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Preface

Despite nearly 40 years of intensive efforts in the United States as well
as in other industrialized countries worldwide, restoration of groundwater
contaminated by releases of anthropogenic chemicals to a condition al-
lowing for unlimited use and unrestricted exposure remains a significant
technical and institutional challenge. Recent (2004) estimates by the U.S.
Environmental Protection Agency (EPA) indicate that expenditures for soil
and groundwater cleanup at over 300,000 sites through 2033 may exceed
$200 billion (not adjusted for inflation), and many of these sites have ex-
perienced groundwater impacts.

One dominant attribute of the nation’s efforts on subsurface reme-
diation efforts has been lengthy delays between discovery of the problem
and its resolution. Reasons for these extended timeframes are now well
known: ineffective subsurface investigations, difficulties in characterizing
the nature and extent of the problem in highly heterogeneous subsurface
environments, remedial technologies that have not been capable of achiev-
ing restoration in many of these geologic settings, continued improvements
in analytical detection limits leading to discovery of additional chemicals
of concern, evolution of more stringent drinking water standards, and the
realization that other exposure pathways, such as vapor intrusion, pose
unacceptable health risks. A variety of administrative and policy factors
also result in extensive delays, including, but not limited to, high regula-
tory personnel turnover, the difficulty in determining cost-effective remedies
to meet cleanup goals, and allocation of responsibility at multiparty sites.

Over the past decade, however, remedial technologies have shown in-

vii
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creased effectiveness in removing contaminants from groundwater, and the
use of more precise characterization tools and other diagnostic technologies
have improved our ability to achieve site-specific remedial action objec-
tives within a reasonable time frame at an increasing number of sites. For
example, of the over 1,700 National Priority List sites, the EPA has deleted
over 360 (as of March 2012), including some that have reported achieving
restoration goals for groundwater, usually defined as drinking water stan-
dards. Other regulatory programs at both the federal and state level report
closures of many sites with contaminated groundwater, although “closure”
is often defined by site-specific conditions, such as the need for long-term
institutional controls. Such trends and financial pressures have prompted
the Department of Defense (DoD) to set very aggressive goals for signifi-
cantly reducing the expenditures for the Installation Restoration Program
(IRP) within the next few years.

There is general agreement among practicing remediation profession-
als, however, that there is a substantial population of sites, where, due
to inherent geologic complexities, restoration within the next 50 to 100
years is likely not achievable. Reaching agreement on which sites should
be included in this category, and what should be done with such sites,
however, has proven to be difficult. EPA recently summarized the agency’s
recommended decision guidance (July 2011) for these more complex sites,
presenting a Road Map for groundwater restoration that targets both
Superfund and Resource Conservation and Recovery Act Corrective Ac-
tion sites. A key decision in that Road Map is determining whether or not
restoration of groundwater is “likely.” If not, alternative strategies must
be evaluated to achieve the remedial action objectives, including possible
modification of these objectives or the points of compliance. The National
Research Council (NRC) has also addressed the issue of complex and dif-
ficult sites. Since 1987, there have been at least six NRC studies to evaluate
barriers to achieving the goal of groundwater restoration. These reports
addressed both technical and institutional barriers to restoration, but in
general, the reports have concluded that some fraction of sites will require
containment and long-term management and the number of such sites could
be in the thousands. Other organizations have also undertaken in-depth
assessments of barriers to restoration at more complex sites including the
Interstate Technology and Regulatory Council.

In this context, the U.S. Army Environmental Command (AEC) agreed
to support an NRC study to address the technical and management issues
arising from barriers to restoration of contaminated groundwater at these
complex sites. In particular, the AEC was concerned that delays in decision
making on the final remedies at many of their more complex sites could
diminish their ability to achieve DoD goals for the IRP. For the Army,
one significant goal is achieving the remedy-in-place or response-complete
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milestones for 100 percent of their IRP sites at active installations by 2014.
This study was established under the Water Science and Technology Board
(WSTB) of the NRC with the title “Future Options for Management in
the Nation’s Subsurface Remediation Effort.” The Committee included
fifteen individuals representing expertise in all areas relevant to the state-
ment of task, including various scientific and technical disciplines, resource
economics, environmental policy, risk assessment, and public stakeholder
issues. Seven meetings were held over the past two years, with presentations
from a wide range of interested parties. I would like to thank the following
individuals for giving presentations to the committee during one or more
of its meetings: Laurie Haines-Eklund, Army Environmental Command;
Jim Cummings, EPA Superfund Office; Adam Klinger, EPA Underground
Storage Tank Office; Jeff Marquesee and Andrea Leeson, Strategic Environ-
mental Research and Development Program; Brian Looney, Department of
Energy Environmental Management; John Gillespie, Air Force Center for
Environmental Excellence; Anna Willett, Interstate Technology and Regula-
tory Council; Alan Robeson, American Water Works Association; Jill Van
Dyke, National Groundwater Association; Ira May, May Geoenvironmen-
tal Services; Roy Herndon, Orange County Water District; Milad Taghavi,
Los Angeles Department of Water and Power; Carol Williams, San Gabriel
Water Supply; Gil Borboa, City of Santa Monica; David Lazerwitz, Farella
Braun + Martel, LLP; James Giannopoulos, California State Water Quality
Control Board; Herb Levine, EPA Region 9; Alec Naugle, California Re-
gion 2 Water Board; David Sweeney, New Jersey Department of Environ-
mental Protection; Rula Deeb, Malcolm Pirnie; Amy Edwards, Holland &
Knight LLP; Brian Lynch, Marsh Environmental Practice; Richard Davies,
Chartis; Henry Schuver and Helen Dawson, EPA; Tushar Talele, Arcadis;
Anura Jayasumana, Colorado School of Mines; Deborah Morefield, Office
of the Deputy Undersecretary of Defense; Alana Lee, EPA Region 9; Betsy
Southerland and Matt Charsky, EPA; Mike Truex, Pacific National Lab;
and Jim Gillie, Versar/Joint Base Lewis McChord.

I wish to acknowledge the herculean efforts of Laura Ehlers and her
colleagues at the WSTB for organizing our meetings, managing multiple
tasks, and finally completing the editing of contributions from committee
members, a task that requires both editing and substantial technical exper-
tise and diplomacy in helping a diverse committee reach consensus. I am
indebted to Laura for her efforts on completing this report. I also want to
send special thanks to all the Committee members who so diligently partici-
pated in long sessions at our meetings, produced comprehensive summaries
of the state of the science in subsurface remediation, and who wrestled with
the complexities of addressing the challenges of better decision making.
The contributions of those who worked on the final chapter are especially
appreciated, and particularly those individuals who joined the committee
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later in deliberations to fill in for vacancies caused by unanticipated changes
in the committee roster.

This report has been reviewed in draft form by individuals chosen
for their diverse perspectives and technical expertise, in accordance with
procedures approved by the National Research Council’s Report Review
Committee. The purpose of this independent review is to provide candid
and critical comments that will assist the institution in making its published
report as sound as possible and to ensure that the report meets institutional
standards for objectivity, evidence, and responsiveness to the study charge.
The review comments and draft manuscript remain confidential to protect
the integrity of the deliberative process. We wish to thank the following
individuals for their review of this report: Lisa Alvarez-Cohen, University of
California, Berkeley; Linda Lee, Purdue University; Jacqueline MacDonald
Gibson, University of North Carolina, Chapel Hill; David Nakles, Carnegie
Mellon University; Stavros Papadopulos, S.S. Papadopulos & Associates,
Inc.; Tom Sale, Colorado State University; Rosalind Schoof, Environ Inter-
national Corporation; Hans Stroo, HydroGeoLogic, Inc.; and Marcia E.
Williams, Gnarus Advisors, LLC.

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions
or recommendations nor did they see the final draft of the report before its
release. The review of this report was overseen by Susan L. Brantley, Penn-
sylvania State University, and Mitchell Small, Carnegie Mellon University.
Appointed by the National Research Council, they were responsible for
making certain that an independent examination of this report was carried
out in accordance with institutional procedures and that all review com-
ments were carefully considered. Responsibility for the final content of this
report rests entirely with the authoring committee and the institution.

Michael C. Kavanaugh, Chair
Committee on Future Options for Management
in the Nation’s Subsurface Remediation Efforts
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Summary

At hundreds of thousands of hazardous waste sites across the country,
groundwater contamination remains in place at levels above cleanup goals.
The most problematic sites are those with potentially persistent contami-
nants including chlorinated solvents recalcitrant to biodegradation, and
with hydrogeologic conditions characterized by large spatial heterogeneity
or the presence of fractures. While there have been success stories over the
past 30 years, the majority of hazardous waste sites that have been closed
were relatively simple compared to the remaining caseload. In 2004, the
U.S. Environmental Protection Agency (EPA) estimated that more than
$209 billion would be needed to mitigate these hazards over the next 30
years—likely an underestimate because this number did not include sites
where remediation was already underway or where remediation had tran-
sitioned to long-term management.

The Department of Defense (DoD) exemplifies a responsible party that
has made large financial investments (over $30 billion) in hazardous waste
remediation to address past legacies of their industrial operations. Although
many hazardous waste sites at military facilities have been closed with no
further action required, meeting goals like drinking water standards in
contaminated groundwater has rarely occurred at many complex DoD sites.
It is probable that these sites will require significantly longer remediation
times than originally predicted and, thus, continued financial demands for
monitoring, maintenance, and reporting.

In this context, the Water Science and Technology Board, under the
auspices of the National Research Council (NRC), convened a committee
to assess the future of the nation’s groundwater remediation efforts focus-
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2 MANAGING THE NATION’S CONTAMINATED GROUNDWATER SITES

ing on the technical, economic, and institutional challenges facing the Army
and other responsible parties as they pursue site closure. Previous NRC
reports concluded that complete restoration of contaminated groundwater
is unlikely to be achieved for many decades for a substantial number of
sites, in spite of the fact that technologies for removing contaminants from
groundwater have continued to evolve and improve. Since the most recent
NRC report in 2005, better understanding of technical issues and barriers
to achieving site closure have become evident. The following questions
comprised the statement of task for this Committee, which considered both
public and private hazardous waste sites.

Size of the Problem. At how many sites does residual contamination
remain such that site closure is not yet possible? At what percentage of
these sites does residual contamination in groundwater threaten public
water systems?

Current Capabilities to Remove Contamination. What is technically
feasible in terms of removing a certain percentage of the total contaminant
mass? What percent removal would be needed to reach unrestricted use or
to be able to extract and treat groundwater for potable reuse? What should
be the definition of “to the extent practicable” when discussing contami-
nant mass removal?

Correlating Source Removal with Risks. How can progress of source
remediation be measured to best correlate with site-specific risks? Recogniz-
ing the long-term nature of many problems, what near-term endpoints for
remediation might be established? Are there regulatory barriers that make
it impossible to close sites even when the site-specific risk is negligible and
can they be overcome?

The Future of Treatment Technologies. The intractable nature of sub-
surface contamination suggests the need to discourage future contaminant
releases, encourage the use of innovative and multiple technologies, modify
remedies when new information becomes available, and clean up sites sus-
tainably. What progress has been made in these areas and what additional
research is needed?

Better Decision Making. Can adaptive site management lead to better
decisions about how to spend limited resources while taking into consid-
eration the concerns of stakeholders? Should life cycle assessment become
a standard component of the decision process? How can a greater under-
standing of the limited current (but not necessarily future) potential to
restore groundwater be communicated to the public?

MAGNITUDE OF THE PROBLEM

Chapter 2 presents information on the major federal and state regula-
tory programs under which hazardous waste is cleaned up to determine the
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size and scope of these programs. The Committee sought to determine (1)
the number of sites that have not yet reached closure, (2) principal chemi-
cals of concern, (3) remediation costs expended to date, (4) cost estimates
for reaching closure, and (5) the number of sites affecting local water
supplies. Information was gathered for sites in the EPA’s Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA),
Resource Conservation and Recovery Act (RCRA), and Underground Stor-
age Tank (UST) programs; sites managed by the DoD, the Department of
Energy (DOE) and other federal agencies; and sites under state purview
(e.g., state Superfund, voluntary cleanup programs, and Brownfields pro-
grams). The metrics and milestones across all these programs differ, mak-
ing comparisons and the elimination of overlap difficult. Nonetheless, the
Committee used these data to estimate the number of complex sites, the
likelihood that sites affect a drinking water supply, and the remaining costs
associated with remediation.

At least 126,000 sites across the country have been documented that
have residual contamination at levels preventing them from reaching clo-
sure. This number is likely to be an underestimate of the extent of contami-
nation in the United States for many reasons. For example, the CERCLA
and RCRA programs report the number of facilities, which are likely to
have multiple sites. The total does not include DoD sites that have reached
remedy in place or response complete, although some such sites may indeed
contain residual contamination. Although there is overlap between some of
the categories, in the Committee’s opinion it is not significant enough to dis-
miss the conclusion that the total number of 126,000 is an underestimate.

No information is available on the total number of sites with contami-
nation in place above levels allowing for unlimited use and unrestricted
exposure, although the total is certainly greater than 126,000. For the
CERCLA program, many facilities have been delisted with contamination
remaining in place at levels above unlimited use and unrestricted expo-
sure. Depending on state closure requirements, USTs are often closed with
contamination remaining due to the biodegradability of petroleum hydro-
carbons. Most of the DOE sites, including those labeled as “completed,”
contain recalcitrant contamination that in some cases could take hundreds
of years to reach levels below those allowing for unlimited use and unre-
stricted exposure.

A small percentage (about 12,000 or less than 10 percent) of the
126,000 sites are estimated by the Committee to be complex from a hydro-
geological and contaminant perspective. This total represents the sum of
the remaining DoD, CERCLA, RCRA, and DOE sites and facilities, based
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4 MANAGING THE NATION’S CONTAMINATED GROUNDWATER SITES

on the assumption that many of the simpler sites in these programs have
already been dealt with.

Approximately 10 percent of CERCLA facilities affect or significantly
threaten public water supply systems, but similar information from other
programs is largely unavailable. Surveys of groundwater quality report
that 0.34 to 1 percent of raw water samples from wells used for drinking
water (including public supply and private wells) contain mean volatile
organic compound (VOC) concentrations greater than the applicable drink-
ing water standard, although there are no data linking these exceedances to
specific hazardous waste sites. The percentage of drinking water wells with
samples containing low-level VOC concentrations is likely to be higher for
areas in close proximity to contaminated sites, for urban rather than rural
areas, and in shallow unconfined sandy aquifers.

Information on cleanup costs incurred to date and estimates of future
costs are highly uncertain. Despite this uncertainty, the estimated “cost to
complete” of $110-127 billion is likely to be an underestimate of future
liabilities. Remaining sites include some of the most difficult to remediate
sites, for which the effectiveness of planned remediation remains uncertain
given their complex site conditions. Furthermore, many of the estimated
costs do not fully consider the cost of long-term management of sites that
will have contamination remaining in place at levels above those allowing
for unlimited use and unrestricted exposure for the foreseeable future.

The nomenclature for the phases of site cleanup and cleanup progress
are inconsistent between federal agencies, between the states and federal
government, and in the private sector. Partly because of these inconsisten-
cies, members of the public and other stakeholders can and have confused
the concept of “site closure” with achieving unlimited use and unrestricted
exposure goals for the site, such that no further monitoring or oversight
is needed. In fact, many sites thought of as “closed” and considered as
“successes” will require oversight and funding for decades and in some
cases hundreds of years in order to be protective. CERCLA and other pro-
grams have reduced public health risk from groundwater contamination
by preventing unacceptable exposures in water or air, but not necessarily
by reducing contamination levels to drinking water standards throughout
the affected aquifers.
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REMEDIAL OBJECTIVES, REMEDY
SELECTION, AND SITE CLOSURE

Chapter 3 focuses on the remedial objectives dictated by the common
regulatory frameworks under which groundwater cleanup generally occurs
because such objectives are often a substantial source of controversy. This is
particularly true for complex sites, where the remedial objectives are drink-
ing water standards (denoted as maximum contaminant levels or MCLs)
and hence are typically difficult, if not impossible, to attain for many
decades. Faced with shrinking budgets and a backlog of sites that include
an increasing percentage of complex sites, some states (e.g., California)
have proposed closing large numbers of petroleum underground storage
tank sites deemed to present a low threat to the public, despite the affected
groundwater not meeting remedial goals at the time of closure. Other states
(New Jersey and Massachusetts) have sought to privatize parts of the re-
mediation process in order to unburden state and local regulatory agencies.

EPA’s current remediation guidance provides substantial flexibility to
the remedy selection process in a number of ways, although there are legal
and practical limits to this flexibility. There are several alternatives to tradi-
tional cleanup goals, like technical impracticability waivers, that can allow
sites with intractable contamination to move more expeditiously through
the phases of cleanup while still minimizing risks to human health and the
environment. The chapter also discusses sustainability concepts, which have
become goals for some stakeholders and could impact the remedy selection
process. The following conclusions and recommendations discuss the value
of exploring goals and remedies based on site-specific risk, sustainability,
and other factors.

By design (and necessity), the CERCLA process is flexible in (a) deter-
mining the beneficial uses of groundwater; (b) deciding whether a regula-
tory requirement is an applicable or relevant and appropriate requirement
(ARAR) at a site; (c) using site-specific risk assessment to help select the
remedy; (d) using at least some sustainability factors to help select the
remedy; (e) determining what is a reasonable timeframe to reach remedial
goals; (f) choosing the point of compliance for monitoring; and (g) utiliz-
ing alternate concentration limits, among others. These flexible approaches
to setting remedial objectives and selecting remedies should be explored
more fully by state and federal regulators, and EPA should take admin-
istrative steps to ensure that existing guidance is used in the appropriate
circumstances.

To fully account for risks that may change over time, risk assessment
at contaminated groundwater sites should compare the risks from taking
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“no action” to the risks associated with the implementation of each reme-
dial alternative over the life of the remedy. Risk assessment at complicated
groundwater sites is often construed relatively narrowly, with an emphasis
on risks from drinking water consumption and on the MCL. Risk assess-
ments should include additional consideration of (a) short-term risks that
are a consequence of remediation; (b) the change in residual risk over time;
(c) the potential change in risk caused by future changes in land use; and
(d) both individual and population risks.

Progress has been made in developing criteria and guidance concern-
ing how to consider sustainability in remedy selection. However, in the
absence of statutory changes, remedy selection at private sites regulated
under CERCLA cannot consider the social factors, and may not include
the other economic factors, that fall under the definition of sustainability.
At federal facility sites, the federal government can choose, as a matter of
policy, to embrace sustainability concepts more comprehensively. Similarly,
private companies may adopt their own sustainable remediation policies in
deciding which remedial alternatives to support at their sites. New guidance
is needed from EPA and DoD detailing how to consider sustainability in
the remediation process to the extent supported by existing laws, including
measures that regulators can take to provide incentives to companies to
adopt more sustainable measures voluntarily.

CURRENT CAPABILITIES TO
REMOVE/CONTAIN CONTAMINATION

Chapter 4 updates the 2005 NRC report on source removal by provid-
ing brief reviews of the major remedial technologies that can be applied
to complex hazardous waste sites, particularly those with source zones
containing dense nonaqueous phase liquids (NAPLs) like chlorinated sol-
vents and/or large downgradient dissolved plumes. This includes surfac-
tant flushing, cosolvent flushing, in situ chemical oxidation, pump and
treat for hydraulic containment, physical containment, in situ bioreme-
diation, permeable reactive barriers, and monitored natural attenuation.
Well-established technologies including excavation, soil vapor extraction/
air sparging, and solidification/stabilization are not discussed because they
have been presented in prior publications and minimal advancements in
these technologies have occurred over the past five to ten years. To address
what is technically feasible in terms of removing a certain percentage of
the total contaminant mass from the subsurface, the sections discuss cur-
rent knowledge regarding performance and limitations of the technologies,
identify remaining gaps in knowledge, and provide case studies supporting
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these assessments. The following conclusions and recommendations arise
from this chapter.

Significant limitations with currently available remedial technologies
persist that make achievement of MCLs throughout the aquifer unlikely
at most complex groundwater sites in a time frame of 50-100 years. Fur-
thermore, future improvements in these technologies are likely to be in-
cremental, such that long-term monitoring and stewardship at sites with
groundwater contamination should be expected.

The Committee could identify only limited data upon which to base a
scientifically supportable comparison of remedial technology performance
for the technologies reviewed in Chapter 4. There have been a few well-
studied demonstration projects and lab-scale research studies, but adequate
performance documentation generated throughout the remedial history at
sites either is not available or does not exist for the majority of completed
remediation efforts. Furthermore, poor design, poor application, and/or
poor post-application monitoring at typical (i.e., non-research or dem-
onstration) sites makes determination of the best practicably achievable
performance difficult.

There is a clear need for publically accessible databases that could be
used to compare the performance of remedial technologies at complex sites
(performance data could be concentration reduction, mass discharge reduc-
tion, cost, time to attain drinking water standards, etc.). To ensure that data
from different sites can be pooled to increase the statistical power of the da-
tabase, a standardized technical protocol would be needed, although it goes
beyond the scope of this report to provide the details of such a protocol.

Additional independent reviews of source zone technologies are needed
to summarize their performance under a wide range of site characteristics.
Since NRC (2005), only thermal and i situ chemical oxidation technolo-
gies have undergone a thorough, independent review. Other source zone
technologies should also be reviewed by an independent scientific group.
Such reviews should include a description of the state of the practice, per-
formance metrics, and sustainability information of each type of remedial
technology so that there is a trusted source of information for use in the re-
medial investigation/feasibility study process and optimization evaluations.

IMPLICATIONS OF CONTAMINATION REMAINING IN PLACE

Chapter 5 discusses the potential technical, legal, economic, and other
practical implications of the finding that groundwater at complex sites is
unlikely to attain unlimited use and unrestricted exposure levels for many
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decades. First, the failure of hydraulic or physical containment systems, as
well as the failure of institutional controls, could create new exposures.
Second, toxicity information is regularly updated, which can alter drinking
water standards, and contaminants that were previously unregulated may
become so. In addition, pathways of exposure that were not previously con-
sidered can be found to be important, such as the vapor intrusion pathway.
Third, treating contaminated groundwater for drinking water purposes is
costly and, for some contaminants, technically challenging. Finally, leav-
ing contamination in the subsurface may expose the landowner, property
manager, or original disposer to complications that would not exist in the
absence of the contamination, such as natural resource damages, trespass,
and changes in land values. Thus, the risks and the technical, economic,
and legal complications associated with residual contamination need to be
compared to the time, cost, and feasibility involved in removing contamina-
tion outright. The following conclusions and recommendations are made.

Implementing institutional controls at complex sites is likely to be dif-
ficult. Although EPA has developed a number of measures to improve the
reliability, enforceability, and funding of institutional controls, their long-
term efficacy has yet to be determined. Regulators and federal responsible
parties should incorporate a more significant role for local citizens in
the long-term oversight of institutional controls. A national, searchable,
geo-referenced institutional control database covering as many regulatory
programs as practical as well as all federal sites would help ensure that the
public is notified of institutional controls.

