent contamination

-Typical daily productivity of 300 to 400 feet
at 10 to 15 locations

-LIF waveforms offer product
identification/verification and rejection of
non-contaminant fluorescence

-Reduced IDW and exposure to site
contaminants

-Potential cost savings

-Primarily applicable to PAHs
-Subject to interferences

-NAPL has to be adjacent to sapphire
window

-Limited availability

-Cost

DP groundwater
profiling

-No drill cuttings and little purge water
-Can pump clean water out through screen
during advancement to minimize clogging
and drag-down of contaminants

-Can collect multiple samples (at any
spacing) with depth using peristaltic or
pneumatic low-flow pumping methods
-Can perform K tests

-Can develop well screen

-Holes can be grouted through rods
-Provides detailed concentration profiles
that can be used for backtracking to NAPL
source

-Rapid and relatively cost-effective

-Limited by lithology (clogging, turbidity,
and lack of yield problematic in fine-
grained sediments) and depth (depending
on drilling and sample collection methods)
-Only provides a snapshot in time of water
quality

-Concentrations of metals and
hydrophobic compounds likely to be
biased due to sample turbidity

-Vertical hydraulic gradients can

impact backtracking interpretation

-Due to heterogeneity and dilution

effects can still be difficult to define
morphology of DNAPL sources
-Concentration > effective solubility
indicates NAPL in sample

-Concentration < effective solubility
requires interpretation

PITT

-Can estimate DNAPL saturation

-Need to know DNAPL location

-Need sufficient hydraulic conductivity for
tracer test

-Need small enough source to allow
adequate well spacing to conduct tracer
test in reasonable time frame

-The presence of natural organic carbon
may cause some difficulty with the
interpretation of the results

-For 