New toxicological understanding and revisions to dose-response re-
lationships will continue to be developed for existing chemicals, such as
trichloroethene and tetrachloroethene, and for new chemicals of concern,
such as perchlorate and perfluorinated chemicals. The implications of such
evolving understanding include identification of new or revised ARARs
(either more or less restrictive than existing ones), potentially leading to a
determination that the existing remedy at some hazardous waste sites is no
longer protective of human health and the environment. Modification of
EPA’s existing CERCLA five-year review guidance would allow for more
expeditious assessment of the protectiveness of the remedy based on any
changes in EPA toxicity factors, drinking water standards, or other risk-
based standards.

Careful consideration of the vapor intrusion pathway is needed at all
sites where VOCs are present in the soil or groundwater aquifer. Although
it has been recognized for more than a decade that vapor intrusion is a po-
tential exposure pathway of concern, a full understanding of the risks over
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time and appropriate methods for characterizing them are still evolving.
Mitigation strategies such as subslab depressurization can prevent vapor
intrusion exposure. As a precautionary measure, vapor mitigation could
be built into all new construction on or near known VOC groundwater
plumes. Vapor mitigation systems require monitoring over the long term
to ensure that they are operating properly.

TECHNOLOGY DEVELOPMENT TO SUPPORT
LONG-TERM MANAGEMENT

Despite years of characterization and implementation of remedial
technologies, many complex federal and private industrial facilities with
contaminated groundwater will require long-term management that could
extend for decades or longer. Chapter 6 discusses technological develop-
ments that can aid in the transition from active remediation to more pas-
sive strategies and provide more cost-effective and protective long-term
management of complex sites. In particular, transitioning to and improving
long-term management can be achieved through (1) better understanding
of the spatial distribution of contaminants, exposure pathways, and pro-
cesses controlling contaminant mass flux and attenuation along exposure
pathways; (2) improved spatio-temporal monitoring of groundwater con-
tamination through better application of conventional monitoring tech-
niques, the use of proxy measurements, and development of sensors; and
(3) application of emerging diagnostic and modeling tools. The chapter
also explores emerging remediation technologies that have yet to receive
extensive field testing and evaluation, and it reviews the state of federal
funding for relevant research and development. The following conclusions
and recommendations are offered.

Long-term management of complex sites requires an appropriately
detailed understanding of geologic complexity and the potential distri-
bution of contaminants among the aqueous, vapor, sorbed, and NAPL
phases, as well as the unique biogeochemical dynamics associated with
both the source area and downgradient plume. Recent improvements to
the understanding of subsurface biogeochemical processes have not been
accompanied by cost-effective site characterization methods capable of
fully distinguishing between different contaminant compartments. Manage-
ment of residual contamination to reduce the exposure risks via the vapor
intrusion pathway is challenged by the highly variable nature of exposure,
as well as uncertain interactions between subsurface sources and indoor
background contamination.

Existing protocols for assessing monitored natural attenuation and
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other remediation technologies should be expanded to integrate com-
pound-specific isotope analysis and molecular biological methods with
more conventional biogeochemical characterization and groundwater dat-
ing methods. The development of molecular and isotopic diagnostic tools
has significantly enhanced the ability to evaluate the performance of deg-
radation technologies and monitored natural attenuation at complex sites.

Although the Committee did not attempt a comprehensive assessment
of research needs, research in the following areas would help address
technical challenges associated with long-term management at complex
contaminated sites (see Chapter 6 for a more complete list):

e Remediation Technology Development. Additional work is needed
to advance the development of emerging and novel remediation tech-
nologies, improve their performance, and understand any potential
broader environmental impacts. A few developing remediation tech-
niques could provide more cost-effective remediation for particular
combinations of contaminants and site conditions at complex sites,
but they are in the early stages of development.

e Tools to Assess Vapor Intrusion. Further research and development
should identify, test, and demonstrate tools and paradigms that
are practicable for assessing the significance of vapor intrusion,
especially for multi-building sites and preferably through short-
term diagnostic tests. Development of real-time unobtrusive and
low-cost air quality sensors would allow verification of those short-
term results over longer times at buildings not needing immediate
mitigation.

e Modeling. Additional targeted modeling research and software de-
velopment that will benefit the transition of sites from active reme-
diation to long-term management should be initiated. Particular
needs include concepts and algorithms for including the processes of
back-diffusion and desorption in screening and plume models, and
the development of a larger suite of intermediate-complexity model-
ing tools to support engineering design for source remediation.

Overall research and development have been unable to keep pace with
the needs of practitioners trying to conduct remediation on complex sites.
Currently, a national strategy for technology development to support long-
term management of complex sites is lacking. It is not clear that the per-
tinent federal agencies will be capable of providing the funding and other
support for the fundamental research and development that is necessary
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to meet the challenges facing complex sites. A comprehensive assessment
of future research needs, undertaken at the federal level and involving co-
ordination between federal agencies, would allow research funding to be
allocated in an efficient and targeted manner.

BETTER DECISION MAKING DURING THE
LONG-TERM MANAGEMENT OF COMPLEX
GROUNDWATER CONTAMINATION SITES

The fact that at most complex groundwater sites drinking water stan-
dards will not be attained for decades should be more fully reflected in the
decision-making process of existing cleanup programs. Thus, Chapter 7
provides a series of recommendations that will accelerate the transition of
sites to one of three possible end states: (1) closure in which unlimited use
and unrestricted exposure levels have been attained; (2) long-term passive
management (e.g., using natural attenuation with or without monitor-
ing, physical containment, permeable reactive barriers, and/or institutional
controls), and (3) long-term active management (e.g., indefinite hydraulic
containment using pump and treat). The acceleration of this transition to
one of three end states is premised on using remedies that are fully protec-
tive of human health and the environment in combination with more rapid
acceptance of alternative end states other than clean closure.

An alternative approach for better decision making at complex sites
is shown in Figure 7-2. It includes the processes currently followed at all
CERCLA facilities and at many complex sites regulated under other federal
or state programs (RCRA or state Superfund), but it provides more detailed
guidance for sites where recalcitrant contamination remains in place at lev-
els above those allowing for unlimited use and unrestricted exposure. This
alternative approach diverges from the status quo by requiring the explicit
charting of risk reduction (as indicated by, e.g., contaminant concentration
reduction) over time. Specifically, if data indicate that contaminant concen-
trations are approaching an asymptote, resulting in exponential increases
in the unit cost of the remedy, then there is limited benefit in its continued
operation. At this point of diminishing returns, it is appropriate to assess
whether to take additional remedial action (if legally possible) or whether
to transition to more passive long-term management.

If asymptotic conditions have occurred, a transition assessment is per-
formed. The transition assessment evaluates each of the relevant alterna-
tives (remedy modification or replacement, passive or active long-term
management) based on the statutory and regulatory remedy selection cri-
teria. This includes consideration of the risk from residual contamination
in subsurface zones, life-cycle costs and the incremental costs compared to
the level of risk reduction achieved, and the likely reaction of stakeholders.
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The following conclusions and recommendations about this alternative ap-
proach are made.

At many complex sites, contaminant concentrations in the plume re-
main stalled at levels above cleanup goals despite continued operation of
remedial systems. There is no clear path forward to a final end state em-
bodied in the current cleanup programs, such that money continues to be
spent, with no concomitant reduction in risks. If the effectiveness of site re-
mediation reaches a point of diminishing returns prior to reaching cleanup
goals and optimization has been exhausted, the transition to monitored
natural attenuation or some other active or passive management should
be considered using a formal evaluation. This transition assessment would
determine whether a new remedy is warranted at the site or whether long-
term management is appropriate.

Five-year reviews are an extremely valuable source of field data for
evaluating the performance of remedial strategies that have been imple-
mented at CERCLA facilities and could be improved. To increase trans-
parency and allow EPA, the public, and other researchers to assess lessons
learned, more should be done, on a national basis, to analyze the results
of five-year reviews in order to evaluate the current performance of imple-
mented technologies. EPA’s technical guidance for five-year reviews should
be updated to provide a uniform protocol for analyzing the data collected
during the reviews, reporting their results, and improving their quality.

Public involvement tends to diminish once remedies at a site or facility
are in place. No agency has a clear policy for sustaining public involvement
during long-term management. Regulators and federal responsible par-
ties should work with members of existing advisory groups and technical
assistance recipients to devise models for ongoing public oversight once
remedies are in place. Such mechanisms may include annual meetings, In-
ternet communications, or the shifting of the locus of public involvement
to permanent local institutions such as public health departments.

Although the cost of new remedial actions may decrease at complex
sites if more of them undergo a transition to passive long-term manage-
ment, there will still be substantial long-term funding obligations. Failure
to fund adequately the long-term management of complex sites may result
in unacceptable risks to the public due to unintended exposure to site
contaminants.
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BACKGROUND OF STUDY

Since the 1970s, hundreds of billions of dollars have been invested by
federal, state, and local government agencies as well as responsible parties
to mitigate the human health and ecological risks posed by chemicals re-
leased to the subsurface environment. Many of the contaminants common
to these hazardous waste sites, such as metals and volatile organic com-
pounds, are known or suspected to cause cancer or adverse neurological,
reproductive, or developmental conditions. Over the past 30 years, some
progress in meeting mitigation and remediation goals at hazardous waste
sites has been achieved. For example, of the 1,723 sites ever listed on the
National Priorities List (NPL), which are considered by the U.S. Environ-
mental Protection Agency (EPA) to present the most significant risks, 360
have been permanently removed from the list because EPA deemed that no
further response was needed to protect human health or the environment
(EPA, 2012). Seventy percent of the 3,747 hazardous waste sites regulated
under the Resource Conservation and Recovery Act (RCRA) corrective
action program have achieved “control of human exposure to contami-
nation,” and 686 have been designated as “corrective action completed”
(EPA, 2011a). The Underground Storage Tank (UST) program also reports
successes, including closure of over 1.7 million USTs since the program
was initiated in 1984 (EPA, 2010). The cumulative cost associated with
these national efforts underscores the importance of pollution prevention
and serves as a powerful incentive to reduce the discharge or release of

13
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hazardous substances to the environment, particularly when a groundwater
resource is threatened.

Although some of the success stories described above were challeng-
ing in terms of contaminants present and underlying hydrogeology, the
majority of sites that have been closed were relatively simple (e.g., shallow,
localized petroleum contamination from USTs) compared to the remaining
caseload. Indeed, hundreds of thousands of sites across both state and fed-
eral programs are thought to still have contamination remaining in place
at levels above those allowing for unlimited land and groundwater use
and unrestricted exposure (see Chapter 2).! According to its most recent
assessment, EPA estimates that more than $209 billion dollars (in constant
2004 dollars) will be needed over the next 30 years to mitigate hazards at
between 235,000 to 355,000 sites (EPA, 2004). This cost estimate, however,
does not include continued expenditures at sites where remediation is al-
ready in progress, or where remediation has transitioned to long-term man-
agement.? It is widely agreed that long-term management will be needed
at many sites for the foreseeable future, particularly for the more complex
sites that have recalcitrant contaminants, large amounts of contamina-
tion, and/or subsurface conditions known to be difficult to remediate (e.g.,
low-permeability strata, fractured media, deep contamination). Box 1-1
describes the characteristics of complex sites, where long-term management
is a likely outcome given the difficulty of remediating the groundwater to
conditions allowing for unlimited use and unrestricted exposure.

The Department of Defense (DoD) exemplifies a responsible party that
has made large financial investments to address past legacies of their indus-
trial operations. According to the most recent annual report to Congress
(OUSD, 2011), the DoD currently has almost 26,000 active sites under its
Installation Restoration Program where soil and groundwater remediation
is either planned or under way. Of these, approximately 13,000 sites are the
responsibility of the Army, the sponsor of this report. The estimated cost
to complete cleanup at all DoD sites is approximately $12.8 billion. (Note
that these estimates do not include sites containing unexploded ordnance.)

DoD has set a procedural goal for each of the Services stating that
all sites will reach the response-complete or remedy-in-place milestone by
2014. Remedy in place means that a remedial strategy has been imple-
mented and is in the performance assessment stage of the site’s life cycle,
while response complete means that remedial actions have been completed,

1 “Contamination remaining in place,” as used in this report, is consistent with the inter-
agency definition of hazardous substances, pollutants, or contaminants remaining at the site
above levels that allow for unlimited use and unrestricted exposure (UU/UE) (EPA, 2001;
DoD, 2012).

2 Long-term management is defined as requiring decades to centuries, well beyond the typi-
cal 30 years used to discount remedial costs.
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although contamination at levels above those allowing for unlimited use
and unrestricted exposure may still remain on-site. In addition, the DoD
has directed 90 percent of sites at active installations to achieve response
complete by the end of FY 2018, and 95 percent by the end of FY 2021
(Conger, 2011). These goals will be extremely challenging to meet because
at many of the military’s remaining sites that have groundwater contamina-
tion, one can anticipate the need for long-term management that may take
many decades to resolve.

In this context, the Water Science and Technology Board, under aus-
pices of the National Research Council (NRC), initiated a study to assess
the future of the nation’s subsurface remediation efforts, with a particular
focus on technical, economic, and institutional challenges facing the Army
and other responsible parties as they pursue aggressive programmatic goals
for site closure. It should be noted that there is no single definition of “site
closure,” nor was the Committee able to agree on a precise consensus
definition of the term that would be applicable to all state and federal
programs. The term is often used to mean that “no further action” is re-
quired at a site (except for various institutional controls)—a connotation
that the Committee is comfortable with. However, “no further action”
does not mean that site contaminants have been reduced to levels below
those allowing for unlimited use and unrestricted exposure. Whenever pos-
sible throughout this report, the term “site closure” is replaced with the
more specific designations for success used by the various federal and state
remediation programs. Chapter 7 abandons the terms “site closure” and
“no further action” entirely and instead presents three end states, one of
which all sites will achieve: active long-term management, passive long-term
management, and achievement of unlimited use and unrestricted exposure
levels. The central theme of this report is how the nation will deal with the
complex hazardous waste sites where contamination remains in place at
levels above those allowing for unlimited use and unrestricted exposure.

REGULATORY RESPONSE TO
GROUNDWATER CONTAMINATION

The federal regulatory regime for responding to groundwater contami-
nation consists of several key statutes and regulations enforced primarily
by the EPA’s Office of Solid Waste and Emergency Response (see Box 1-2
for an overview of the major U.S. cleanup programs). Designed to address
problems related to municipal and industrial waste, RCRA was passed
in 1976 and promoted recovery methods and techniques to reduce waste
generation while also outlining environmentally sound management of
hazardous and nonhazardous wastes. In 1980, Congress passed the Su-
perfund Law (Comprehensive Environmental Response, Compensation,
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BOX 1-1
Complex Contaminated Sites

Although progress has been made in remediating many hazardous waste sites,
there remains a sizeable population of complex sites, where restoration is likely
not achievable in the next 50-100 years. Although there is no formal definition of
complexity, most remediation professionals agree that attributes include areally
extensive groundwater contamination, heterogeneous geology, large releases
and/or source zones, multiple and/or recalcitrant contaminants, heterogeneous
contaminant distribution in the subsurface, and long time frames since releases
occurred. Additional factors that contribute to complexity include restrictions on
the physical placement or operation of remedial technologies and challenging
expectations (e.g., regulatory requirements, cleanup goals, community expecta-
tions). The complexity of a site increases with the number of these characteristics
present.

Complexity is most intimately tied to limitations on the fundamental con-
taminant removal and/or destruction processes inherent to all remediation ap-
proaches, and the severity of these limitations at any given site is directly related
to geology and contaminant distribution. Thus, the more varied the geologic media
or lithology, the more complex the flow patterns of contaminants and injected so-
lutions are. The simplest geology is uniform media, like well-sorted sand (called
homogeneous), while more complex heterogeneous geology includes such varied
media as poorly sorted sand with lenses of silt and clay. Fractured media are often
considered the most heterogeneous (see Chapter 6 and NRC, 2005a, for more
details on hydrogeologic types). Heterogeneous media not only yield intricate
contaminant plumes, but also limit the effectiveness of remedial technologies that

TABLE 1-1 Relative Ease of Remediating Contaminated Aquifers
as a Function of Contaminant Chemistry and Hydrology

Contaminant Chemistry

Mobile,

Dissolved (degrades/ Mobile,
Hydrogeology volatilizes) Dissolved
Homogeneous, 14 1-2
single layer
Homogeneous, multiple layers 1 1-2
Heterogeneous, 2 2
single layer
Heterogeneous, multiple layers 2 2
Fractured 3 3

7 Relative ease of cleanup, where 1 is easiest and 4 is most difficult.
SOURCE: NRC (1994).
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rely on moving fluid through the subsurface (e.g., injection of surfactants, oxidants,
or carbon sources). Heterogeneities can make these technologies less effective
due to bypass and/or limited contaminant contact time.

Complexity is also directly tied to the contaminants present at hazardous
waste sites, which can vary widely and include organics, metals, explosives, and
radionuclides. Some of the most challenging to remediate are dense nonaqueous
phase liquids (DNAPLs), including chlorinated solvents. In general, different types
of contaminants require different types of treatment and perhaps different remedial
approaches altogether. Thus, the more types of contaminants found at a site, the
more complex the site. Additionally, some contaminants are more resistant to
natural biodegradation processes than others.

NRC (1994) provided a matrix that outlined the difficulty of groundwater reme-
diation on a scale of 1 to 4 (with 4 representing the most difficult to remediate)
as a function of hydrogeology and contaminant chemistry, including contaminant
distribution in the subsurface (see Table 1-1). Ratings of 3 and 4 in Table 1-1
represent “complex sites” and include

Sites having contamination in fractured media,

Dissolved plumes extending more than 1000 m down-gradient of a source,
Sites impacted by radioactive contaminants,

Sites with DNAPL impacts extending to depths of 100 ft or greater, and
Sites with residual NAPL that has diffused into fine-grained units.

Note that Table 1-1 does not factor in some of the topics discussed above (such
as the size of the release and regulatory expectations) that can contribute to
complexity.

Strongly Sorbed,

Dissolved

(degrades/ Strongly Sorbed, Separate Phase Separate Phase
volatilizes) Dissolved LNAPL DNAPL

2 2-3 2-3 3

2 2-3 2-3 3

3 3 3 4

3 3 3 4

3 3 4 4
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BOX 1-2
Brief Overview of U.S. Cleanup Programs and
Regulatory Terms Found in this Report

CERCLA: The CERCLA program (established in 1980 and also known as Super-
fund) locates, investigates, and cleans up the most problematic hazardous waste
sites throughout the United States. At private sector sites, the EPA may perform
the cleanup with federal funds and seek cost reimbursement from the responsible
party or may issue orders or enter a judicially enforceable consent decree and
oversee the implementation of long-term cleanups, short-term cleanups (“removal
actions”), and other responses. At federal CERCLA sites, the federal party is pri-
marily responsible for cleanup.

RCRA Corrective Action: RCRA is the primary federal statute regulating how
wastes (solid and hazardous wastes) must be managed at facilities that treat,
store, or dispose of hazardous wastes to avoid potential threats to human health
and the environment. However, RCRA also provides corrective action order au-
thority that governs the cleanup of solid waste management units at RCRA permit-
ted facilities (including federal facilities). It is similar to CERCLA, but is primarily
implemented by the states. EPA’s policy is that the RCRA and CERCLA remedial
programs should operate consistently and result in similar environmental solutions
when faced with similar circumstances.

UST: The Underground Storage Tank program, which is part of RCRA, governs
the cleanup of the nation’s large numbers of leaking underground tanks. The sites
are individually smaller in scope than a typical site regulated under CERCLA or
RCRA corrective action. The UST program focuses on removing products (petro-
leum or industrial or dry cleaning chemicals) that have leaked out of the tanks,
removal of soil, cleanup of the groundwater, and replacement of the tanks.

Brownfields: Brownfields are defined as real properties, the expansion, rede-
velopment, or reuse of which may be complicated by the presence or potential
presence of a hazardous substance, pollutant, or contaminant. EPA’s Brownfields
program provides funds and technical assistance to states, communities, and

and Liability Act or CERCLA), which authorized broad federal authority
to respond directly to the release of hazardous substances that endanger
public health or the environment, in addition to taxing the chemical and
petroleum industries to establish the Superfund Trust Fund. The NPL of the
most contaminated sites was established under CERCLA.

Not long after CERCLA was enacted, it became clear that additional

measures would be needed to combat the nation’s burden of contaminated
sites. In 1984, Congress amended RCRA (via the Hazardous and Solid

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/14668

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites

INTRODUCTION

19

other stakeholders in economic redevelopment to work together to assess, safely
clean up, and sustainably reuse Brownfields.

Federal Facilities Programs: A number of separate programs exist to address
hazardous waste remediation on federal facilities. These include DoD’s Military
Munitions Response Program, the Installation Restoration Program, which ad-
dresses active bases, the Base Realignment and Closure facilities, and Formerly
Used Defense Sites. The Department of Energy’s Environmental Management
program is another example (see Chapter 2). All such sites are variously regulated
under CERCLA, RCRA, UST, or state regulations.

Maximum Contaminant Level Goals (MCLGs) are the health-based drinking water
concentrations set in EPA’s Safe Drinking Water program at a one-in-one million
lifetime risk level for carcinogens and, for noncarcinogenic effects, at a concentra-
tion at which no adverse health effect are likely from long-term exposure. MCLGs
are not enforceable under the Safe Drinking Water Act.

Maximum Contaminant Levels (MCLs) are the legally enforceable drinking water
concentration limits for U.S. public drinking water supplies (i.e., supplies to more
than 25 people). They are based on a balancing of the residual risk from ingest-
ing the water, the feasibility of treatment to remove the chemical, the detection
limit, and the costs to water suppliers. MCLs are enforced under the Safe Drinking
Water Act.

Applicable or Relevant and Appropriate Requirements (ARARSs) include two sepa-
rate types of requirements. Applicable Requirements are any federal or duly
promulgated state standard, requirement, criterion, or limitation under any other
federal environmental law that would legally apply to a site. Relevant and Ap-
propriate Requirements are any Federal or duly promulgated state standard,
requirement, criterion, or limitation under any other federal environmental law
that addresses problems or situations similar to the conditions at a site and that
is “well suited” to a site. MCLs promulgated under the Safe Drinking Water Act
are considered to be ARARs for sites regulated under CERCLA because of the
potential for people to ingest the groundwater derived from a contaminated aquifer.

Waste Amendments) to implement more stringent standards for hazardous
waste management, to impose restrictions that curbed the practice of land
disposal of untreated hazardous waste, and to add authority for EPA and
the states to remediate contamination on active RCRA permitted facilities.
In 1986, the Superfund Amendments and Reauthorization Act (SARA)
amended CERCLA to stress the importance of permanent or innovative
solutions, incorporate a more rigorous process to define the goals of reme-
diation that EPA has proposed in its regulations, provide new enforcement
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authorities and settlement tools, increase state involvement in CERCLA
activities, and increase focus on the human health impacts of hazardous
waste sites. SARA also established the Defense Environmental Restoration
Program and its regulatory underpinnings.

The early years of both programs’ implementation were marked by
site studies rather than actual remediation. In 1988, EPA released interim
measures for RCRA to allow action to be taken sooner to prevent exposure
to contamination, and the agency began focusing on completing remedy
construction, in particular pump-and-treat practices for groundwater con-
tainment and remediation. As more remediation began, it became clear that
reaching drinking water standards such as maximum contaminant levels
(MCLs), which were the applicable or relevant and appropriate require-
ments (ARARs) for many sites, was not always feasible, especially at sites
with complicated hydrogeology and/or recalcitrant contaminants (see Box
1-2 for definitions of these terms). Thus, during the 1990s EPA continued
to revisit and revise its policies for groundwater restoration. For those sites
where restoration is impracticable for the foreseeable future given site con-
ditions and the limitations of technologies, the agency created the Techni-
cal Impracticability (TT) Waiver (EPA, 1993). As specified in SARA, the TI
Waiver was one of six waiver options that allowed for alternative remedial
goals other than ARARSs in specified portions of a site. For groundwater T1I
waivers, this required the designation of a “TI Zone” in which a specific
ARAR (e.g., an MCL) would be waived. Outside of this zone, the original
ARARSs still need to be met.

By 1999, the CERCLA program was increasingly finding success in
achieving remedy construction milestones on many of the less complex
sites. Nonetheless, a 2001 report from Resources for the Future (Probst
and Konisky, 2001) stated that most complex sites still had contamination
in place at levels above those allowing for unlimited use and unrestricted
exposure. Despite these findings, the dedicated taxes supporting the CER-
CLA program expired in 1995 and have not been reinstated, such that the
trust fund was depleted in 2003 (although appropriations to the program
continue). Other programs have fared better, such as the Brownfields pro-
gram (which allows voluntary remediation of sites to promote the rede-
velopment and reclamation of properties where hazardous substances had
been detected or are potentially present) to which $250 million per year
was authorized in 2002. RCRA’s UST program received additional support
from the 2005 Energy Policy Act. In 2009, the American Recovery and
Reinvestment Act boosted funding for all remediation-related programs
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at EPA by $800 million and for other federal remediation programs by $5
billion3 (EPA, 2011b).

Today, EPA directives on groundwater remedies continue to evolve. In
June 2009, the Office of Solid Waste and Emergency Response compiled
all existing EPA groundwater policies into one singular directive (EPA,
2009). It reported that CERCLA action is only needed where groundwater
contamination exceeds drinking water standards. The directive identified
the role of institutional controls, which are non-engineered instruments
such as administrative and legal controls that help minimize the potential
for human exposure to contamination and/or protect the integrity of the
remedy, and determined they are generally not to be the sole basis for a
remedy. Classification of groundwater (i.e., whether an aquifer is a current
or potential source of drinking water) is to be conducted only by EPA unless
there is a state regulatory requirement to do so. And finally the directive
acknowledged that EPA policy on point of compliance is to restore ground-
water to the maximum extent practicable for beneficial reuse (see also Box
3-2). The report noted that in selecting remedial goals EPA is to consider
an array of criteria, including drinking water standards, site-specific risk
assessment, and land use.

THE LIFE CYCLE OF A CONTAMINATED SITE

The process for remediation of contaminated sites, from discovery to
closure, was first documented in the National Contingency Plan (40 CFR
300 et seq.) in 1980 to reflect the needs of CERCLA. Other regulatory
programs provide similar remedial guidance for active sites, including those
with underground storage tanks. The Departments of Energy and Defense
have developed their own processes that mirror the remedial process found
within CERCLA, but using different terminology, while the states imple-
ment the federal laws over which they have primacy as well as state pro-
grams that encompass additional contaminated sites.

The life-cycle components of the various federal and state remedial
programs are similar to one another and listed in Table 1-2 along with
approximate time frames for their completion. Following discovery of con-
tamination, a site must be characterized to determine the nature and extent
of the contamination, a process that can extend for years into the future for
some sites. One of the most important components of the site characteriza-
tion step is the creation of an accurate conceptual site model (discussed at
length in NRC, 2005a). If chemicals of concern are found to exceed certain
regulatory limits, and/or a risk characterization indicates that unacceptable

3http://www.recovery.gov/Transparency/fundingoverview/Pages/contractsgrantsloans-details.
aspx#EnergyEnvironment.
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TABLE 1-2 Components and Approximate Time Frames in the Life Cycle
of a Remediation Program

conditions exist, then several activities are possible. Interim responses may
be necessary to reduce immediate threats. Once these are in place, remedial
action objectives are set, and then remedial alternatives are evaluated and a
remedy selected that will meet those objectives within a “reasonable”* time

4 The definition of “reasonable” has been debated for many years at EPA and in state regu-
latory agencies. There are no statutory or regulatory definitions of this term in the context of
soil and groundwater cleanup. EPA explicitly adopted no single definition for all sites because
a “timeframe of 100 years may be reasonable for some sites and excessively long for others”
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frame. Once the remedy has been designed and installed, monitoring of the
impacted media and performance assessment of the remedial technology
commence. Information from the monitoring program is used to inform
future decision making, including the decision to continue remediation or
transition to more passive management. From here, actions can lead to
either site closure (including no further action required) or to long-term
management. If residual contamination persists at levels above those allow-
ing for unlimited use and unrestricted exposure, engineering and/or institu-
tional controls will be needed. For example, institutional controls like deed
restrictions are often necessary for long-term management at sites where
physical or hydraulic containment of the contamination is a component of
the final solution. Whether long-term management sites will ever attain con-
tamination levels below those allowing for unlimited use and unrestricted
exposure is often uncertain; at many sites, perpetual management may be
necessary, particularly those with recalcitrant contaminants.

In practice, the process of moving a site from investigation to closure
has been much more complex than implied in Table 1-2, and virtually all
phases of remediation take more time and resources than originally contem-
plated. At NPL sites the time lapse from discovery to remedy implementa-
tion can exceed two decades. For example, two sites at Letterkenny Army
Depot were listed on the NPL in 1987 and 1989, but as of 2011 neither
had reached the point of having a final remedy selected (although interim
actions have been taken to reduce risk including provision of alternative
water supplies). There are numerous reasons for the long time lags between
site discovery and closure, including the fact that remedial systems often
require modification during implementation due to uncertainties in tech-
nology performance. Limited and shrinking resources (particularly at the
state level) have also increased the time period between site discovery and
eventual remediation.

Some states have proposed changes to their remediation programs
in order to expedite moving sites through the system. For example, in
2009 New Jersey created a Licensed Site Remediation Professional (LSRP)
Program to address a backlog of relatively simple sites that were not yet
closed. Modeled after a similar program in Massachusetts, the New Jersey
program transfers responsibility for remediation from the state Department
of Environmental Protection (NJDEP) to private contractors licensed by
the state in order to reduce the backlog of cases that need to be reviewed
and approved by NJDEP. As of July 2010, a total of 392 LSRPs had been

(EPA, 1996). Because “reasonable” includes not just scientific judgments, but also values, risk
tolerances, and preferences for discounting effects on future generations, definitions can vary
by individual (Weitzman, 2001). The Committee, therefore, does not provide its own defini-
tion of “reasonable.”
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licensed within New Jersey, presumably allowing the NJDEP staff to dedi-
cate its resources to the high priority, complex cases and manage cases more
efficiently (NJDEP, 2011). Similarly, in California the State Water Resources
Control Board has begun to allow closure of thousands of “low-threat”
USTs even when groundwater contaminant concentrations exceed MCLs
in some portion of the site (SWRCB, 2012). Sites are eligible if remediation
has been attempted, the dissolved plume is shrinking, and the groundwa-
ter has no future as a drinking water source. California’s Regional Water
Quality Control Board (RWQCB) in Region 2 (San Francisco Bay area) has
attempted to put forth a similar policy for low-threat chlorinated solvent
sites (CA Region 2 RWQCB, 2009). Both California policies reflect the
belief that at certain sites with low long-term risks to human health or the
environment, closure could be granted despite some contaminant levels
exceeding regulatory limits. Whether this approach for closure of “low-
risk” of “low-threat” sites will be adopted by other regulatory agencies
responsible for groundwater remediation is uncertain.

At sites regulated under CERCLA, the desired goal of the remedial
process is to reach site closure as defined by unlimited use and unrestricted
exposure (a goal which may or may not be practical to attain for decades).
For non-CERCLA sites, site closure is often accompanied by a designation
of “no further action.” Within each of the major federal programs address-
ing subsurface contamination (CERCLA, RCRA, and RCRA UST) some
proportion of the site population has reached this final stage. However,
as mentioned before, a no-further-action designation does not necessarily
mean that the site is contaminant-free. Indeed, many sites closed under
the UST program have residual contamination left in place, some at levels
above those allowing for unlimited use and unrestricted exposure. In the
case of Superfund, an NPL delisting does not necessarily have to be based
on the attainment of MCLs if the human health and environmental risk of
the remaining contamination is minimal, groundwater migration is con-
trolled, and remediation is technically impracticable (see Chapter 2). Sites
that have residual contamination and require long-term management result
in continued remediation costs and liability for the responsible parties or,
in the case of “orphan” sites,> cost to taxpayers.

3 Orphan sites are those private (thus, not military) Superfund facilities for which no vi-
able potentially responsible party has been identified. These are transferred to state agencies
for further management ten years after reaching the construction completion milestone (see
Chapter 2).
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THE REMEDIATION CHALLENGE

Over the past two decades, the NRC has published several reports on
the technical, economic, institutional, and policy challenges arising from
contamination of the nation’s subsurface resources, with a particular focus
on whether or not groundwater restoration is feasible or practicable (Box
1-3). Each of the NRC studies has, in one form or another, recognized that
in almost all cases, complete restoration of contaminated groundwater is
difficult, and in a substantial fraction of contaminated sites, not likely to
be achieved in less than 100 years. The most difficult sites to remediate
are characterized by their large size, heterogeneous hydrogeology, and/
or multiple (and recalcitrant) contaminants. As suggested in Figure 1-1,
sites contaminated with dense nonaqueous phase liquids (DNAPLs) like
trichloroethene (TCE) and tetrachloroethene are particularly challenging to
restore because of their complex contaminant distribution in the subsurface.
At most complex sites, contamination will persist in the groundwater for a
long time at levels above those allowing for unlimited use and unrestricted
exposure. This reality, combined with the need to use the affected ground-
water in some cases, has led to a considerable debate about the relative
costs and benefits of remediating the sources of groundwater contamination
as opposed to pathway interruption (e.g., vapor mitigation and wellhead
treatment in the contaminant plumes).

Figure 1-2 shows four possible trajectories of post-remediation dis-
solved plume behavior at sites causing groundwater impacts. The first tra-
jectory assumes no remedial action, such that the state of the plume remains
as is and the regulatory goal at the receptor is never reached until the source
naturally depletes. The second trajectory represents ineffective remediation
where, after remediation stops, the dissolved plume returns to the original
state or to one with a bigger footprint and higher concentrations resulting
from source mass redistribution during the remediation attempt (e.g., the
DNAPL pools were mobilized during remediation). The third trajectory
shows a partially effective remedial action, but one in which the system
will not reach an acceptable state for a very long time (e.g., because of
matrix mass rebound after the removal of a DNAPL source that results in
long-term plume persistence). In this situation, the question of whether to
continue active remediation versus some more passive management like
containment becomes paramount. The fourth trajectory, which might be
called the best practicably achievable trajectory, represents a case where the
remediation has resulted in a post-remediation dissolved plume where the
remediation goals are achievable. Whether this trajectory can achieve reme-
dial goals in a reasonable length of time is not known and depends on the
scale of the x axis. Our ability to predict these trajectories for complex sites
is highly uncertain, because of imprecise knowledge of source zone mass
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BOX 1-3
Select NRC Studies Relevant to Groundwater
Remediation at Sites with Persistent Contamination

The following five NRC reports have particular relevance to this report, as they
address the feasibility of subsurface remediation from various perspectives:

Alternatives for Groundwater Cleanup? (NRC, 1994) reviewed extensive data from
77 pump-and-treat sites and found that ease of remediation depended on the na-
ture of the contamination present and the site hydrogeology. Only two of 77 sites
were rated as easy to clean up, and only eight of the 77 sites reached remedial
goals, like obtaining MCLs in groundwater. The report suggested that an infeasi-
bility fee be charged to potentially responsible parties (PRPs) to further research
and development of new technologies to remediate such sites.

Groundwater and Soil Cleanup: Improving Management of Persistent Contami-
nants (NRC, 1999) provided a comprehensive review of groundwater and soil
remediation technologies, focusing on three classes of contaminants that have
proven very difficult to treat once released to the subsurface: metals, radionu-
clides, and DNAPLs, such as chlorinated solvents. The report concluded that
“removing all sources of groundwater contamination, particularly DNAPLs, will
be technically impracticable at many Department of Energy sites, and long-term
containment systems will be necessary for these sites."

Natural Attenuation for Groundwater Remediation (NRC, 2000) focused on moni-
tored natural attenuation (MNA) and considered when and where MNA will work.
Prompted by the increasing use of MNA as a remedy at hazardous waste sites
(from less than 5 percent of Records of Decision in 1985 to more than 25 percent
in 1995), it evaluated the likelihood of success of MNA for many contaminant
classes. The report found that the likelihood of MNA success for most compounds
is low, despite the increase in its use at Superfund facilities. None of the 14
protocols reviewed in the report was completely adequate in its treatment of the
important scientific and technological, implementation, and community concerns
inherent to MNA. Thus, EPA was advised to provide new guidance on protocols.

and its distribution (sometimes referred to as “source zone architecture”®)
and due to the diversity of opinions on the anticipated cost, effectiveness,
and robustness of various remediation technologies.

¢ Source zone architecture refers to the distribution of DNAPL as either residual saturation
(immobile ganglia and blobs) in more permeable media or as pools on tops of low-permea-
bility layers. Residual DNAPL has a higher surface area, which provides greater exposure to
flowing groundwater, contributing significantly to downgradient contaminant mass flux. In
contrast, pools usually contain more DNAPL mass but have lower surface area exposed to
clean groundwater and a correspondingly lower contribution to mass flux. See Figure 1-1.
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Environmental Cleanup of Navy Facilities: Adaptive Site Management (NRC,
2003) developed the concept of adaptive site management (ASM) to deal with
sites where remedial goals have not been reached after some significant amount
of time operating the remedy (the so-called asymptote effect). The hallmark of
ASM is doing things while a remedy is ongoing that will inform the process if the
remedy fails. The report describes several management decision points at which
new information from parallel activities could be incorporated to allow site rem-

edies to be reconsidered over time.

Contaminants in the Subsurface (NRC, 2005a) responded to another trend in
hazardous waste remediation—the use of aggressive source removal. Source
removal via such technologies as in situ chemical oxidation, thermal treatment,
and surfactant-enhanced flushing was often attempted without a clear understand-
ing of whether those actions would in fact remove mass or lead to substantial
changes in contaminant concentration in groundwater. The report defined five
hydrogeologic settings, based on the degree of heterogeneity and permeability
found in subsurface soils. In addition, it created a table for each source remedia-
tion technology discussing the extent to which that technology could meet five
different goals in each of the five hydrogeologic settings. The goals included mass
removal, concentration reduction, mass flux reduction, reduction of source migra-
tion potential, and a change in toxicity. The report concluded that available data
from field studies do not demonstrate what effect source remediation is likely to

have on water quality.

2 Although sometimes used synonymously, there is an important difference between the
terms remediation and cleanup. Remediation is the “removal of pollutants or contaminants
from environmental media such as soil, groundwater, sediment, or surface water for the gen-
eral protection of human health and the environment” (http://sis.nim.nih.gov/enviro/iupacglos-
sary/glossaryr.html); it does not imply removal or destruction of all contaminants. Cleanup is
the restoration of the affected site to a condition allowing for UU/UE which generally implies
meeting drinking water standards in the case of contaminated groundwater. This report pri-

marily uses the term remediation to avoid confusion.

Key Challenges for Subsurface Remediation at DoD Facilities

The DoD has invested over $30 billion to address contamination of
the soil and groundwater at military bases in the United States and abroad
(OUSD, 2011). Under the Installation Restoration Program, many indi-
vidual sites have been closed with no further action required. However, at
complex sites characterized by multiple contaminant sources, large past
releases of chemicals, or highly complex geologic environments, meeting
the DoD’s ambitious programmatic goals for remedy in place/response
complete seems unlikely and site closure almost an impossibility. The recent
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FIGURE 1-1 Hypothetical DNAPL release site. In addition to residual and pooled
DNAPL sources, the figure depicts vapor-phase contaminants in the unsaturated
zone and a plume of dissolved and sorbed contamination in the saturated zone
downgradient of the DNAPL. Note that the residual DNAPL is more likely to occur
in sparse pools and fingers, rather than in the massive bodies inferred in the picture.
SOURCE: NRC (2005a); adapted from Cohen et al. (1993).
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The y axis could be any decision variable used to measure the remedial objective
(e.g., the contaminant concentration at a point of compliance).
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policy memorandum from the Air Force (Yonkers, 2011) regarding the
new milestone of accelerated site completion does not appear to clarify or
simplify military remediation requirements.

An example of the array of challenges faced by the DoD is provided by
the Anniston Army Depot, where groundwater is contaminated with chlo-
rinated solvents (as much as 27 million pounds of TCE [ATSDR, 2008])
and inorganic compounds. TCE and other contaminants are thought to
be migrating vertically and horizontally from the source areas, affecting
groundwater downgradient of the base including the potable water supply
to the City of Anniston, Alabama. The interim Record of Decision called
for a groundwater extraction and treatment system, which has resulted in
the removal of TCE in extracted water to levels below drinking water stan-
dards. Because the treatment system is not significantly reducing the extent
or mobility of the groundwater contaminants in the subsurface, the current
interim remedy is considered “not protective.” Therefore, additional efforts
have been made to remove greater quantities of TCE from the subsurface,
and no end is in sight. Modeling studies suggest that the time to reach the
TCE MCL in the groundwater beneath the source areas ranges from 1,200
to 10,000 years, and that partial source removal will shorten those times
to 830-7,900 years (Tetra Tech, 2011). Although Anniston is a strong can-
didate for a TT wavier, DoD officials have struggled to convince regulators
of the need for alternative remedial objectives (at this and other complex
military sites).

In part, the delays and transaction costs experienced at complex sites
have led to the use of alternative contracting mechanisms for site remedia-
tion within the DoD, including performance-based contracting. In some
cases, this has involved requesting guaranteed fixed-price proposals to
achieve certain milestones within specified schedule deadlines. The intent
of these contracting procedures is to accelerate remediation and reduce the
overall life-cycle costs (Army, 2010). Anecdotal stories suggest that this
process has indeed accelerated transition of sites to the status of remedy in
place, but not to site closure.

It appears that future liabilities for the DoD are unknown because of
the uncertain time frames to achieve remedial action objectives at the more
complex sites. It is probable that these sites will require significantly longer
remediation times than mandated, and thus, continued financial demands
for monitoring, maintenance, and reporting. In addition, the tension be-
tween remedial strategies involving long-term containment compared to
contaminant removal from the subsurface will likely continue, with a lack
of efficient protocols that could potentially reduce overall life-cycle costs.
Finally, consistent with DoD goals of achieving a greater level of environ-
mental sustainability in all environmental programs (DoD, 2009), increased
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incorporation of sustainability metrics in remedial decision making appears

likely.

STATEMENT OF TASK AND REPORT ROADMAP

Although technologies capable of removing substantial amounts of
contaminants from groundwater have evolved significantly over the last
40 vyears, our ability to predict remediation performance, and its associ-
ated groundwater quality improvement, with adequate certainty is limited.
Additional questions must be answered before management of sites can
proceed in a way that is protective in an era of limited financial resources.
The following questions guided the work of this NRC committee.

1. Size of the Problem
At how many sites does residual contamination remain such that site
closure is not yet possible? At what percentage of these sites does re-
sidual contamination in groundwater threaten public water systems?

2. Current Capabilities to Remove Contamination
What is technically feasible in terms of removing a certain percentage
of the total contaminant mass? What percent removal would be needed
to reach unrestricted use or to be able to extract and treat groundwa-
ter for potable reuse? What should be the definition of “to the extent
practicable” when discussing contaminant mass removal?

3. Correlating Source Removal with Risks
How can progress of source remediation be measured to best cor-
relate with site-specific risks? Recognizing the long-term nature of
many problems, what near-term endpoints for remediation might be
established? Are there regulatory barriers that make it impossible to
close sites even when the site-specific risk is negligible and can they be
overcome?

4. The Future of Treatment Technologies
The intractable nature of subsurface contamination suggests the need
to discourage future contaminant releases, encourage the use of innova-
tive and multiple technologies, modify remedies when new information
becomes available, and clean up sites sustainably. What progress has
been made in these areas and what additional research is needed?

5. Better Decision Making
Can adaptive site management lead to better decisions about how to
spend limited resources while taking into consideration the concerns of
stakeholders? Should life-cycle assessment become a standard compo-
nent of the decision process? How can a greater understanding of the
limited current (but not necessarily future) potential to restore ground-
water be communicated to the public?
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Although the focus of the study was on military sites, particularly those of
the U.S. Army, the conclusions and recommendations are relevant to both
public and private hazardous waste sites.

The study was intended to focus on those recalcitrant contaminants
occurring most frequently at the most complex sites, in particular organic
compounds present as DNAPLs. In addition, groundwater cleanup, as op-
posed to soil remediation, poses the greatest remediation challenge and
was thus the primary focus of this study. Other topics relevant to the na-
tion’s subsurface remediation efforts that are not reviewed here include
the impacts of agricultural activities on groundwater quality, abandoned
mine sites, and impacts from municipal and solid waste landfills. Finally,
although Department of Energy sites also illustrate the challenges of recal-
citrant contamination requiring long-term management, because a number
of NRC reports have reviewed sites with radioactive contaminants (NRC,
2005b, 2007, 2009) they are not discussed further here.

The questions in the statement of task are addressed variously through-
out the report. Thus, Chapter 2 attempts to bound the size of the prob-
lem (first task item), including federal sites under the jurisdiction of EPA
(CERCLA, RCRA, and UST programs), the military, the Department of
Energy, and state remediation programs. For all programs, the Committee
sought information on the total number of sites, the costs expended to date
and to clean up remaining sites, and the number of sites affecting a drinking
water supply. Chapter 2 (and Appendix C) also discusses sites that have
been “closed” and characterized as successes to illustrate the point that
many “closed” sites are still contaminated (though they are protective of
human health and the environment).

Chapter 3 discusses elements primarily from the third task item but also
from the second and fourth. With regards to the third task item, it outlines
common remedial objectives (stemming from regulatory programs) includ-
ing the use of MCLs and other risk-based objectives. It demonstrates the
flexibility inherent in CERCLA for defining measurable remedial objectives
that protect human health and the environment and prevent the spread of
contamination, in the most cost-efficient way. It also discusses a suite of
alternative remedial objectives that could be considered for sites slated for
long-term management and the barriers that prevent more frequent use of
these alternatives. The chapter introduces the concept of sustainability in
remediation and its role as a remedial objective (from the fourth task item),
and it provides the regulatory definition of “maximum extent practicable”
(from the second task item).

Chapter 4 focuses on the current capabilities of technologies to remove
or contain subsurface contamination (the second task item). For the major
classes of removal technologies, including extraction, thermal, chemical,
and biological technologies, as well as containment, the chapter updates the
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NRC (2005a) report in addressing what is technically feasible in terms of
removing contaminant mass. Case studies for the technologies are included
both within the chapter and in Appendix B to illustrate the capabilities of
existing technologies for removing mass from the subsurface. It should be
noted that the percent contaminant removal that would be needed to reach
unrestricted use, or to be able to extract and treat groundwater for potable
reuse, can only be determined on a site-specific basis and is not addressed
further in this report. It depends on knowing the amount of contamination
present at a site as well as the removal capabilities of the chosen well-head
treatment technologies.

Although not explicitly called for in the statement of task, the risks
of leaving residual contamination in place in the subsurface are discussed
comprehensively in Chapter 5. These include technological risks such as the
failure of hydraulic containment or barrier technologies, or the inability of
current treatment and containment systems to handle unregulated and un-
anticipated contaminants. Chapter 5 also discusses institutional issues that
arise when contamination remains in place, such as economic and litiga-
tion risks like possible natural resource damage and trespass suits and the
failure of institutional controls. The consequences of leaving contamination
in place for water utilities and domestic wells are discussed.

Chapter 6 focuses on the future of treatment technologies (fourth task
item). It provides a targeted discussion of those areas of technology devel-
opment relevant to the problem of leaving contamination in place, but is
not meant to be a comprehensive cataloging of remediation technologies
(see Chapter 4). In addition to remediation technologies, it speaks to ad-
vances in our understanding of hydrogeology and contaminant transport
pathways, improved diagnostics and new geophysical methods, and the use
of sensors for monitoring long-term management. It should be noted that
the report does not comprehensively discuss the need to discourage future
contaminant releases, as significant progress has been made in this area.
That is, it is now so expensive to manage contaminated sites that potentially
responsible parties will go to great lengths to avoid causing groundwater
contamination.

The report ends with a chapter on how better decision making can
help manage sites with residual contamination (addressing the fifth task
item, as well as the call for near-term endpoints in the third task item). This
includes the introduction of several important decision points and a transi-
tion assessment to help move sites to one of three end states. The transition
assessment is akin to the adaptive site management concept first developed
in NRC (2003), but focuses specifically on complex sites where long-term
management is likely needed. The chapter discusses the economic, risk
assessment, and risk communication implications of this transition assess-
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ment. Life-cycle assessment is not discussed further because it goes beyond
the issues presented by groundwater sites with residual contamination.

The Committee reached consensus on all conclusions and recommen-
dations in the report except regarding a proposal for a public/private
partnership that could be established to manage portfolios of sites in a
manner similar to initiatives undertaken by private responsible parties
(e.g., separate companies to manage legacy sites) or public agencies (e.g.,
Minnesota Pollution Control Agency’s Closed Landfill Program). In these
entities, liability and long-term responsibility for contaminated sites are
transferred from the responsible party to a new entity. In the case of the
Minnesota Pollution Control Agency, owners of sanitary landfills pay a fee
to the program in exchange for transfer of all future liability and manage-
ment costs. The Committee considered the concept of an industry/govern-
ment/public organization that could be formed to assume management
for a portfolio of sites, called the “environmental liability management
organization (ELMO).” PRPs would pay ELMO to assume liability and
site management, and the payment would cover expected damages and
management costs for as long as the contamination remains above levels
allowing for unlimited use and unrestricted exposure. The Committee could
not agree on the details of such a proposed entity, but all members agreed
that future consideration of such an organization could potentially provide
a number of advantages to all parties, especially in the context of long-term
management of sites.

Throughout the report are case studies of complex sites where it is
most likely that contamination will remain in place after remedy opera-
tion. These sites are the most important to the Army in terms of being
able to reach its 2014 goal of remedy in place/response complete and the
updated goals of DoD, and in determining its future remediation liability.
A list of the complex sites studied in depth by the Committee is found in
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Magnitude of the Problem

This chapter focuses on the first topic of the Committee’s statement of
task: assessing the size of the groundwater contamination problem caused
by residual subsurface contaminants. Specifically, in this chapter the Com-
mittee strives to answer three primary questions: (1) at how many sites does
residual contamination remain such that site closure is not yet possible, (2)
at what percentage of these sites does residual contamination in ground-
water threaten public water systems,! and (3) what are the projected costs
for reaching site closure or for long-term management? To answer these
questions, the Committee gathered information on the major federal and
state regulatory programs under which hazardous waste is cleaned up to
determine the size and scope of these programs and relevant trends over
time. The chapter also includes a discussion on “closed” sites (the mean-
ing of which varies by program), because such sites may contain residual
contamination at levels exceeding those allowing for unlimited use and
unrestricted exposure (UU/UE).

NUMBER OF U.S. HAZARDOUS WASTE SITES

The Committee sought the following types of information to assess the
magnitude of the nation’s hazardous waste problem:

I The Safe Drinking Water Act defines public water systems as consisting of community
water supply systems; transient, non-community water supply systems; and non-transient,
non-community water supply systems—all of which can range in size from those that serve as
few as 25 people to those that serve several million.

37
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e Number of sites characterized by progress through the major phases
of remediation from site discovery to site closure, as outlined in
Table 1-1,

¢ Principal chemicals of concern, and

e Status of “closed” sites with respect to the potential presence of
residual contamination.

At a national level, information was gathered from the U.S. Environmental
Protection Agency (EPA) for sites that fall under the Comprehensive En-
vironmental Response, Compensation, and Liability Act (CERCLA), Re-
source Conservation and Recovery Act (RCRA), or Underground Storage
Tank (UST) programs using publicly available databases and via conversa-
tions with EPA program officers. Department of Defense (DoD) sites were
explored with the aid of the online Annual Reports to Congress and via
conversations with DoD staff. Information from the Department of Energy
(DOE) and other federal agencies was collected from published literature.
Another large group of sites includes those that fall under state purview,
such as state Superfund, voluntary cleanup programs, Brownfields, and
some dry cleaning sites. Information about such sites was gathered from a
variety of sources, including state websites and databases, third-party web-
sites, published literature, and conversations with state program managers.

The numbers in this chapter reflect the Committee’s best efforts to com-
pile available data on the magnitude of the problem, but there is significant
uncertainty associated with some of the data. First, some of the reported
data reflect detailed analyses (e.g., DoD, CERCLA, RCRA) while other data
are only estimates. Second, there are differences in accounting across the
programs that make it difficult to assess the magnitude of the hazardous
waste problem on a consistent basis. In particular, CERCLA and RCRA’s
best available data are for facilities that could and often do contain many
individual contaminated sites. To make matters even more confusing, the
term “site” is used by the CERCLA and RCRA programs to mean an entire
facility, while other programs use the term “site” to represent an individual
contaminant release within a larger facility. In this report the term “site”
refers to an individual area of contamination within a facility; to avoid
confusion, the term “Superfund site” is not used when referring to a facility
on the Superfund list. Finally, the statement of task requests information
on the numbers of sites that have yet to reach “site closure”—a term that
is defined differently by each of the large federal cleanup programs as well
as by state agencies.

Considering these sources of uncertainty (estimates vs. real data, sum-
ming of facilities and individual sites, and the varying definitions of site
closure), the overall total should be considered as a rough idea of the
magnitude of the problem. Though it can be argued that there is limited
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utility in tallying the numbers of sites given these sources of uncertainty,
this is done at the end of the chapter to provide the reader with an order-
of-magnitude estimate of the size of the country’s burden for cleanup of
hazardous waste sites.

Department of Defense

The DoD environmental remediation program, measured by the num-
ber of facilities, is the largest such program in the United States, and perhaps
the world. In budgetary terms, it is only exceeded by the U.S. Department
of Energy’s Environmental Management Program. The Installation Restora-
tion Program (IRP), which addresses toxic and radioactive wastes as well as
building demolition and debris removal, is responsible for 3,486 installa-
tions containing over 29,000 contaminated sites at active, Base Relocation
and Closure (BRAC), and Formerly Used Defense Site (FUDS) properties
(see Table 2-1). The Military Munitions Response Program, which focuses
on unexploded ordnance and discarded military munitions, is beyond the
scope of this report and is not discussed further here, although its future
expenses are greater than those anticipated for the IRP. Additionally, DoD
has responsibility for sites that are not included in the IRP totals, including
67 properties (primarily private waste disposal sites) in 31 states (OUSD,
2011). In total, the DoD has 141 installations that have been listed on the

TABLE 2-1 DoD Installation Restoration Program Installations, Sites,
Expenses to Date, and Cost to Complete?

Costs Through Cost to
Number of Number FY10 Complete

IRP Installations of Sites (1000s) (1000s)
Active 1,622 21,528 $19,693,452 $7,230,071
Base Realignment and 228 5,127 $8,085,265 $2,706,374
Closure(BRAC)
Formerly Used 1,636 2,921 $3,136,362 $2,820,145
Defense Site (FUDS)
Total 3,486 29,576  $30,915,079" $12,756,590

9 According to the DERP Annual Report to Congress for FY 2010, the cost to complete (CTC)
is derived from site-level funding information and can be impacted by prioritization, input
from regulators and other stakeholders, the complexity of the cleanup, and the technologies
that are available and chosen (DoD, 2012). The cost numbers are not adjusted for inflation.
b An additional $97.9 million was spent on remediation of sites not included in the Installation
Restoration Program through 2010 (OUSD, 2011, p. E9-1).

SOURCE: OUSD (2011).
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FIGURE 2-1 DoD CERCLA environmental restoration phases and milestones.
SOURCE: Adapted from OUSD (2011).

National Priorities List (NPL) because they contain at least one very con-
taminated site, thus qualifying the entire installation for the NPL.

The phases and milestones used by the DoD to measure progress are
shown in Figure 2-1. The DoD has established a performance goal for ac-
tive and BRAC installations to achieve either the remedy-in-place or the
response-complete milestone by 2014.2 FUDS are supposed to achieve
those milestones by 2020. As shown in Table 2-2, 79 percent of Installa-
tion Restoration Program sites have met that goal as of FY 2010. While
impressive, these numbers should not be taken to imply that the remaining
sites will be remediated at the same pace. This is because the bulk of the
response-complete sites to date have been “low-hanging fruit,” completed
with little remediation activity. Indeed, at least 62 percent of the Installation
Restoration Program sites that have achieved response complete (14,302
sites) did so without reporting a remedy in place (Deborah Morefield, DoD,
personal communication, January 2011). Furthermore, in July 2011 DoD
established more demanding goals based upon moving sites from remedy
in place to response complete (Conger, 2011), such that success has been
redefined within the agency to mean that 95 percent of Installation Restora-
tion Program sites must achieve response complete by 2021.

The Defense Department’s task is formidable because the remaining

22015 for Legacy BRAC sites.
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site portfolio consists primarily of the largest and most complex sites,
such as groundwater plumes containing difficult-to-remediate substances
such as chlorinated solvents that can be present in the subsurface as dense
nonaqueous phase liquids (DNAPLs). In the Committee’s experience, these
account for many of the 1,933 Installation Restoration Program sites where
remedies are in place but which have not achieved response complete (Table
2-2), as well as many of the sites still undergoing study. DoD counts nearly
1,400 sites in the Long-Term Management phase, when the active response
is complete, but where residual contamination remains above levels allow-
ing for UU/UE. These sites may be subject to land use restrictions, periodic
reviews, monitoring, and/or maintenance. Thus, the known number of
DoD Installation Restoration Program sites with residual contamination
in place is 4,329 (2,931 + 1,398). (Sites with a remedy in place or which
are response complete are not included in this total because it would be
impossible to know whether they contain residual contamination without
considering each site.)

A snapshot of the DoD’s contaminated sites is provided by a 2006
survey of occurrence data of hazardous contaminants at 440 installations
for which the armed services had electronic records (Hunter, 2006). These
installations accounted for about two-thirds of the total Installation Resto-
ration Program’s sites. The researchers reported that trichloroethene (TCE)
has been found in groundwater at concentrations above the preliminary re-
mediation goal at 69 percent of those installations. Another volatile solvent,
tetrachloroethene (PCE), was found above its preliminary remediation goal
at 57 percent of the 440 installations. Naphthalene, a key component of
jet fuel, was found above its preliminary remediation goal at 48 percent of
the installations. They also reported the widespread presence of toxic met-
als such as lead, arsenic, and nickel at high levels, but noted that most of
those concentrations were consistent with naturally occurring background
concentrations.

TABLE 2-2 DoD Installation Restoration Program Sites by Select
Cleanup Phases or Milestones (see Figure 2-1)

Cleanup Long-Term
Planned or Remedy Response Management
IRP Under Way in Place Complete Under Way
Active 2,083 1,530 17,053 905
BRAC 529 396 4,065 403
FUDS 319 7 2,110 50
Total 2,931 1,933 23,228 1,398

NOTE: Remedy in Place is a subset of Cleanup Planned or Under Way and Long-Term Man-
agement Under Way is a subset of Response Complete.

SOURCE: OUSD (2011).
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CERCLA

The CERCLA program was established to address hazardous sub-
stances at abandoned or uncontrolled hazardous waste sites. Through the
CERCLA program, the EPA has developed the National Priorities List
(NPL), which is periodically updated to reflect facilities with the highest
priority hazardous waste sites.> The remedial actions at most nongovern-
mental CERCLA facilities are implemented by potentially responsible par-
ties (PRPs) through legally enforceable administrative orders or settlement
agreements, with EPA being the main agency responsible for enforcing the
program. Where there are no viable nongovernmental PRPs, EPA performs
the remediation pursuant to federal funds (i.e., the so-called Superfund, a
term that has come to define the entire program). At governmental facili-
ties, other federal agencies such as the DoD and DOE are responsible for
cleaning up their sites in accordance with CERCLA requirements. States
can also take the lead in determining remedial alternatives and contracting
for the design and remediation of a site. Table 2-3 shows the phases of the
CERCLA program, including the major milestones.

There are 1,723 facilities that have been on the NPL, including 59 that
have been proposed by the EPA and are currently awaiting final agency ac-
tion. Table 2-4 below shows a breakdown of these by status and milestone.
As of June 2012, 359 of the 1,723 facilities have been “deleted” from the
NPL, which means the EPA has determined that no further response is
required to protect human health or the environment; 1,364 remain on the
NPL. About 80 of those deleted facilities had contaminated groundwater
and were evaluated more extensively by the Committee (see later section
on closed sites and Appendix C). Facilities that have been deleted from
the NPL are eligible for future Superfund-financed remedial action in the
event of future conditions warranting the action. To provide some temporal
perspective on these numbers, in 2004 there were 1,244 NPL facilities. At
that time, 274 had been deleted from the NPL or referred for response to
another authority.

Statistics from EPA (2004) illustrate the typical complexity of haz-
ardous waste sites at facilities on the NPL. Volatile organic compounds
(VOGs) are present at 78 percent of NPL facilities, metals at 77 percent,
and semivolatile organic compounds (SVOCs) at 71 percent. All three
contaminant groups are found at 52 percent of NPL facilities, and two of
the groups at 76 percent of facilities (but not necessarily in the same ma-
trix, i.e., soil, groundwater, sediment). In 1993, EPA (1993) reported that

3 See http://www.epa.gov/superfund/programs/npl_hrs/nplon.htm for a description of how
facilities are placed on the NPL. Note that CERCLA refers to facilities/installations as “sites”
and smaller units within those facilities as “operable units”—terminology which is not used in
this report unless an EPA CERCLA source is being cited, like Tables 2-3 and 2-4.
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TABLE 2-3 Definition of CERCLA Milestones

PA/SI

NPL Listing

RI/ES

ROD

RD/RA

Construction

Completion

Post Construction

Completion

NPL Deletion

Reuse

Preliminary Assessment/Site Inspection

Investigations of site conditions. If the release of hazardous
substances requires immediate or short-term response actions, these
are addressed under the Emergency Response program of CERCLA.

National Priorities List (NPL) Site Listing Process
A list of the most serious sites identified for possible long-term
cleanup.

Remedial Investigation/Feasibility Study

Determines the nature and extent of contamination. Assesses
the treatability of site contamination and evaluates the potential
performance and cost of treatment technologies.

Records of Decision

Explains which cleanup alternatives will be used at a given NPL
facility. When remedies exceed $25 million, they are reviewed by
the National Remedy Review Board.

Remedial Design/Remedial Action

Preparation and implementation of plans and specifications for
applying site remedies. The bulk of the cleanup usually occurs
during this phase.

Construction Completion

Identifies completion of physical cleanup construction, although this
does not necessarily indicate whether final cleanup levels have been
achieved.

Post Construction Completion

Ensures that CERCLA response actions provide for the long-
term protection of human health and the environment. Included
here are long-term response actions, operation and maintenance,
institutional controls, five-year reviews, and remedy optimization.

National Priorities List Deletion
Removes a site from the NPL once all response actions are complete
and all cleanup goals have been achieved.

Site Reuse/Redevelopment

Information on how the CERCLA program is working with
communities and other partners to return hazardous waste sites to
safe and productive use without adversely affecting the remedy.

SOURCE: Adapted from http://www.epa.gov/superfund/cleanup/index.htm.

DNAPLs, which commonly include TCE and PCE, were observed directly
in the subsurface at 44 of 712 NPL facilities examined. EPA (1993) also
concluded that approximately 60 percent of NPL facilities at that time
(1991) exhibited a medium-to-high likelihood of having DNAPL present
as a source of subsurface contamination. Of the facilities on the NPL as of
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TABLE 2-4 National Priority List Site Status

Status Non-Federal Federal Total
Proposed Sites 55 4 59
Final Sites 1,147 158 1,305
Deleted Sites 344 15 359
Total 1,546 177 1,723
Milestones? Non-Federal Federal Total
Partial Deletions? 40 17 57
Construction Completions® 1,053 70 1,123

@ Sites that have achieved these milestones are included in one of the three NPL status cat-
egories (i.e., proposed, final, deleted).

b Partial deletion reflects the deletion from the NPL of specific operable units within a larger
CERCLA facility. The EPA recognizes partial deletions to “communicate the completion of
successful partial cleanups” and “help promote the economic redevelopment of Superfund
sites” (60 FR 55466).

¢ “Construction completions™ indicates completion of the physical construction of the rem-
edy, although this does not necessarily indicate whether final remedial objectives have been
achieved.

SOURCE: Modified from EPA’s list of NPL Site Totals by Status and Milestone, as of June 1,
2012. http://www.epa.gov/superfund/sites/query/queryhtm/npltotal.htm

2004, 83 percent require remediation of groundwater, 78 percent soil, 32
percent sediment, and 11 percent sludge (EPA, 2004).

CERCLA uses additional metrics than those in Tables 2-3 and 2-4 to
describe the program’s progress. According to the Superfund National Ac-
complishments Summary Fiscal Year 2010 (http://www.epa.gov/superfund/
accomp/numbers10.html), the program has controlled potential or actual
exposure risk to humans at 1,338 NPL facilities and has controlled the mi-
gration of contaminated groundwater at 1,030 NPL facilities. At 66 NPL
facilities all long-term protections necessary for anticipated use, including
institutional controls, are in place and 475 facilities are classified as ready
for anticipated reuse.

RCRA Corrective Action Program

Among other objectives, the Resource Conservation and Recovery
Act (RCRA) governs the management of hazardous wastes at operating
facilities that handle or handled hazardous waste. RCRA assigns the facil-
ity owners and operators the responsibility for corrective action, and it
delegates oversight authority to the states (for those states that the EPA has
authorized to implement the program). Because the RCRA program also
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TABLE 2-5 Universe of RCRA Facilities

RCRA Milestone Number of Facilities
CA 725 - Current Human Exposures Under Control 2,821
CA 750 - Groundwater Releases Controlled 2,465
CA 550 - Remedy Constructed 1,506
CA 900 - Corrective Action Performance Standards Attained 903

(Controls Required or No Controls Necessary)
or

CA 999 - Corrective Action Process Terminated?

7 CA 900 is the newer RCRA metric for corrective action complete. It is a voluntary report-
ing element, however, and not all EPA regions are using this metric at this time. CA 999 was
used by some EPA regions in the past, but with differing definitions. This, too, was voluntary
and has not been used for all facilities that meet its criteria. The cumulative number of CA
900 and CA 999 is 903.

SOURCE: Sara Rasmussen, EPA RCRA Office, personal communication, August 11, 2011
and September 7, 2011. CA denotes “corrective action.”

governs waste generation and management, remediation to unlimited use
and unrestricted exposure is not necessarily the focus as it is in CERCLA
(although remediation under RCRA corrective action or CERCLA will
substantively satisfy the requirements of both programs [EPA, 1996a]).
Furthermore, RCRA remedies are not statutorily bound to comply with the
nine criteria of the National Contingency Plan. Rather, EPA has emphasized
the need to protect human health and the environment by dealing expedi-
tiously with those sites that present the greatest risks.

Beginning in the late 1990s, the program emphasized achievement of
two interim milestones: (1) the human exposures environmental indicator
“ensures that people near a particular site are not exposed to unacceptable
levels of contaminants,” and (2) the groundwater environmental indica-
tor “ensures that contaminated groundwater does not spread and further
contaminate groundwater resources.”* These indicators have now been
satisfied at most of the highest-priority sites (see Table 2-5). Note that the
points of compliance where cleanup objectives must be met at operating
RCRA facilities may be defined by the property boundaries. The program
has recently expanded its focus to include implementing more permanent
solutions, and has created the milestone of final remedy construction, which
is similar to the CERCLA milestone construction complete.

Although tens of thousands of waste handlers are potentially subject to
RCRA, currently EPA has authority to impose corrective action on 3,747

4 See also http://www.epa.gov/epawaste/hazard/correctiveaction/programs.htm.
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RCRA hazardous waste facilities in the United States (deemed the “2020
Universe”).’ Federal facilities (primarily DoD or DOE) represent 5 percent
of the 2020 Universe. The 2020 Universe contains a wide variety of facili-
ties, including heavily contaminated properties yet to be cleaned up, others
that have been cleaned up, and some that have not been fully investigated
yet and may require little or no remediation. Multiple hazardous waste
sites, designated as solid waste management units (SWMUs), may exist
inside RCRA facilities, but numbers of SWMUs are not compiled by EPA
headquarters.

Table 2-5 presents the national accomplishments and status of these
facilities as of August 11, 2011. In terms of the number that have reached
“closure,” 903 RCRA facilities are categorized as either “Corrective Action
Performance Standards Attained (Controls Required or No Controls Nec-
essary) or “Corrective Action Process Terminated,” leaving 2,844 needing
additional remediation efforts.

Underground Storage Tank Program

In 1984, Congress recognized the unique and widespread problem
posed by leaking underground storage tanks by adding Subtitle I to RCRA.
This led to the creation of EPA’s Office of Underground Storage Tanks
(OUST) and the development and implementation of a regulatory program
for UST systems. UST contaminants are typically light nonaqueous phase
liquids (LNAPLSs) such as petroleum hydrocarbons and fuel additives. Re-
sponsibility for the UST program has been delegated to the states (or even
local oversight agencies such as a county or a water utility with basin
management programs), which set specific cleanup standards and approve
specific corrective action plans and the application of particular technolo-
gies at sites. This is true even for petroleum-only USTs on military bases, a
few of which have hundreds of such tanks.

At the end of 2011, there were 590,104 active tanks in the UST pro-
gram (EPA, 2011a). Active tanks are registered with the state subject to the
Subtitle I regulations, but they do not necessarily have releases. Currently,
there are 87,983 leaking tanks that have contaminated surrounding soil and
groundwater, the so-called “backlog.” The backlog number represents the
cumulative number of confirmed releases (501,723) minus the cumulative
number of completed cleanups (413,740). Since the mid-1990s the number
of open releases has been declining, yet the pace at which the EPA cleans up
the backlog has also slowed (EPA, 2009a). In a study of unaddressed con-
firmed releases from USTs in 14 states, EPA (2011b) reported that almost

5 See http://www.epa.gov/osw/hazard/correctiveaction/ facility/index.htm#2020.
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half the releases in the backlog are over 15 years old, and that 78 percent
of the releases in the backlog have groundwater contamination.

Department of Energy

The DOE faces the task of cleaning up the legacy of environmental
contamination from activities to develop nuclear weapons during World
War II and the Cold War. Contaminants include short-lived and long-lived
radioactive wastes, toxic substances such as chlorinated solvents, “mixed
wastes” that include both toxic substances and radionuclides, and, at a
handful of facilities, unexploded ordnance. Much like the military, a given
DOE facility or installation will tend to have multiple sites where con-
taminants may have been spilled, disposed of, or abandoned that can be
variously regulated by CERCLA, RCRA, or the UST program. The DOE
Environmental Management program, established in 1989 to address sev-
eral decades of nuclear weapons production, “is the largest in the world,
originally involving two million acres at 107 sites in 35 states and some of
the most dangerous materials known to man” (DOE, 2012a). Since 1989,
DOE has also operated an office to develop scientific and technological
advancements to meet environmental management challenges, called the
Office of Engineering and Technology. In 2003, the Office of Legacy Man-
agement was established to focus on long-term care of legacy liabilities from
former nuclear production areas following cleanup at each site.

Given that major DOE sites tend to be more challenging than typical
DoD sites, it is not surprising that the scope of future remediation is sub-
stantial (NRC, 2009). Furthermore, because many DOE sites date back 50
years, contaminants have diffused into the subsurface matrix, considerably
complicating remediation. Several previous NRC reports have summarized
the nature and extent of contamination at DOE sites (for example, NRC,
1999). There are examples of success stories, such as the 2005 decommis-
sioning of the Rocky Flats Site, arguably once the nation’s most highly
contaminated plutonium site.

DOE’s Environmental Management has historically been responsible
for restoration at 134 installations that have about 10,000 release sites,
although 21 installations were transferred to the U.S. Army Corps of En-
gineers in 2004 and one installation was added in 2001 (EPA, 2004). EPA
(2004) reported that DOE had completed active remediation at about half
of its release sites, leaving about 5,000 sites where cleanup had not been
completed. More recent reports suggest that about 7,000 individual release
sites out of 10,645 historical release sites have been “completed,” which
means at least that a remedy is in place (DOE, 2011, pp. 52 ff), leaving
approximately 3,650 sites remaining. In 2004, DOE estimated that almost
all installations would require long-term stewardship (EPA, 2004).
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Since 1998, the U.S. Army Corps of Engineers has managed the For-
merly Used Sites Remedial Action Program (FUSRAP), established by DOE
in 1974 to remediate nuclear weapons program sites formerly operated by
the Manhattan Project and the Atomic Energy Commission. As of 2011,
there are 24 active FUSRAP properties in ten states.

Other Federal Sites

Sites operated by civilian federal agencies include all federal agencies
except for DOE and DoD. Federal agencies must comply with CERCLA
and RCRA in the same manner as private parties and are liable for reme-
diation at current or previously owned properties. As of April 1995, over
3,000 contaminated sites on 700 facilities, distributed among 17 non-DoD
and non-DOE federal agencies, were potentially in need of remediation.
The Department of Interior (DOI), Department of Agriculture (USDA), and
National Aeronautics and Space Administration (NASA) together account
for about 70 percent of the civilian federal facilities reported to EPA as
potentially needing remediation (EPA, 2004).

EPA (2004) estimates that many more sites have not yet been reported,
including an estimated 8,000 to 31,000 abandoned mine sites, most of
which are on federal lands, although the fraction of these that are impact-
ing groundwater quality is not reported. The Government Accountability
Office (GAO) (2008) determined that there were at least 33,000 abandoned
hardrock mine sites in the 12 western states and Alaska that had degraded
the environment by contaminating surface water and groundwater or leav-
ing arsenic-contaminated tailings piles.

State Sites

A broad spectrum of sites is managed by states, local jurisdictions, and
private parties, and thus are not part of the CERCLA, RCRA, or UST pro-
grams. These types of sites can vary in size and complexity, ranging from
sites similar to those at facilities listed on the NPL to small sites with low
levels of contamination. A gross classification of such sites is (1) those cov-
ered under state programs that mandate remediation and (2) state voluntary
cleanup programs and/or Brownfields sites.

The mandated programs, which are roughly patterned after the
CERCLA program, generally include enforcement authority and state funds
to finance the remediation of waste sites. Almost all states have such man-
dated hazardous waste programs, which generally include provisions for
long-term remedial action, funding sources, enforcement authorities, staff
to administer and oversee remediation, and efforts to ensure public partici-
pation (EPA, 2004). These sites are referred to as “state Superfund” sites
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in this report. For example, Georgia’s state Superfund statute was enacted
in 1992 and as of July 1, 2010, the list in Georgia had a total of 568 sites
(Georgia Environmental Protection Division, 2010). It should be noted that
a small and expensive part of the state Superfund caseload is likely to be the
NPL facilities where no PRP was ever identified for which the responsibility
for long-term operation and maintenance of the remedy is transferred from
EPA to the state 10 years after a site remedy has been operational. These
so-called orphan sites can create a substantial burden on state governments
(see Box 2-1 for an example in Washington State).

Voluntary cleanup programs and Brownfields programs encourage pri-
vate parties to remediate sites voluntarily rather than expend state resources
on enforcement actions or remediation. Fifty states and territories have
established voluntary cleanup programs, and 31 states have established
separate Brownfields programs. States typically define Brownfields sites as
industrial or commercial facilities that are abandoned or underutilized due
to environmental contamination or fear of contamination. EPA (2004) pos-
tulated that only 10 to 15 percent of the estimated one-half to one million
Brownfields sites have been identified.

Forty-one states have long-term stewardship programs for hazardous
waste sites (EPA, 2004). The most common mechanisms used for long-term
stewardship are educational materials, information systems such as signs,
published notices, warnings about consumption of wildlife and fish, and
government controls such as zoning. Scant funds have been committed to
this effort (EPA, 2004). As of 2000, 40 states had a priority list or inventory
of state sites (EPA, 2004), but the approach, definitions, and extent of these
lists vary from state to state.

As of 2000, 23,000 state sites had been identified as needing further
attention that had not yet been targeted for remediation (EPA, 2004). The
same study estimated that 127,000 additional sites would be identified by
2030.

Dry Cleaner Sites

Active and particularly former dry cleaner sites present a unique prob-
lem in hazardous waste management because of their ubiquitous nature
in urban settings, the carcinogenic contaminants used in the dry cleaning
process (primarily the chlorinated solvent PCE, although other solvents
have been used), and the potential for the contamination to reach receptors
via the drinking water and indoor air (vapor intrusion) exposure pathways.
Depending on the size and extent of contamination, dry cleaner sites may
be remediated under one or more state or federal programs such as RCRA,
CERCLA, or state mandated or voluntary programs discussed previously,
and thus the total estimates of dry cleaner sites are not listed separately in
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BOX 2-1
Wyckoff/Eagle Harbor Orphan Superfund
Site, Washington State

The Wyckoff-Eagle Harbor Superfund site, located on the east side of Bain-
bridge Island, Washington, in central Puget Sound, was added to the NPL in
1987. The site is considered an “orphan” site because the previous owner is de-
funct with no insurance coverage available to address the legacy contamination.
The site includes a former wood-treating facility and shipyard, and contaminated
sediments in Eagle Harbor adjacent to these former facilities. The Wyckoff wood-
treating facility operated on the site for 85 years, and these operations resulted in
soil and groundwater contamination (including creosote, pentachlorophenol, and
various polycyclic aromatic hydrocarbons). The shipyard contaminated the harbor
sediments with organic compounds and heavy metals, including lead, copper, and
mercury.

EPA has divided the site into four operable units (OUs) one of which included
groundwater beneath the Former Process Area. A Record of Decision (ROD) for
the groundwater OU was signed in 2000 with the preferred remedy being physi-
cal containment combined with a pump-and-treat system to reduce groundwater
discharges to Puget Sound.

Because of concerns about long-term containment of the groundwater OU,
steam technology was pilot tested to achieve mass removal from the subsurface.
The pilot study was determined to be unsuccessful, partly because of improper
operation of the technology. Nonetheless, a 2005 Engineering Evaluation of Re-
mediation Scenarios for the site concluded that any source depletion technology
would not likely be sufficient to reduce groundwater concentrations to the levels
specified in the ROD. An Explanation of Significant Differences published in 2007
modified some details of the remedy, but containment remained the remedy for
the groundwater OU. As of 2007, the on-site groundwater extraction system, which

Table 2-6. However, dry cleaner sites are discussed here because of the high
prevalence of active and inactive dry cleaner sites across the nation, their
frequent proximity to residential neighborhoods, the highly recalcitrant and
toxic nature of the contaminants released, and the importance of the vapor
intrusion pathway. Thirteen states® have legislation specific to dry cleaner
sites including earmarked funds for site investigation and remediation. Cu-

¢ These states—Alabama, Connecticut, Florida, Illinois, Kansas, Minnesota, Missouri,
North Carolina, Oregon, South Carolina, Tennessee, Texas, and Wisconsin—are members of
the State Coalition for Remediation of Drycleaners (SCRD). California, Maryland, New Jersey,
New York, and Virginia are also represented within the coalition as being active in the area of
dry cleaner remediation, although they do not have dry cleaner-specific programs. Established
in 1998, the Coalition’s primary objectives are “to provide a forum for the exchange of in-
formation and the discussion of implementation issues related to established state dry cleaner
programs; share information and lessons learned with states without dry cleaner-specific pro-
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has been in operation since 1993, had removed approximately 100,000 gallons
of nonaqueous phase liquid (NAPL) and treated over 475 million gallons of con-
taminated groundwater. It is estimated that the volume of NAPL in the subsurface
of the Former Process Area is approximately 1.2 million gallons. Costs to date
for the remedy are not readily available, but are estimated to be more than $130
million.

There is uncertainty about the Washington Department of Ecology’s (WDOE)
ability to effectively carry out long-term stewardship of the site consistent with the
current ROD/Explanation of Significant Differences, given that the remedy must be
maintained for hundreds of years. The two primary concerns include (1) the long-
term environmental consequence of leaving large amounts of mobile contamina-
tion beneath the Former Process Area, given its sensitive location on the shores
of Puget Sound, and (2) the financial burden that this action places on Washington
State—an in-perpetuity and federally mandated obligation for the State to maintain
active operation and maintenance of the remedy, including periodic rebuilding of
the containment components such as the groundwater extraction system and
perimeter sheet pile wall. The WDOE estimates that life-cycle costs are in excess
of hundreds of millions of dollars.

As a result of these concerns, the WDOE has not yet entered into a long-
term Superfund State Contract with the EPA for the long-term operations and
maintenance for the soil and groundwater OUs. In 2010, WDOE undertook an
assessment of alternatives that could potentially decrease or eliminate the need
for long-term stewardship. No decision has yet been made regarding the imple-
mentation of a new remedy for the groundwater OU as of June 2012.

The lessons learned from this site are a significant concern nationwide, given
the expected large number of orphan sites under the CERCLA program and the
difficult financial conditions currently facing state governments, who will ultimately
be responsible for these orphan sites.

mulative statistics of remediation for these states provides an illustration of
the state of progress in remediating U.S. dry cleaner sites (SCRD, 2010a):

e 3,817 sites in dry cleaning programs,
e 2,177 sites where contamination assessment work has been initiated,
e 1,221 sites where contamination assessment work has been
completed,
e 574 sites where remediation has been initiated,
2035 sites where remediation has been completed, and
693 sites closed.

grams; and encourage the use of innovative technologies in dry cleaner remediation” (http://
www.drycleancoalition.org). Approximately one-third of the nation’s dry cleaners are located
in states participating in the SCRD (EPA, 2004).
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In 2004, there were an estimated 30,000 commercial, 325 industrial,
and 100 coin-operated active dry cleaners in the United States (EPA, 2004).
Despite their smaller numbers, industrial dry cleaners produce the major-
ity of the estimated gallons of hazardous waste from these facilities (EPA,
2004). As of 2010, the number of dry cleaners has grown, with an esti-
mated 36,000 active dry cleaner facilities in the United States—of which
about 75 percent (27,000 dry cleaners) have soil and groundwater contami-
nation (SCRD, 2010b).

In addition to active sites, dry cleaners that have moved or gone out
of business—i.e., inactive sites—also have the potential for contamination.
Unfortunately, significant uncertainty surrounds estimates of the number
of inactive dry cleaner sites and the extent of contamination at these sites.
Complicating factors include the fact that (1) older dry cleaners used sol-
vents less efficiently than younger dry cleaners thus enhancing the amount
of potential contamination and (2) dry cleaners that have moved or were
in business for long amounts of time tend to employ different cleaning
methods throughout their lifetime. EPA (2004) documented at least 9,000
inactive dry cleaner sites, although this number does not include data on
dry cleaners that closed prior to 1960. There are no data on how many of
these documented inactive dry cleaner sites may have been remediated over
the years. EPA estimated that there could be as many as 90,000 inactive dry
cleaner sites in the United States.

COST ESTIMATES

In addition to tracking the number of hazardous waste sites that have
not yet reached closure, the Committee sought information on the cleanup
costs expended to date and cost estimates for reaching closure (including
estimates for remediation efforts and for long-term management, within the
next 30 to 50 years) for each of the programs discussed in the previous sec-
tion. This information was available for some of the programs but not all
(as summarized in Table 2-6). Cost estimates to reach closure (i.e., where no
further action is required) are notoriously uncertain and subject to change
whenever new contamination is discovered, technology performance and
its cost becomes better known, and regulatory perspectives or requirements
change. Some cost estimates may be based on unrealistic expectations of
remediation performance, particularly in situations with recalcitrant con-
taminants in complex geologic settings. Also, cost-to-complete estimates
frequently underestimate the cost of long-term management. Thus, the
Committee, based on its experience, has low confidence in the following
cost projections.
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Department of Defense

The Installation Restoration Program reports that it has spent approxi-
mately $31 billion through FY 2010, and estimates for “cost to complete”
exceed $12 billion (Table 2-1). The program’s cost to complete actually
rose by more than $587 million between 2009 and 2010, despite an annual
expenditure totaling nearly $1.3 billion (OUSD, 2011, p. E-9; DEPARC,
2010, p. C-1-1). DoD has collected almost $578 million from non-DoD
parties as cost-sharing for IRP projects. The lion’s share, over $548 million,
has been Shell Oil’s payment for remediation at the Rocky Mountain Ar-
senal in Colorado, where Shell produced pesticides after the Army stopped
manufacturing chemical weapons (OUSD, 2011, p. D-6).

CERCLA

Implementation costs for the CERCLA program are difficult to ob-
tain because most remedies are implemented by private, nongovernmental
PRPs and generally there is no requirement for these PRPs to report actual
implementation costs. PRPs have historically paid for 70 percent of costs
associated with facilities on the NPL. EPA (2004) estimated that the cost
for addressing the 456 facilities that have not begun remedial action is
$16-$23 billion.” A more recent report from the GAO (2009) suggests that
individual site remediation costs have increased over time (in constant dol-
lars) because a higher percentage of the remaining NPL facilities are larger
and more complex (i.e., “megasites”) than those addressed in the past. Ad-
ditionally, GAO (2009) found that the percentage of NPL facilities without
responsible parties to fund cleanups may be increasing.

When no PRP can be identified, the cost for Superfund remediation is
shared by the states and the Superfund Trust Fund. The Superfund Trust
Fund has enjoyed a relatively stable budget—e.g., $1.25 billion, $1.27
billion, and $1.27 billion for FY 2009, 2010, and 2011,® respectively—al-
though recent budget proposals seek to reduce these levels. States contribute
as much as 50 percent of the construction and operation costs for certain
CERCLA actions in their state. After ten years of remedial actions at such
NPL facilities, states become fully responsible for continuing long-term
remedial actions.

7 This total is based on an average cost per operable unit of $1.4 million for RI/FS, $1.4
million for remedial design, $11.9 million for remedial action, and $10.3 million for long-term
remedial action (EPA, 2004).

8 See http://www.epa.gov/planandbudget/archive.html.
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RCRA Corrective Action Program

EPA headquarters has no information on either costs expended or costs
to closure because RCRA regulations do not require responsible RCRA
parties to provide cost information (Sara Rasmussen, EPA, personal com-
munication, February 24, 2010). In 2004, EPA estimated that remediation
of the remaining RCRA sites will cost between $31 billion and $58 billion,
or an average of $11.4 million per facility (EPA, 2004) (hence, the estimate
of $11.4 x 2,844 = $32.4 billion in Table 2-6). It is unclear whether this
cost estimate represents only capital costs for the remedy or also includes
long-term management costs.

Underground Storage Tank Program

There is limited information available to determine costs already in-
curred in the UST program. EPA (2004) estimated that the cost to close
all leaking UST (LUST) sites could reach $12-$19 billion or an average of
$125,000 to remediate each release site (this includes site investigations,
feasibility studies, and treatment/disposal of soil and groundwater). Based
on this estimate of $125,000 per site, the Committee calculated that reme-
diating the 87,983 backlogged releases would require $11 billion. The pres-
ence of the recalcitrant former fuel additive methyl tert-butyl ether (MTBE)
and its daughter product and co-additive tert-butyl alcohol could increase
the cost per site. Most UST cleanup costs are paid by property owners, state
and local governments, and special trust funds based on dedicated taxes,
such as fuel taxes.

Department of Energy

To gain an understanding of the DOE costs that would be compa-
rable to other federal programs, the Committee reviewed the Department’s
FY 2011 report to Congress, which shows that DOE’s anticipated cost to
complete remediation of soil and groundwater contamination ranges from
$17.3 to $20.9 billion. The program is dominated by a small number of
mega-facilities, including Hanford (WA), Idaho National Labs, Savannah
River (SC), Los Alamos National Labs (NM), and the Nevada Test Site.
Given that the cost to complete soil and groundwater remediation at these
five facilities alone ranges from $16.4 to $19.9 billion (DOE, 2011), the
Committee believes that the DOE’s anticipated cost-to-complete figure is
likely an underestimate of the Agency’s financial burden; the number does
not include newly discovered releases or the cost of long-term management
at all sites where waste remains in the subsurface.

Data on long-term stewardship costs, including the expense of operat-
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ing and maintaining engineering controls, enforcing institutional controls,
and monitoring, are not consolidated but are likely to be substantial and
ongoing. The Office of Legacy Management, which is responsible for man-
aging non-operational facilities once the Environmental Management pro-
gram has completed its work, had a $38.8 million annual budget for FY
2012 for “long-term surveillance and maintenance” (DOE, 2012b). Stew-
ardship costs for just the five facilities managed by the National Nuclear
Security Administration (Lawrence Livermore National Laboratory, CA,
Livermore’s Site 300, Pantex, TX, Sandia National Laboratories, NM, and
the Kansas City Plant, MO) total about $45 million per year (DOE, 2012c).

Through 2010, the FUSRAP program had spent $2.03 billion, and the
annual budget normally ranges from $130 million to $140 million. No cost
data are available on estimated costs to complete remedial actions for this
program.

Other Federal Sites

EPA (2004) reports that there is a $15-$22 billion estimated cost to
address at least 3,000 contaminated areas on 700 civilian federal facilities,
based on estimates from various reports from DOI, USDA, and NASA.

States

EPA (2004) estimated that states and private parties together have spent
about $1 billion per year on remediation, addressing about 5,000 sites an-
nually under mandatory and voluntary state programs. If remediation were
continued at this rate, 150,000 sites would be completed over 30 years, at
a cost of approximately $30 billion (or $20,000 per site).

IMPACTS TO DRINKING WATER SUPPLIES

The Committee sought information both on the number of hazardous
waste sites that impact a drinking water aquifer—that is, pose a substan-
tial near-term risk to public water supply systems that use groundwater
as a source. Unfortunately, program-specific information on water supply
impacts was generally not available. Therefore, the Committee also sought
other evidence related to the effects of hazardous waste disposal on the na-
tion’s drinking water aquifers.

Program-Specific Reports of Groundwater Impacts

Despite the existence of several NPL and DoD facilities that are known
sources of contamination to public or domestic wells (e.g., the San Fernando
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and San Gabriel basins in Los Angeles County—Land et al., 2011), there is
little aggregated information about the number of CERCLA, RCRA, DoD,
DOE, UST, or other sites that directly impact drinking water supply sys-
tems. None of the programs reviewed in this chapter specifically compiles
information on the number of sites currently adversely affecting a drinking
water aquifer. However, the Committee was able to obtain information
relevant to the groundwater impacts from some programs:

¢ DoD. The Army informed the Committee that public water sup-
plies are threatened at 18 Army installations (Laurie Haines, U.S.
Army Environmental Command, 2010, personal communication).
Also, private drinking water wells are known to be affected at 23
installations. A preliminary assessment in 1997 showed that 29
Army installations may possibly overlie one or more sole source
aquifers (based on simply comparing the general aquifer locations
from EPA maps to Army installation locations). Each of the other
armed services is also responsible for groundwater contamination
that has affected drinking water supplies. Some of the best known
are Camp Lejeune Marine Corps Base (NC), Otis Air National
Guard Base (MA), and the Bethpage Naval Weapons Industrial
Reserve Plant (NY) (see Appendix B).

e CERCLA. Each individual remedial investigation/feasibility study
(RI/FS) and Record of Decision (ROD) should state whether
a drinking water aquifer is affected, although this information
has not been compiled. Canter and Sabatini (1994) reviewed the
RODs for 450 facilities on the NPL. Their investigation revealed
that 49 of the RODs (11 percent) indicated that contamination
of public water supply systems had occurred. “A significant num-
ber” of RODs also noted potential threats to public supply wells.
Additionally, the authors note that undeveloped aquifers have
also been contaminated, which prevents or limits the unrestricted
use (i.e., without treatment) of these resources as a future water
supply.

The EPA also compiles information about remedies implemented
within Superfund. EPA (2007) reported that out of 1,072 facili-
ties that have a groundwater remedy, 106 specifically have a water
supply remedy, by which we inferred direct treatment of the water
to allow potable use or switching to an alternative water supply.
This suggests that 10 percent of NPL facilities adversely affect or
significantly threaten drinking water supply systems. This estimate
is further bolstered by EPA (2010b), which reports that of the 311
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decision documents from FY 2005-2008 with “groundwater other”
remedies, 8 percent of these (26) include water supply remedies.

e RCRA. Of the 1,968 highest priority RCRA Corrective Action fa-
cilities, EPA (2008) reported that there is “unacceptable migration
of contaminated groundwater” at 77 facilities. Also, 17,042 drink-
ing water aquifers have a RCRA facility within five miles (Roger
Anzzolin, EPA, personal communication, 2010), but without ad-
ditional information, it is impossible to know if these facilities are
actually affecting the water sources.

e UST. In 2000, 35 states reported USTs as the number one threat to
groundwater quality (and thus indirectly to drinking water) (EPA,
2000). However, more specific information on the number of leaking
USTs currently impacting a drinking water aquifer is not available.

Other Evidence That Hazardous Waste Sites Affect Water Supplies

The U.S. Geological Survey (USGS) has compiled large data sets over
the past 20 years regarding the prevalence of VOCs in waters derived
from domestic (private) and public wells. VOCs include solvents, triha-
lomethanes (some of which are solvents [e.g., chloroform], but may also
arise from chlorination of drinking water), refrigerants, organic synthesis
compounds (e.g., vinyl chloride), gasoline hydrocarbons, fumigants, and
gasoline oxygenates. Because many (but not all) of these compounds may
arise from hazardous waste sites, the USGS studies provide further insight
into the extent to which anthropogenic activities contaminate groundwater
supplies (although it should be remembered that it was not the goal of these
studies to uniquely identify the source of the contamination). The follow-
ing paragraphs do not discuss metals and other inorganic groundwater
contaminants described in the USGS studies, because of the many other
possible natural sources for these constituents.

Zogorski et al. (2006) summarized the presence of VOCs in ground-
water, private domestic wells, and public supply wells from sampling sites
throughout the United States. Using a threshold level of 0.2 pg/L—much
lower than current EPA drinking water standards for individual VOCs (see
Table 3-1)—14 percent of domestic wells and 26 percent of public wells had
one or more VOCs present. The detection frequencies of individual VOCs
in domestic wells were two to ten times higher when a threshold of 0.02
pg/L was used (see Figures 2-2 and 2-3). In public supply wells, PCE was
detected above the 0.2 pg/L threshold in 5.3 percent of the samples and
TCE in 4.3 percent of the samples. The total percentage of public supply
wells with either PCE or TCE (or both) above the 0.2 pg/L threshold is 7.3
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FIGURE 2-2 Detection frequencies in domestic well samples for 15 most frequently
detected VOCs at levels of 0.2 and 0.02 pg/L.

SOURCE: Zogorski et al. (2006) with illustration provided by USGS National
Water Quality Assessment program.
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FIGURE 2-3 The 15 most frequently detected VOCs in public supply wells.
SOURCE: Zogorski et al. (2006) with illustration provided by USGS National Wa-
ter Quality Assessment program.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/14668

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites

MAGNITUDE OF THE PROBLEM 59

percent. The following conclusions were drawn in the Zogorski et al. study:
(1) public wells are more vulnerable to contamination than private domestic
wells, (2) public wells had higher concentrations of VOCs (50 percent of
public wells had total VOC concentrations > 1 pg/L), and (3) public wells
were more likely to have mixtures of VOCs than domestic wells. These
effects were attributed, by the authors, to the larger withdrawal rates and
closer proximity to urban areas of many public supply wells.

Further analysis of domestic wells by DeSimone et al. (2009) showed
that organic contaminants were detected in 60 percent of 2,100 sampled
wells. Wells were sampled in 48 states in parts of 30 regionally extensive
aquifers used for water supply. Aquifers were randomly selected for sam-
pling and there was no prior knowledge of contamination. Seventeen VOCs
were detected in more than 1 percent of wells at concentrations greater than
0.02 pg/L (see Figure 2-4 below, VOCs are in black). TCE was detected
above the maximum comtaminant level (MCL) of 5 pg/L in 0.1 percent of
wells. PCE was detected above the MCL of 5 pg/L in 0.05 percent of wells.

Rowe et al. (2007) compiled data for 2,400 domestic wells sampled
from 1985 until 2002. Sixty-five percent of domestic wells had a VOC
detection 0.02 pg/L or greater (31 percent had a single VOC, 34 percent
had more than one VOC). The top five VOCs detected were chloroform
(25.6 percent), toluene (17.9 percent), 1,2,4-trimethylbenzene (15.2 per-
cent), PCE (11 percent), and chloromethane (9.7 percent). PCE, TCE, and
chloromethane were the compounds with the largest fraction of samples
at 0.1 x MCL or greater. The presence of a LUST site within 1 km of the
sampled well strongly correlated with MTBE detections, and the presence
of an RCRA site (as determined by the EPA Envirofacts database) within
1 km of the well strongly correlated with the detections of PCE, TCE, and
1,1,1-TCA.

Toccalino and Hopple (2010) and Toccalino et al. (2010) focused on
932 public supply wells across the United States. The public wells sampled
in this study represent less than 1 percent of all groundwater that feeds the
nation’s public water systems. The samples, however, were widely distrib-
uted nationally and were randomly selected to represent typical aquifer con-
ditions. Overall, 60 percent of public wells contained one or more VOCs
at a concentration of > 0.02 pg/L, and 35 percent of public wells contained
one or more VOCs at a concentration of > 0.2 pg/L. The percentages are
higher than those reported by Zogorski et al. (2006), but this study focused
on a larger suite of VOCs (85 vs. 55 compounds). Overall detection fre-
quencies for individual compounds included 23 percent for PCE, 15 percent
for TCE, 14 percent for MTBE, and 12 percent for 1,1,1-TCA (see Figure
2-5). PCE and TCE exceeded the MCL in approximately 1 percent of the
public wells sampled. About 70 percent of VOC detections were from sand
and gravel aquifers. Public wells in sand and gravel aquifers more often
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FIGURE 2-4 VOCs (in black) and pesticides (in white) detected in more than 1
percent of domestic wells at a level of 0.02 pg/L.
SOURCE: DeSimone et al. (2009).

withdraw water from shallower unconfined aquifers than from deeper con-
fined aquifers. Thus, VOCs were detected more frequently in samples from
unconfined aquifers than from confined aquifers, highlighting the vulner-
ability of shallow unconfined aquifers. Overall, the detection frequencies
of some VOCs were 2-fold to 6-fold greater in public wells than domestic
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FIGURE 2-5 VOCs and pesticides with detection frequencies of 1 percent or

greater at assessment levels of 0.02 pg/L in public wells in samples collected from
1993-2007.

SOURCE: Toccalino and Hopple (2010) and Toccalino et al. (2010)
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wells—again, likely because of proximity of public wells to developed areas
and higher pumping rates used for public wells versus domestic wells.

Overall, the USGS studies show that there is widespread, very low level
contamination of private and public wells by VOCs, with a reasonable
estimate being 60 to 65 percent of public wells having detectable VOCs.
According to the data sets of Toccalino and Hopple (2010) and Toccalino
et al. (2010), approximately 1 percent of sampled public wells have levels
of VOCs above MCLs. Thus, water from these wells requires additional
treatment to remove the contaminants before it is provided as drinking
water to the public. EPA (2009b) compiled over 309,000 groundwater
measurements of PCE and TCE from raw water samples at over 46,000
groundwater-derived public water supplies in 45 states. Compared to the
USGS data, this report gives a lower percentage of water supplies being con-
taminated: TCE concentration exceeded its MCL in 0.34 percent of the raw
water samples from groundwater-derived drinking water supply systems.

There are other potential sources of VOCs in groundwater beyond
hazardous waste sites. For example, chloroform is a solvent but also a dis-
infection byproduct, so groundwater sources impacted by chlorinated water
(e.g., via aquifer storage/recharge, leaking sewer pipes) would be expected
to show chloroform detections. Another correlation seen in the USGS data
is that domestic and public wells in urban areas are more likely to have
VOC detections that those in rural areas. This finding is not unexpected
given the much higher level of industrial practices in urban areas that can
result in releases of these chemicals to the subsurface.

Another way to estimate the number of public water supplies affected
by contaminated groundwater is to consider the number of water supply
systems that specifically seek to remove organic contaminants. The EPA
Community Water System Survey (EPA, 2002) reports that 2.3 to 2.6 per-
cent of systems relying solely on groundwater have “organic contaminant
removal” as a treatment goal. For systems that use both surface water and
groundwater, 10.3 to 10.5 percent have this as a treatment goal. While it is
possible that this range (2 to 10 percent) may be the fraction of water sup-
plies impacted by groundwater contamination, this is at best only a rough
estimate and highly uncertain. A water utility could (or may be forced to)
use an alternative water supply, rather than treat a contaminated source,
which would make this a lower estimate. On the other hand, the category
“organic contaminants” includes pesticides, which may come from non-
point sources rather than contaminated sites, meaning this range could be
an overestimate.

In summary, it appears that the following conclusions about the con-
tamination of private and public groundwater systems can be drawn: (1)
there is VOC contamination of many private and public wells (upwards of
65 percent) in the United States, but at levels well below MCLs; the origin
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of this contamination is uncertain and the proportion caused by releases
from hazardous waste sites is unknown; (2) approximately one in ten NPL
facilities is impacting or significantly threatening a drinking water supply
system relying on groundwater, requiring wellhead treatment or the use
of alternative water sources; and (3) public wells are more susceptible to
contamination than private wells, due their higher likelihood of being in
urban areas and their higher pumping rates and hydraulic capture zones.

THE PARADOX OF “CLOSED” SITES

In considering the size of the nation’s hazardous waste problem, one
question that has arisen is the definition of the term “closure” as it relates
to these sites. Does a closed site mean no residual contamination above
regulatory limits or is the definition flexible depending on the risk environ-
ment in which the regulatory decision to close a site is made? Indeed, there
is confusion about the definition of “site closure”—not only to the public,
the regulated community, and between regulatory agencies, but even within
EPA’s own closure guidance (EPA, 2011c). For example, EPA (2011¢) on
page 1-2 states that “site completion typically occurs when it is determined
that no further response is required at the site, all cleanup levels have
been achieved, and the site is deemed protective of human health and the
environment.” It goes on to say that “site completion signifies the end of
all response actions at a site” and “it is anticipated that no further Super-
fund response is necessary to protect human health and the environment.”
However, it then states on page 4-3 that “operation and maintenance are
not defined as a response action by the NCP, and may continue after site
completion and deletion.” Furthermore, the guidance states that the final
closure must explain whether a five-year review is appropriate. However,
a five-year review is only required when contaminants are left in place
above UU/UE levels, such as the drinking water standards. It is no wonder
that stakeholders are confused by the site closure metric, as operation and
maintenance of a remedy may continue for many decades after “closure.”

To better understand the status of “closed” sites and whether these
sites could in fact demand future resources for monitoring, reporting, or
additional remediation, the Committee reviewed an Interstate Technology
and Regulatory Council (ITRC)? survey of “closed” underground storage
tanks, EPA cleanup success stories, and 80 facilities delisted from the NPL

® The ITRC, which consists of states, federal agencies, industry, and other stakeholders,
“develops guidance documents and training courses to meet the needs of both regulators and
environmental consultants, and it works with state representatives to ensure that ITRC prod-
ucts and services have maximum impact among state environmental agencies and technology
users” (http://www.irtcweb.org/aboutIRTC.asp).
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where groundwater was contaminated. This review revealed that these sites
vary widely in the extent to which they contain contaminant levels that are
actually higher than MCLs or other levels that would allow for unlimited
use and unrestricted exposure. The Committee found that there was no
publicly available mechanism for tracking these sites subsequent to closure,
nor do the federal programs maintain a central repository of information
about their closed sites (except for NPL-delisted facilities). Thus, little quan-
titative data or information are available to assess such sites.

It is clear that the definition of site closure varies from program to
program, such that a site closed under one program would not necessar-
ily be closed under another, even for the same type of waste site. Perhaps
the most prominent example of this is the way that the states have defined
site closure for underground storage tanks. Cleanup goals for tanks have
often been expressed as removal of contaminants “to the maximum extent
practicable,” which, as discussed earlier in the context of UST remediation,
can be interpreted many different ways—from no interpretation at all to
a maximum allowable LNAPL thickness in a monitoring well (e.g., sheen
or 1/8-inch thickness). The ITRC’s recent survey of state UST programs
(ITRC, 2009) revealed that many states rely solely on best professional
judgment of maximum extent practicable (which would obviously vary
from site to site within the state), while a few others are starting to consider
site-specific risk. Still other states close USTs when contaminant levels are
no longer “detectable.”

The potential for misunderstanding in the labeling of sites as “suc-
cesses” is illustrated by an EPA (2009c¢) review of 13 DNAPL sites—some
CERCLA, one RCRA, and some state sites. These sites were chosen be-
cause they are examples of where source reduction has contributed to a
site meeting remedial objectives (such as groundwater MCLs). However,
closer inspection of the 13 sites by this Committee revealed that five of the
sites reported only soil contamination and thus the Committee could not
determine if they were examples of the more intractable problems found at
groundwater sites. Of the remaining eight sites with contaminated ground-
water, EPA’s report states that only three sites were “able to achieve MCLs
onsite” although two others achieved MCLs at an offsite point of compli-
ance [see EPA (2009c), Table D-1 in Appendix D].

This Committee conducted a more in-depth analysis of 80 Superfund
facilities (identified by EPA personnel) that had groundwater contamination
that were eventually deleted from the NPL. For each of the 80, the Com-
mittee analyzed five-year review reports, site closure documents, RODs, and
fact sheets produced by EPA; the full analysis can be found in Appendix
C. Sixty percent were industrial facilities, 22 percent were landfills, and
the rest were potable well fields, military bases, or other facility types. As
would be expected of complex Superfund facilities, almost all of the 80 had
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groundwater contaminated by VOCs, SVOCs, metals, or some combina-
tion thereof.

The Committee first determined what the remedial action objectives
were for each delisted NPL facility. Of the 80, 45 had remedial objectives
that specified a contaminant concentration goal for groundwater, either
MCLs or some other level. For seven, the stated objectives involved some
other specific metric (such as prevention of contaminated groundwater
migration, exposure prevention, etc.). Finally, 28 had no explicitly stated
objective other than the goal of “protecting human health and the environ-
ment.” This broad goal statement was most typical of NPL facilities delisted
early in the program; indeed, for many of these early delisted facilities a
later ROD amendment, consent decree, or five-year review report appears
to establish that there were numeric concentration goals for groundwater.
For the Committee’s subsequent analysis (see below), for any facility where
groundwater contaminant concentrations were compared to MCLs in five-
year review reports, the facilities were categorized as either meeting or not
meeting MCLs, even if this was not an original goal of the ROD.

The primary objective of the Committee’s analysis was to determine the
extent to which the 80 delisted facilities had actually met MCLs in ground-
water. According to information that could be easily gleaned from EPA’s
CERCLIS database, 37 of the 80 reported achieving MCLs prior to deleting
the facility from the NPL (see Figure 2-6). Of this subgroup, 14 achieved
MCLs after some length of time operating an active remedy (like pump and

MCL Characterization
Not a Groundwater Site —

_— MCLs Achieved:

MCL Achievement Unknown —___ Active Remedy, No LTM

Remedial Objective other than

Meeting MCLs (such as Tl zone,

pathway interruption like

containment or provision of

alternative drinking water supply, ——
prevent migration of contamination

offsite or to another aquifer, etc.)

MCLs Not Achieved: Deleted
Based on Risk Assessment, LTM—

MCLs Not Achieved: Deleted /
Based on Risk Assessment, No LTM

— MCLs Achieved:
Active Remedy, LTM

—— MCLs Achieved:
No Active Remedy,
No LTM

MCLs Not Achieved: LTM

FIGURE 2-6 Pie chart of 80 groundwater facilities delisted from the NPL catego-
rized by whether they reached MCLs and whether long-term monitoring is in place.
LTM = long-term monitoring.
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treat or thermal treatment) and no longer require long-term monitoring.
Four facilities deleted from the NPL have achieved MCLs and still have
long-term monitoring in place. At 19 the MCLs were achieved without an
active remedy (thus, no long-term monitoring is in place), suggesting that
either there was no substantial groundwater contamination when the facil-
ity was added to the NPL or that natural attenuation occurred during the
RI/FS process to significantly reduce contaminant concentrations.

More interesting are the 20 facilities with contaminated groundwater
that were deleted from the NPL where MCLs have not been met (as of Au-
gust 2011 and as related in readily accessible EPA documents). Fourteen of
these have been shown to have contaminant concentrations that are trend-
ing downward, and thus must continue to do five-year reviews. Six were
deleted after a site-specific risk assessment demonstrated that the risks were
below an acceptable threshold, even if contaminant concentrations were
above MCLs, and four of the six must do long-term monitoring.

Twelve of the 80 were delisted after successfully installing containment
or another protective remedy and thus could not be considered as having
met or not met MCLs, because that was not the goal of the remedy. For
example, at Schofield Barracks in Hawaii, the Army was able to delist the
facility after providing an alternative source of water to local residents and
determining that the contamination present in the subsurface was no lon-
ger presenting a human health risk (see Box 2-2). Because contamination
remains in place, the facility must undergo five-year reviews in perpetuity,
but this facility is anecdotally referred to as “closed.” Also included in this
category are facilities that were granted a Technical Impracticability waiver
for some portion of the facility (at which MCLs are waived). Thus, it would
be impossible to consider the sites as having achieved MCLs or not.

For six facilities there was insufficient information in the documenta-
tion available from EPA to determine if MCLs were met or not. Presumably,
these six could have been binned into one of the other categories if further
information had been sought from EPA regional offices.

Finally, five facilities did not appear to have ever had groundwater
contamination.

The Committee cautions that there is some amount of uncertainty
associated with this analysis due to the uneven and sparse nature of the
documentation available on delisted NPL facilities from the EPA website.
In particular, frequently found statements such as “a site is meeting health-
based standards” were difficult to interpret as having met MCLs or not.
The documents for a given facility were not necessarily consistent with one
another, especially with respect to the statement of remedial goals. For the
purposes of the analysis, the most recent documents were weighted more
heavily. Despite these uncertainties, only half of groundwater-contaminated
facilities deleted from the NPL, which are considered success stories for
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BOX 2-2
Schofield Barracks, HI, Case Study

is the largest Army base outside the contiguous United States.

in the groundwater remains unidentified.

do not appear to have been affected by the contamination.

2007).

This site is an example of a delisted NPL facility at which restoration was con-
sidered not practical and that will require long-term management and monitoring.
Schofield Barracks is a U.S. Army post located in the City and County of Honolulu
and in the Wahiawa District of the island of Oahu, Hawaii. Established in 1908,
the 17,725-acre facility served as a major support facility during World War Il and

The hydrogeology at Schofield is complex, including a highly fractured basalt
aquifer that causes extreme heterogeneity on a local scale. Depth to groundwater
is 500—600 feet from the surface. Contaminated sites include a former landfill on
35 acres that contains solid, domestic waste; industrial waste from vehicle equip-
ment and maintenance, solvents, and sewage sludge; medical waste; explosives
(both ordnance and unexploded); and construction and demolition waste from
various military installations. Contaminants detected at levels above MCLs in
the groundwater system beneath the landfill were TCE and carbon tetrachloride
(CCl,), antimony, and manganese. Other chlorinated VOCs such as PCE were de-
tected at low levels (less than MCLs). The precise source for these contaminants

In 1985, high levels of TCE (as much as 100 ppb) were found to be contaminat-
ing wells that supplied water to about 25,000 people living at Schofield Barracks,
which was the catalyst for the site being listed on the NPL (EPA, 2010a; U.S. Army
Environmental Command, 2007). As a result, there was a temporary switch from
well water to city and county water supplies. In 1986, an air stripping treatment
unit was established to treat water from the four existing production wells to reduce
concentrations of TCE in the drinking water used at the base. Public drinking water
wells that serve 55,000 people are located within three miles of the base, but they

The Army divided the site into four Operable Units (OU2 is the groundwater
plume and OU4 is the former landfill), for which a ROD was signed in 1996 (EPA,
1996b). Because of the difficult hydrogeologic conditions and the inability to con-
clusively locate the source of contamination, the Army applied for and received a
Technical Impracticability waiver for the site. Treatment for the drinking water wells
has maintained an average concentration of TCE below 5 pg/L since air strippers
were installed in 1986. The installation was delisted from the NPL in 2000. The
Army is conducting the five-year reviews, the second of which was completed in
2007. Site inspection shows that the remedies (for both contaminated groundwater
and the landfill) are functioning properly (U.S. Army Environmental Command,

site closure, have actually achieved MCLs. Of course, at all of the deleted
facilities, human health and the environment are currently protected. What
is also clear from this analysis is that many site-specific, pragmatic factors
come into play when decisions are made on the future of the facility (i.e.,

no further action or some kind of long-term management).
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As discussed further in Chapter 3, the cleanup goals of the federal pro-
grams range from preventing or minimizing exposure, to meeting engineer-
ing milestones (such as remedy selection, design completion, completing
construction, completing the active remedy), to attaining the ultimate goal
of achieving UU/UE conditions at a site. The military’s primary goal is to
achieve remedy in place or response complete at its sites by 2014, with little
mention of site closure or attaining unrestricted use of the site.

All of these issues suggest that there can be no generalizations about the
condition of sites referred to as “closed,” particularly assumptions that they
are “clean,” meaning available for unlimited use and unrestricted exposure.
Indeed, the experience of the Committee in researching “closed sites” sug-
gests that many of them contain contaminant levels above those allowing
for unlimited use and unrestricted exposure, even in those situations where
there is “no further action” required. Rather, site closure may simply mark
the beginning of a long-term operation and maintenance phase involving
oversight of institutional controls. Furthermore, it is clear that states are
not tracking their caseload at the level of detail needed to ensure that risks
are being controlled subsequent to “site closure.” Thus, reports of cleanup
success should be viewed with caution.

CONCLUSIONS AND RECOMMENDATIONS

The Committee’s rough estimate of the number of sites remaining to
be addressed and their associated future costs is presented in Table 2-6,
which lists the latest available information on the number of facilities (for
CERCLA and RCRA) and contaminated sites (for the other programs) that
have not yet reached closure, and the estimated costs to remediate the re-
maining sites. The Committee used these data to estimate the total number
of complex sites with residual contamination, as described below.

At least 126,000 sites across the country have been documented that
have residual contamination at levels preventing them from reaching clo-
sure. This number is likely to be an underestimate of the extent of con-
tamination in the United States for a number of reasons. First, for some
programs data are available only for contaminated facilities rather than
individual sites; for example, RCRA officials declined to provide an average
number of solid waste management units per facility, noting that it ranged
from 1 to “scores.” CERCLA facilities frequently contain more than one in-
dividual release site. The total does not include DoD sites that have reached
remedy in place or response complete, although some such sites may indeed
contain residual contamination. Finally, the total does not include sites that
likely exist but have not yet been identified, such as dry cleaners or small
chemical-intensive businesses (e.g., electroplating, furniture refinishing) that
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TABLE 2-6 Rough Estimate of the Total Number of Currently Known
Facilities or Contaminated Sites That Have Not Reached Closure and
Estimated Costs to Complete

Number of Number of

Contaminated Contaminated Estimated
Program/Agency Facilities Sites Cost to Complete?
DoD 4,329 $12.8 billion
CERCLA 1,364 $16-23 billion
RCRA 2,844 $32.4 billion
UST 87,983 $11 billion
DOE 3,650 $17.3-20.9 billion
Other Federal Sites > 3,000 $15-22 billion
State Sites >23,000 $5 billion®
Total >126,000 $110-127 billion®
NOTE: Munitions were excluded from the DoD numbers, but some munitions are found

under RCRA.

aCost figures are undiscounted 2010 dollars. The Committee’s cost-to-complete estimate is
lower than EPA (2004) because some activities were excluded by the Committee (e.g., MMRP).

bFor State sites, assumed $20K/site.

‘Data presented as a range to reflect ranges presented in the original data sets. However,
many programs simply provided a single estimate.

have not been investigated for possible contamination. There is overlap
between some of the categories (e.g., some sites are counted under both the
CERCLA and DoD or DOE categories), but in the Committee’s opinion this
overlap is not significant enough to dismiss the conclusion that the total
number of 126,000 is an underestimate. If more accurate numbers were
desired, consistent information would need to be collected on the number
of contaminated sites across the various programs.

No information is available on the total number of sites with contami-
nation in place above levels allowing for unlimited use and unrestricted
exposure, although the total is certainly greater than the number of sites
tallied in Table 2-6. For the CERCLA program, many facilities have been
delisted with contamination remaining in place at levels above unlimited
use and unrestricted exposure (as much as half according to the Commit-
tee’s analysis of 80 delisted NPL facilities with groundwater contamina-
tion). Depending on state closure requirements, USTs are often closed with
contamination remaining due to the biodegradability of petroleum hydro-
carbons. Most of the DOE sites, including those labeled as “completed,”
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contain recalcitrant contamination that in some cases could take hundreds
of years to reach UU/UE levels.

A small percentage (about 12,000 or less than 10 percent) of the
126,000 sites are estimated by the Committee to be complex from a hy-
drogeologic and contaminant perspective. This total represents the sum of
the remaining DoD, CERCLA, RCRA, and DOE sites and facilities, based
on the assumption that many of the simpler sites in these programs have
already been dealt with. Although the complexity of the typical RCRA
facility can be debated, there are undoubtedly some UST, state, and other
federal sites with complex hydrogeologic conditions or contaminants that
were not included. This estimate is admittedly uncertain and based largely
on the Committee’s experience with a wide range of hazardous waste sites.
Data on the complexity of sites has not been tallied by any of the programs,
and can only be gathered accurately through site-specific data from a ran-
dom sampling of sites.

Approximately 10 percent of CERCLA facilities affect or significantly
threaten public water supply systems, but similar information from other
programs is largely unavailable. Surveys of groundwater quality report that
0.34 to 1 percent of raw water samples from wells used for drinking water
(including public supply and private wells) contain mean VOC concentra-
tions greater than the MCL, although there are no data linking these MCL
exceedances to specific hazardous waste sites. The percentage of drinking
water wells with samples containing low-level VOC concentrations is likely
to be higher for areas in close proximity to contaminated sites, for urban
rather than rural areas, and in shallow unconfined sandy aquifers.

Information on cleanup costs incurred to date and estimates of future
costs, as shown in Table 2-6, are highly uncertain. Despite this uncertainty,
the estimated “cost to complete” of $110-$127 billion is likely an under-
estimate of future liabilities. Remaining sites include some of the most dif-
ficult to remediate sites, for which the effectiveness of planned remediation
remains uncertain given their complex site conditions. Furthermore, many
of the estimated costs (e.g., the CERCLA figure) do not fully consider the
cost of long-term management of sites that will have contamination remain-
ing in place at high levels for the foreseeable future.

The nomenclature for the phases of site cleanup and cleanup progress
are inconsistent between federal agencies, between the states and federal
government, and in the private sector. Partly because of these inconsisten-
cies, members of the public and other stakeholders can and have confused
the concept of “site closure” and NPL deletion with achieving UU/UE goals
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for the site, such that no further monitoring or oversight is needed. In fact,
many sites thought of as “closed” and considered “successes” will require
oversight and funding for decades and in some cases hundreds of years
to remain protective. CERCLA and other programs have reduced public
health risk from groundwater contamination by preventing unacceptable
exposures in water or air, but not necessarily by reducing contamination
to levels allowing for unlimited use and unrestricted exposure for every
contaminant throughout the affected aquifers.

More consistent and transparent terminology that simply and clearly
differentiates the discrete phases of remediation and facilitates logical track-
ing of progress would improve communication with the public. Improve-
ments in terminology among state and federal regulators and PRPs are
particularly important in the later stages of remediation. For example, once
a remedy has been implemented and operated for some time, classifying the
site as a “long-term management site,” rather than deleting it from the NPL
or classifying it as “closed,” would more accurately communicate its status.
Sites that attain contaminant concentrations consistent with unlimited use
and unrestricted exposure could be classified as “unrestricted-use sites.”
These classifications would directly reflect progress toward the goals of
most state and federal groundwater cleanup programs.
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Remedial Objectives, Remedy
Selection, and Site Closure

The issue of setting remedial objectives touches upon every aspect and
phase of soil and groundwater cleanup, but none perhaps as important as
defining the conditions for “site closure.” Whether a site can be “closed”
depends largely on whether remediation has met its stated objectives, usu-
ally stated as “remedial action objectives.” Such determinations can be
very difficult to make when objectives are stated in such ill-defined terms as
removal of mass “to the maximum extent practicable.” More importantly,
there are debates at hazardous waste sites across the country about whether
or not to alter long-standing cleanup objectives when they are unobtainable
in a reasonable time frame. For example, the state of California is closing a
large number of petroleum underground storage tank sites that are deemed
to present a low threat to the public, despite the affected groundwater not
meeting cleanup objectives (California State Water Quality Control Board,
2010; Doyle et al., 2012). In other words, some residual contamination
remains in the subsurface, but this residual contamination is deemed not to
pose unacceptable future risks to human health and the environment. Other
states have pursued similar pragmatic approaches to low-risk sites where
the residual contaminants are known to biodegrade over time, as is the
case for most petroleum-based chemicals of concern (e.g., benzene, naph-
thalene). Many of these efforts appear to be in response to the slow pace of
cleanup of contaminated groundwater; the inability of many technologies
to meet drinking water-based cleanup goals in a reasonable period of time,
particularly at sites with dense nonaqueous phase liquids (DNAPLs) and
complicated hydrogeology like fractured rock; and the limited resources
available to fund site remediation.

75
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This chapter focuses on the remedial objectives dictated by the common
regulatory frameworks under which groundwater cleanup generally occurs.
It first describes the phases of cleanup for the primary federal programs and
their milestones, the gaining of which is often used as a metric of progress
and ultimately success. The Comprehensive Environmental Response, Com-
pensation, and Liability Act (CERCLA) and the Resource Conservation
and Recovery Act (RCRA) guidance outline criteria for setting remedial
objectives and points of compliance, and for selecting remedies to meet
them. The chapter closes with a discussion of alternative strategies to ad-
dress the current limitations on achieving groundwater restoration, such as
CERCLA Technical Impracticability waivers for some portion of the site.
This includes sustainability concepts that have become relevant to decision
making regarding remedy selection and modification in the past few years.

The topic of setting cleanup objectives has a long history and was a
significant component of the debates in the 1980s during the passage of
the Superfund Amendments and Reauthorization Act (SARA) in 1986 and
the establishment of the ARAR process in Section 121 of SARA. Several
National Research Council (NRC) reports (1994, 2005) have provided
insights and recommendations on improving the process of establishing
objectives for groundwater cleanup. The DoD has also provided recom-
mendations for setting objectives through reports published through the
Environmental Security Technology Certification Program (e.g., Sale and
Newell, 2011). Recently the Interstate Technology and Regulatory Council
(ITRC) provided a comprehensive guidance document on setting objec-
tives for remediation at DNAPL sites (ITRC, 2011). All these efforts have
informed this overview of the objective setting process, which considers
how that process might evolve in light of advances in our understanding of
technical limitations to aquifer restoration.

THE CLEANUP PROCESS AND ASSOCIATED OBJECTIVES

The current regulatory framework for remediation of hazardous waste
sites evolved from a complex collection of federal, state, tribal, and even
local statutes, regulations, and policies. CERCLA and RCRA are the two
federal programs that govern most subsurface cleanup efforts, and most
state programs are similar to or even authorized under these federal models.

CERCLA

CERCLA provides federal authority for cleanup of sites with hazardous
substances, usually excluding petroleum-only sites. At sites with no viable
responsible party, EPA can fund remedial activities from the Superfund—a
special account initially funded by a tax on petroleum and chemical compa-
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nies, but presently derived from general tax revenues. However, at a major-
ity of sites, the response is funded by private parties, either through a legally
binding agreement to perform the remedy (e.g., an Administrative Order of
Consent) or by reimbursing EPA for its remedial costs. At federal facilities
cleanup is funded by the agency responsible for releasing contamination.

Initial Phases

A site regulated through CERCLA generally progresses through the
Preliminary Assessment/Site Inspection, listing on the National Priorities
List (NPL), site investigation (Remedial Investigation), remedial alternative
assessment (Feasibility Study), remedy selection (Record of Decision), re-
mediation implementation (remedial design followed by construction), and
long-term monitoring and institutional controls until the site media con-
centrations are at or below unrestricted use levels (see Table 2-3). If there is
an immediate threat to human health or the environment (“imminent and
substantial endangerment”), the Preliminary Assessment/Site Inspection
may trigger an interim emergency response.

The Remedial Investigation consists of detailed site characterization,
while the Feasibility Study incorporates the evaluation of remedial alterna-
tives that might meet remedial action objectives. The Remedial Investiga-
tion and Feasibility Study may be conducted concurrently, and, in any case,
they influence each other. The Remedial Investigation generally includes a
human health risk assessment and the determination of site-specific reme-
dial action objectives. The Feasibility Study develops a series of remedial al-
ternatives that describe the placement, timing, and remedial technology for
cleanup activities, and it includes a detailed comparison of these alternatives
with respect to criteria established under CERCLA regulations (see below).

Setting of Cleanup Goals and Selection of Remedies

CERCLA’s overarching groundwater remediation goal is to restore
groundwater to its “beneficial use” “wherever practicable” (EPA, 2009a).
A common beneficial use of groundwater, if conditions are appropriate, is
that it be a source of drinking water. In addition, the groundwater plume
“should not be allowed to migrate and further contaminate the aquifer or
other media (e.g., vapor intrusion into buildings; sediment; surface water;
or wetland)” (EPA, 2009a).

The alternative remedial strategies in the Feasability Study are evalu-
ated based on a balancing of the nine criteria of the National Oil and Haz-
ardous Substances Pollution Contingency Plan, usually called the National
Contingency Plan (EPA, 1990):
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1. Overall protection of human health and the environment (a thresh-
old criterion that must be met by the chosen remedy)

. Compliance with applicable or relevant and appropriate require-
ments (ARARSs) (also a threshold criterion)

. Long-term effectiveness and permanence (a balancing criterion)

. Reduction of toxicity, mobility, or volume (a balancing criterion)

. Short-term effectiveness (a balancing criterion)

. Implementability (a balancing criterion)

. Cost (a balancing criterion)

. State acceptance (modifying criterion that is considered but not re-
quired to be met or balanced)

9. Community acceptance (modifying criterion)

[\

0O\ L W

Threshold Criteria. The first two criteria, called threshold criteria,
must be met by the chosen remedy. The criterion “protective of human
health” is sometimes embodied in a quantitative risk assessment and has
been interpreted as having a calculated excess lifetime cancer risk between
107¢ and 10~ or a hazard index < 1.0.! “Protective of the environment” is
less clearly defined.

At most Superfund facilities with groundwater contamination, federal
and state drinking water standards (such as maximum contaminant levels,
MCLs, and non-zero maximum contaminant level goals) are established
as ARARs and hence the groundwater cleanup goals. The designation of a
drinking water standard as an ARAR is often independent of whether the
particular groundwater is, in fact, currently used as a source of drinking
water or is likely to be so used in the future, as long as it is capable of being
used as a source of drinking water.

There is considerable variability in how EPA and the states consider
groundwater as a potential source of drinking water. EPA has defined
groundwater as not capable of being used as a source of drinking water if
(1) the available quantity is too low (e.g., less than 150 gallons per day can
be extracted), (2) the groundwater quality is unacceptable (e.g., greater than
10,000 ppm total dissolved solids, TDS), (3) background levels of metals or
radioactivity are too high, or (4) the groundwater is already contaminated
by manmade chemicals (EPA, 1986, cited in EPA, 2009a). California, on the
other hand, establishes the TDS criteria at less than 3,000 ppm to define a
“potential” source of drinking water. And in Florida, cleanup target levels

! The hazard index (HI) is “the sum of more than one hazard quotient for multiple sub-
stances and/or multiple exposure pathways. The HI is calculated separately for chronic, sub-
chronic, and shorter-duration exposures.” The hazard quotient is “the ratio of an exposure
level to a substance to a toxicity value selected for the risk assessment for that substance (e.g.,
LOAEL or NOAEL)” http://www.epa.gov/oswer/riskassessment/glossary.htm.
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for groundwater of low yield and/or poor quality can be ten times higher
than the drinking water standard (see Florida Administrative Code Chapter
62-520 Ground Water Classes, Standards, and Exemptions). Some states
designate all groundwater as a current or future source of drinking water
(GAO, 2011). Although EPA generally defers to state or local groundwater
classifications on these issues (EPA, 2009a), EPA policy recognizes that less
stringent cleanup levels may be appropriate for groundwater that is not
a current or reasonably expected future source of drinking water (GAO,
2011).

In addition to federal ARARs, states may propose requirements as
state ARARs, subject to EPA acceptance. There is considerable variability
between federal and some state ARARs, even for the same chemicals or
situation, as described in Box 3-1. Table 3-1 demonstrates that the MCL
for an individual compound can range over more than an order of mag-
nitude, with some states being much more stringent than EPA. There are
multiple reasons for these differences including differences in risk targets,
different interpretations of technical feasibility, and different interpretations
of toxicological findings.

Another example of variability among EPA and the states concerns the
point of compliance. EPA has long directed that the point of compliance
monitoring of the final cleanup levels for contaminated groundwater can
apply “at and beyond the edge of the waste management area when waste
is left in place” (EPA, 1988a, 1990, 1991a). (Note that the drinking water
standard in this situation still defines whether the groundwater within the
source area may be subject to unrestricted use.) At landfills the application
of this policy is relatively straightforward, while at sites where DNAPL has
migrated from the original area of release the application of this strategy
may be more uncertain.? On the other hand, some states require that all
points within a contaminated aquifer meet the state ARAR. All this vari-
ability can lead to different remedial objectives, different decisions about
the chosen remedy, and different long-term outcomes.

Although the most commonly used ARAR, it is noteworthy that MCLs
are not based on consideration of the vapor intrusion pathway, suggesting
that there can be limitations to relying on ARARs based solely on drinking
water ingestion in making decisions regarding remediation of groundwater
contamination. Vapor intrusion is discussed further in Chapters 5 and 6.

Balancing Criteria. On a case-by-case basis, the remedy selection crite-
ria (particularly the balancing criteria) are “balanced in a risk management

2 DNAPL may migrate within the area of waste management. At some CERCLA sites, the
edge of the waste management area has been “flexibly applied,” while at others the edge of
the waste management area has been “rigorously applied.”
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State/Federal Differences in Goals for Groundwater Restoration

BOX 3-1

The differences between state and federal goals for groundwater restoration

but is not meant to be comprehensive.

underlying risk assessment (CalEPA, 2000).

standard.

sites, as well as present risk communication challenges.

values, but they are not mandatory.

often hinge on the present and expected future use of the groundwater in ques-
tion. However, even if the defined use of the groundwater is for drinking, there can
still be differences in the actual numeric goals. This is because states have the
option of developing their own, more restrictive MCLs that will replace the EPA’s
MCL as the enforceable limit. Examples for different chemicals are given in Table
3-1, which provides a sense of the potential magnitude of state/federal differences

In some cases, the difference between the federal MCL and the state MCL
is more than an order of magnitude. For example, the federal drinking water limit
for cis-1,2-dichloroethene (cis-1,2-DCE) is 70 ppb (1 ppb = 1 pg/L), whereas the
California standard is 6 ppb. Both values are based on non-cancer liver toxicity in
animals, with the differences mainly due to varying interpretations of toxicological
findings. As another example, the federal MCL for carbon tetrachloride is 5 ppb,
whereas the California standard is 0.5 ppb. Both carbon tetrachloride standards
had similar conclusions regarding liver cancer in rodents as the critical endpoint.
The differences for carbon tetrachloride are related to measurement feasibility and
determination of the practical quantitation limit, rather than to differences in the

In some cases, there are chemicals for which there are state standards but no
federal standards. One example is perchlorate, where the Massachusetts standard
is 2 ppb and the California standard is 6 ppb. Although both states chose the
same toxicological study as the basis for establishing these limits, Massachusetts
adopted a more conservative approach, both with respect to interpretation of the
underlying human exposure study by Greer and coworkers (Zewdie et al., 2010),
as well as with application of uncertainty factors to derive the non-cancer toxic-
ity criterion (i.e., the reference dose or RfD). In addition, Massachusetts applied
different assumptions regarding drinking water intake and other sources of per-
chlorate. Although the calculated health-based value for Massachusetts was 0.49
ppb, the state chose 2 ppb for risk management purposes to minimize compliance
issues. In contrast, the California health-based value of 6 ppb is the same as the

The reasons for differences in drinking water limits are varied and include the
application of different toxicity studies to establish underlying health-based values,
differences in application of uncertainty factors, variations in selection of exposure
assumptions, and differences in risk management considerations. In some cases,
the differences reflect the date when a standard was set, and does not always
incorporate the new information that has become available for the more recent
standard." State/federal differences in drinking water limits may result in different
levels of cost effectiveness and health protectiveness of remedial decisions across

' Due to lack of consideration of technical feasibility, advisory values can lower than mandated
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judgment as to which alternative provides the most appropriate solution
for the site” (EPA, 1990). Under CERCLA, there is a preference for a
permanent solution; indeed, EPA “expects to use treatment to address the
principal threats® posed by a site, wherever practicable” (EPA, 1996a).
However, there is “nothing in CERCLA §121 to suggest that selecting per-
manent remedies is more important than selecting cost-effective remedies”
(Obio v. EPA, 997 F2d 1520, 1533, D.C. Cir. 1993). Rather, the emphasis
on permanent solutions and treatment is balanced by the co-equal mandate
that remedies be cost-effective through the addition of the wording to the
maximum extent practicable (EPA, 1996a) (see Box 3-2). EPA believes
that “certain source materials are generally addressed best through treat-
ment because of technical uncertainties regarding the long-term reliability
of containment of these materials, and/or the consequences of exposure
should a release occur,” while other source materials generally can be reli-
ably contained (EPA, 1996a).

An issue discussed in Chapter 7 but introduced here is that of the dis-
count rate and its role in remedy selection in addressing one of the nine
NPL criteria, namely cost effectiveness. During the feasibility study, cost
estimates are developed for each remedial option to identify their relative
cost effectiveness. Once costs are identified and quantified for each remedial
option, they are discounted to a present value to adjust for differing annual
costs across options. For example, some remedies may have large costs in
the near future and other remedies may have large costs in the distant fu-
ture; discounting is a mechanism to compare the costs of remedial options
using a common dollar metric. The logic for discounting is that if firms
were able to invest these funds they would earn a positive rate of return in
the future, which means that expenditures in the present have a higher cost
than expenditures in the future.

Currently, the annual cost of each option in EPA feasibility studies for
private parties is discounted to present values using a presumptive value of
7 percent, which EPA argues reflects the long-term return to private capital
in the United States (OMB, 2003; EPA and USACE, 2000; EPA, 2010a).
Discount rates from Appendix C of OMB Circular A-94 (OMB, 2012),
which currently are significantly lower than 7 percent, are generally used
for all federal facilities.

Under the current approach to discounting, options with costs in the
distant future will have lower present values than options with front-loaded
costs. For example, with the discount rate of 7 percent, $1 next year is
worth about 94¢ today and $1 in 50 years is worth about 3¢ when dis-

3 In addition to drum wastes and other similar source material, principal threats are where
the toxicity and mobility of the source material combine to present an ingestion risk of greater
than 10-3 (EPA, 1991c¢).
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TABLE 3-1 Examples of State versus Federal Maximum Contaminant

Levels
cis-1,2- 1,2,3-Trichloro-
Tetrachloroethene  Trichlorethene Dichloroethene  propane
Name (PCE) (TCE) (cis-1,2-DCE)  (1,2,3-TCP)
U.S. EPA 5 ppb S ppb 70 ppb n/a
California 5 ppb 5 ppb 6 ppb n/a
(state MCL)
Florida 3 ppb 3 ppb 70 ppb n/a
(state MCL) (state MCL)
Massachusetts 5 ppb S ppb 70 ppb n/a
New Jersey 1 ppb 1 ppb 70 ppb n/a
(state MCL) (state MCL)
New York 5 ppb S ppb 5 ppb 5 ppb
(state MCL) (state MCL)

9EPA interim advisory level for perchlorate is 15 ppb.

bThe Massachusetts MCL “is directed at the sensitive subgroups of pregnant women,
infants, children up to the age of 12, and individuals with hypothyroidism. They should not
consume drinking water containing concentrations of perchlorate exceeding 2 ppb. MassDEP
[Massachusetts Department of Environmental Protection] recommends that no one consume

counted to the present. Thus, a cost-efficiency determination tends to favor
selection of options that have larger costs in the future and lower near-term
costs. Pump and treat, in particular, is an option that discounting favors
because the remedy might operate for decades and the present-value calcu-
lation indicates the costs of this operation beyond 50 years is $0. A lower
discount rate, such as the 3 percent social rate for public projects, would
increase the present value of $1 in 50 years to 23¢ today, but it is still likely
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Carbon

Tetrachloride Perchlorate Source Internet URL

5 ppb n/a® National http://www.epa.gov/
Primary safewater/contaminants/
Drinking Water index.htm#listmcl
Regulations

0.5 ppb 6 ppb State Code of http://www.cdph.ca.gov/

(state MCL) (state MCL) Regulations certlic/drinkingwater/
(Chapter 15, Documents/Lawbook/dw-
Title 22, Articles  regulations-01-01-2009.
4 and 5.5) pdf

3 ppb n/a State Code of http://www.dep.state.

(state MCL) Regulations fl.us/legal/Rules/
(Chapter drinkingwater/62-550.pdf
62-550)

5 ppb 2 ppb 2008 Standards http://www.mass.gov/dep/

(state MCL)? and Guidelines water/drinking/standards/

for Contaminant  dwstand.htm
in Mass.
Drinking Water

2 ppb n/a State Code of http://www.state.

(state MCL) Regulations nj.us/dep/watersupply/
(N.J.A.C. 7:10) sdwarule.pdf

5 ppb n/a State Code of http://www.health.state.

Regulations
(Part 5, Subpart
5-1)

ny.us/environmental/
water/drinking/part5/
tables.htm

water containing perchlorate concentration greater than 18 ppb” (http://www.mass.gov/dep/
water/drinking/standards/dwstand.htm).
SOURCE: Modified, with permission, from Julie Blue, Cadmus Group, Inc. (2009).

that the alternative with higher future costs would be selected over options
with high costs in the near future.

Most economists agree that discounting is necessary, because to not
discount would overlook the differential time paths of costs across rem-
edy options. There is a long-standing debate over what discount rate is
appropriate for use in environmental cases where the costs may be inter-
generational. While it is beyond the Committee’s charge to opine on the
appropriate discount rate, discounting should be considered very carefully
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BOX 3-2
Guidance on Definition and Application of
“Maximum Extent Practicable”

The Committee was charged with answering the question: what should be
the definition of “to the extent practicable” when discussing contaminant mass
removal. Terms like “maximum extent practicable (MEP),” “to the extent practical,”
“practicability,” etc., are routinely heard when discussing what can be achieved
during groundwater remediation. For example, EPA groundwater remediation guid-
ance, which applies to all EPA non-UST cleanup programs, repeatedly states that
EPA’s goal is to attain drinking water standards “wherever practicable.” The UST
regulations 40 CFR 280.64, which apply only to light nonaqueous phase liquid
(LNAPL), requires removal of free product “to the maximum extent practicable”
as determined by the implementing agency at sites where free product is pres-
ent. These terms are not defined explicitly or quantitatively in the federal or state
statutes, regulations, or settlements and administrative orders that dictate reme-
diation requirements for soil and groundwater. That is, statements as explicit as
“70% reduction in concentration” or “removal of mobile DNAPL” are not provided
as definitions of “maximum extent practicable.”

The main statutory reference to the term “maximum extent practicable” is found
in CERCLA in reference to practicability during remedy selection, where practi-
cability reflects a balancing of the nine criteria specified in the NCP (EPA, 2009a,
p. 4, footnote 9). EPA guidance states that CERCLA’s emphasis on permanent so-
lutions and treatment should be balanced by “the co-equal mandate for remedies
to be cost-effective” through the addition of the wording “to the maximum extent
practicable” (EPA, 1996a). EPA considers cost to be relevant to technical imprac-
ticability because that term is “ultimately limited by cost,” although EPA policy is
that cost should generally play a subordinate role in a technical impracticability
determination unless compliance would be “inordinately costly” (EPA, 1996a).

For this limited use of the term “maximum extent practicable,” an explicit defini-
tion is already available. EPA has concluded that treatment is not practicable when

in the weighing of alternatives along with the other four National Contin-
gency Plan (NCP) balancing criteria listed above. Specifically for projects
whose duration exceeds 30 years, EPA and the Army Corps of Engineers
(2000) recommend that the present value analysis include a “no discount-
ing” scenario to demonstrate (for comparison purposes only) the impact
of the discount rate on the total present value cost of the remedy and the
relative amounts of future annual expenditures.

Modifying Criteria. Normally the lead agency evaluates a number of

remedial alternatives against the first seven criteria and presents that evalu-
ation, designating a preferred alternative to the public (i.e., community
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(1) “treatment technologies are not technically feasible or are not available within
a reasonable time frame;” (2) “the extraordinary volume of materials or complex-
ity of the site may make implementation of the treatment technologies impracti-
cable;” (3) “implementation of a treatment-based remedy would result in greater
overall risk to human health and the environment due to risks posed to workers,
the surrounding community, or impacted ecosystems during implementation (to
the degree that these risks cannot be otherwise addressed through implementa-
tion measures);” or (4) “implementation of the treatment technology would have
severe effects across environmental media” (EPA, 1997a). As an example of the
second item above, the use of containment as a presumptive remedy for municipal
landfills (EPA, 1997b) means that removal of waste from source areas in those
situations can be interpreted as generally not practicable. This case-by-case ap-
plication of the concept of practicability has been upheld in several court cases
[State of Ohio v. U.S. Env’l't Prot. Agency, 997 F.2d. at 1532 and U.S. v. Ottati &
Goss, Inc., 900 F.2d 429 (1st Cir. 1990) (opinion by now Supreme Court Justice
Breyer)]. Thus, as long as the remedy is chosen in accordance with the NCP and
is performing in accordance with reasonable environmental engineering practices,
that is the end of decision making with respect to what is practicable for remedy

selection.

The term “maximum extent practicable” is often used informally as a measure
of remediation progress even though it has no regulatory bearing in that context.
In Chapter 7, the Committee suggests that remedies at complex sites be regularly
assessed to determine whether they are being implemented in a manner consis-
tent with good environmental engineering practice and their resulting performance.
If a remedy reaches a point where continuing expenditures bring little or no reduc-
tion of risk prior to attaining drinking water standards, the Committee recommends
that there should be a reevaluation of the future approach to cleaning up the site
(called a Transition Assessment). When this point is reached, the chosen active
remedy can be said, de facto, to have been operated to the “maximum extent

practicable.”

stakeholders) in the form of a Proposed Plan. With regard to the two final,
modifying criteria, neither the state nor the community have the legal au-
thority to “veto” a remedy. The provision does mean that the lead agency
must engage in a formal community involvement process and, at each NPL
facility, provide a technical assistance grant to one eligible nongovernmen-
tal organization to hire an independent technical consultant to advise the
community. EPA recognizes about 70 Community Advisory Groups at NPL
facilities across the country. From 1988 to 2010, 323 technical advisory
grants have been awarded (205 providing $50,000 or less and 15 providing
a total of more than $250,000) (Catalogue of Federal Domestic Assistance,
2011). Following the public comment period, the lead agency selects a rem-

edy and memorializes it in a Record of Decision.
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After Remedy Selection

Following remedy selection decision, the remedy is designed, con-
structed, and operated. Once an active remedy is operating properly and
successfully, it is considered to have met the EPA Construction Complete
milestone. Operation and maintenance continue as long as an active remedy
is needed to be protective. Optimization evaluations and five-year reviews
are performed if chemical concentrations remain above unrestricted use
levels in groundwater, soil, soil vapor, and other media (EPA, 2001a). As
described in greater detail in Chapter 7, at these later stages monitoring
data may be gathered, the remedy may be adjusted, and institutional con-
trols (designed to minimize the potential for human exposure to residual
contamination and/or protect the integrity of the remedy) are imposed.
According to the NCP, institutional controls are supposed to supplement,
not substitute for, active remediation “unless such active measures are
determined not to be practicable, based on the balancing of trade-offs
among alternatives that is conducted during remedy selection” [40 CFR §

300.430(a)(iii)(D)].

RCRA Corrective Action

Congress enacted RCRA in 1976 to regulate, by permit, the treatment,
storage, and disposal of hazardous wastes. In 1984 it amended the law to
regulate cleanup at facilities with RCRA permits (40 CFR section 264.101).
Though RCRA is a federal law, most RCRA implementation is conducted
by the states and territories. Today 43 states and territories have been del-
egated primacy over their RCRA Corrective Action programs. Therefore,
there is more variation in RCRA oversight than under EPA’s CERCLA
program.

The RCRA remedy selection process and criteria are generally similar
to the CERCLA process (EPA, 1996b, 1997a, 2011a). Implementation of
corrective action can vary from site to site (and state and state) but it invari-
ably begins with an evaluation of site conditions through an RCRA facility
assessment conducted by either EPA or the authorized state. Similar to the
Preliminary Assessment/Site Inspection phase of CERCLA, this involves
examination of the facility’s solid waste management units to determine
if a release occurred or if the potential for a future release exists. Interim
action to stop the spread of contamination or provide an alternate source
of drinking water may be required during this stage. Additional informa-
tion can be necessary to support interim actions and can be obtained by
the site owner through an RCRA Facility Investigation. This investigation
involves sampling and modeling to determine the nature and extent of con-
tamination, the site hydrogeology, and the source zone architecture, similar
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to the Remedial Investigation process under CERCLA. If it is determined
that corrective action is required, the site owner will conduct a corrective
measures study. Not unlike the feasibility study in CERCLA, a corrective
measures study evaluates and selects the remedy and is conducted by the
facility owner with oversight from the EPA or the state.

The RCRA program recommends that corrective action be based on
risk (EPA, 1997¢). EPA’s RCRA guidance specifies that cleanup levels be
set at federal drinking water standards (where they exist) or be based on
a residential drinking water exposure scenario where groundwater is cur-
rently used or may be reasonably expected to be used as a source of drink-
ing water (EPA, 2004). RCRA regulations define the point of compliance
as the “vertical surface located at the hydraulically down gradient limit of
the waste management area that extends down to the uppermost aquifer
underlying the regulated units” (EPA, 2004), which conceptually is the
boundary of the waste disposal or other management area at the RCRA
facility. The exact location is determined on a site-by-site basis.

The two primary RCRA milestones include the human exposures en-
vironmental indicator and the groundwater environmental indicator (see
Chapter 2). The objectives that are frequently called for in site-specific
agreements between owners and operators of treatment, storage, and dis-
posal facilities and regulatory authorities are typically defined in terms of
concentrations of particular contaminants as measured at the boundaries
of given units of real property.

Public participation is a part of the corrective measures selection pro-
cess, but community acceptance (the ninth NCP criterion) is not a statutory
requirement for RCRA sites. While in many cases regulators may have
established a robust community involvement process, in general this is less
extensive than at sites regulated under CERCLA. For example, there are
funding sources, such as Technical Assistance Grants, available for CER-
CLA public involvement that do not exist for RCRA, and regional Super-
fund programs have Community Involvement Coordinators.

While RCRA permits do not have a statutory requirement for five-year
reviews, periodic reviews may be built into RCRA permits. EPA views
RCRA permits as “living documents that can be modified to allow facilities
to implement technological improvements, comply with new environmental
standards, respond to changing waste streams, and generally improve waste
management practices” (EPA, 2011b).

As part of RCRA, UST cleanup is also overseen by state and territories
or their subjurisdictions. Of interest for this chapter is that the definition
of UST “closure,” which is a major goal of UST programs, varies sig-
nificantly from state to state. According to the ITRC 2009 report, historic
cleanup goals for LNAPLs have been to remove them “to the maximum
extent practicable (MEP),” although some states provide no interpretation
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of MEP and others specify a maximum allowable amount of LNAPL in a
monitoring well (e.g., no visible sheen or 1/8-inch thickness). Some state
statutes include “LNAPL thickness-in-a-well requirements” and definitions
for when LNAPL remediation efforts may be discontinued. Some states
may be bound by statute to remove all LNAPL based on a law or policy
stipulating nondegradation of waters.

Federal Facilities

Current and former federal facilities are subject to the same environ-
mental cleanup laws as other properties (see Section 120 of CERCLA),
but there are differences. For example, in 1986 Congress established the
Defense Environmental Restoration Program (as part of the Superfund
Amendments and Reauthorization Act, SARA, 1986), requiring the Defense
Department to fund its own cleanups. Other federal agencies are similarly
liable for the remediation of their properties.

In general, the Defense Department manages most of its facilities under
CERCLA, whether or not they have been listed on the NPL. A major rea-
son for this is that in 1987 President Reagan assigned lead agency status to
federal responsible parties. At NPL sites, the lead agency is supposed to ne-
gotiate a Federal Facilities Agreement with EPA and its state counterparts.
These agreements define the scope and timing of the cleanup, and they
establish a dispute resolution mechanism whereby the EPA administrator
is ultimately responsible for resolving differences between regulators and
responsible parties. Federal responsible parties are responsible for conduct-
ing five-year reviews under CERCLA, but EPA must approve the finding
of protectiveness.

The major federal responsible party agencies, the Departments of De-
fense and Energy, maintain robust community involvement programs, even
at facilities that are not on the NPL. Currently the Defense Department
sponsors 191 site-specific Restoration Advisory Boards covering 218 instal-
lations (DoD, 2010), and DOE hosts similar bodies at most of it major sites.

A fraction of contaminated federal facilities are regulated under RCRA.
In 1992, Congress amended the law to make explicit that states have the le-
gal authority to enforce RCRA cleanup requirements at federal facilities. In
the Committee’s opinion, this may be a major reason that federal agencies
prefer CERCLA, where they will maintain lead agency status, even though
RCRA provides greater flexibility in establishing remedial objectives and
points of compliance.

Federal facilities that are being transferred to non-federal ownership
are subject to additional oversight under CERCLA Section 120(h). In most
cases, remedies must be in place and operating properly and successfully

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/14668

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites

REMEDIAL OBJECTIVES, REMEDY SELECTION, AND SITE CLOSURE 89

before a parcel can be transferred (EPA, 2010b), although groundwater
concentrations need not meet drinking water standards prior to transfer.
EPA and state regulators must issue a Finding of Suitability for Transfer,
providing EPA with authority over federal cleanup at closing military bases
and other properties, even if they are not on the NPL (DoD, 1994). There
are also provisions for Leasing and Early Transfer, in which non-federal
entities may use or take ownership of property before cleanup has been
completed (EPA and DoD, 2005; DOE, 1998). In general, this means that
regulators must approve of remedies if a transfer is to occur. However,
properties that were transferred before the 1986 Superfund Amendments,
such as the Defense Department’s Formerly Used Defense Sites and the
former Atomic Energy Commission’s Formerly Used Site Remedial Action
Program sites, are subject to CERCLA as managed by the Army Corps of
Engineers. They are regulated only by the states and territories unless they
are placed on the NPL, which gives EPA regulatory oversight as well.

Lessons Learned

The process outlined above for CERCLA and its counterparts occurs in
a straightforward way at only relatively small or simple sites. In reality, the
remedial action process is much more complex and nonlinear, particular for
the type of sites that are the focus of this study. The process at a particular
site can also be more flexible than implied in the description above. The
Committee’s combined experience provides the following general observa-
tions about how cleanup can deviate from the idealized RCRA and CER-
CLA models. First, a significant amount of cleanup can be implemented
through interim and emergency responses. Second, the study phase is often
protracted, for several reasons. And third, at many complex sites attaining
drinking water standards throughout the contaminated groundwater zone
is difficult and unlikely for many decades, which can complicate the latter
stages of remediation.

Interim and Emergency Responses

At most complex sites, actual cleanup activity begins long before the
selection of a final remedy. First and foremost, easily accessible source
materials can be and are quickly removed, such as piles of drums on the
ground surface, leaking lagoons, and surface pits. Sites with surface con-
tamination are typically fenced to prevent easy access. Second, measures
are taken to interrupt exposure pathways. For example, in the San Ga-
briel Valley, California, wellhead treatment was provided to ensure that
the public water supply, which derives from contaminated groundwater,
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meets health standards.* At the Hopewell Precision Superfund facility in
Hopewell Junction, New York, impacted homes were provided with wa-
ter filtration and vapor mitigation systems.’ People whose private wells
were contaminated with perchlorate from the Olin plume in San Martin,
California, were provided with bottled water (California Regional Water
Quality Control Board, Central Coast Region, 2003). Containment rem-
edies are often applied at the earliest stages of site response to prevent the
spread of contamination. For example, at the MEW Superfund Study Area
in Mountain View, California, responsible parties quickly installed slurry
walls around the known source areas on their properties, and they found
and plugged abandoned agricultural wells that served as vertical conduits
for contamination to move between aquifers (EPA, 2009b).

Regulators and responsible parties often agree to conduct source re-
moval or containment long before the full extent of contamination is even
mapped. At the CTS Asheville site in North Carolina, EPA conducted soil
vapor extraction as an emergency response prior to a remedial investigation
(EPA, 2010c). At the MEW site responsible parties removed contaminated
soil, conducted soil vapor extraction, and installed localized groundwater
extraction and treatment systems long before the development of a regional
remediation strategy (EPA, 2009b).

The lesson learned from existing case studies and the experience of
the Committee is that in geographic locations where there are numerous
separate sources affecting the same aquifer, a regional remediation strat-
egy that addresses sources in a variety of federal and state programs (e.g.,
CERCLA, RCRA, and UST) early in the process and with the involvement
of all stakeholders can allow for Interim and Emergency Responses to be
implemented in a more effective manner. It is also consistent with EPA
environmental justice program’s efforts to use “an integrated One EPA
presence” to engage communities in the Agency’s work to protect human
health and the environment (EPA, 2011c).

Protracted Study

Robust, reliable site characterization is essential to effective site
cleanup. Without it, remedies may fail to address significant problems or
may even spread contamination. For a number of reasons, investigation of
a complex site is always protracted. First, it is inherently difficult to char-
acterize groundwater contamination and develop an accurate conceptual
model at complex sites. Once sampling schedules are established, it can be

4 See http://yosemite.epa.gov/r9/sfund/r9sfdocw.nsf/3dec8ba325236842882574260074373
3/538dd2f968eac4fb88257007005e9460!OpenDocument.
5 See http://www.epa.gov/region02/superfund/npl/hopewell.
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difficult to change them. This is especially true at sites where assessment
is an exercise in routine data gathering, rather than an attempt to improve
the understanding of site conditions. In addition, at virtually all sites sam-
pling results in new discoveries that may change the sampling strategy.
Second, the nature of the study process is adversarial (i.e., where the work
and funding come from the responsible party, but the final decision about
moving forward rests, as it must, with the regulators). Third, the process
of having a large number of government experts (both state and federal)
review different portions of the responsible party’s submissions adds time.
During the Remedial Investigation/Feasibility Study phase multiple docu-
ments are created, including specialized studies. Actual cleanup, of course,
cannot proceed until regulators review responsible party documents, the
responsible parties respond to regulator comments, and all outstanding is-
sues are resolved. A lack of adequate staffing in state and federal agencies
aggravates this situation (e.g., Sweeney, 2010). Finally, the interpretation of
study data is nontrivial and often the subject of disputes between EPA and
the potentially responsible parties.

In recent years, agencies have emphasized the establishment of data
quality objectives to be certain that the quality of samples will be high
enough to answer key questions about and to test hypotheses of the con-
ceptual model. EPA’s Data Quality Objective Process (EPA, 2006) discusses
how to “clarify study objectives, define the appropriate type of data [to
collect], and specify tolerable levels of potential decision errors that will be
used as the basis for establishing the quality and quantity of data needed to
support decisions.” Nonetheless, in the Committee’s experience there is still
a strong tendency to collect too much information for fear of missing a key
data point, leading to protracted study at these complex sites.

There have been initiatives, such as the Air Combat Command’s
“Streamlined Oversight” project (U.S. Air Force, 1995), piloted at Langley
Air Force Base, Virginia, in which regulators and responsible parties have
formed partnerships to jointly solve problems, eliminating much of the
back-and-forth shuffle of documents, but those programs remain the excep-
tion rather than the rule.

The Limits of Aquifer Restoration

As shown in many previous reports (EPA, 2003; NRC, 1994, 1997,
2003, 2005), at complex groundwater contamination sites (particularly
those with low solubility or strongly adsorbed contaminants), conven-
tional and alternative remediation technologies have not been capable
of reducing contaminant concentrations (particularly in the source area)
to drinking water standards quickly. Because the history of groundwater
cleanup is still relatively recent, in that few sites with remedies have been
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operating for more than 25 years, the time to achieve restoration cannot be
easily predicted based on empirical observations, but it likely extends for
decades. As a practical matter, at both Superfund and RCRA sites a variety
of strategies are being used, which recognize that drinking water standards
are unlikely to be attained within source areas. These methods include the
use of monitoring compliance points outside the source area, use of con-
tainment zones for petroleum and low-risk solvent sites (by the California
Water Resources Board and the Regional Water Quality Control Board-San
Francisco Bay Area, respectively), Texas’ Municipal Settings Designation,
Florida’s Natural Attenuation Default Source Concentration, and EPA’s
Technical Impracticability (TI) waivers, among others.

Because of the diversity of chemicals and conditions at sites, the limits
of existing technologies, and the inevitable lack of agreement on the proper
balance between the nine criteria of the NCP, there is no precise formula or
clear trigger for determining when restoring an aquifer to drinking water
standards is practicable or what is a reasonable remediation time frame in
which to accomplish this, and these debates are likely to continue. Rather,
general remedy selection principles (laid out in many EPA guidance docu-
ments and described in this chapter) should be applied to the specific con-
ditions at a site to determine the remedy. The remedial alternatives should
be reviewed to determine the timeframe, the cost, and the practicality of
reducing the concentrations in groundwater to drinking water standards.
This requires the transparent exchange of technical and cost information
between regulators and responsible parties. Other implications of the limits
of aquifer restoration are discussed more fully in Chapter 7.

THE FUTURE OF CLEANUP OBJECTIVES

The Committee assumes that drinking water standards will remain the
long-term goal of groundwater remedies for the foreseeable future. Drink-
ing water standards define unlimited groundwater use and unrestricted
exposure, and until they are met, five-year reviews (at sites regulated under
CERCLA) and institutional controls are needed. Despite these require-
ments, the Committee believes that new approaches to setting cleanup goals
should be considered, to the extent permitted by law. These include giving
more attention to site-specific risks, setting alternative concentration limits,
seeking TT waivers, reclassifying groundwater, and considering sustainabil-
ity, as discussed below.

A More Central Role for Risk Assessment

During the RI phase of CERCLA, information is collected that can
be used to conduct human health and ecological risk assessments, usually
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following EPA’s Risk Assessment Guidance for Superfund (RAGS) (EPA,
1989, 1991b). Site-specific risk assessment integrates information on the
physical conditions at the site, the nature and extent of contamination, the
toxicological and physicochemical characteristics of the contaminants, the
current and future land use conditions, and the dose-response relationship
between projected exposure levels and potential toxic effects. The end
result is a numerical value of potential additional risk to the hypothetical
receptor from the contaminant source under present conditions (i.e., the
“no-action” scenario), along with a discussion of the attendant uncertainty.
The calculated risk values are typically compared to the range of acceptable
risk defined by EPA or by state regulations (often 107 to 10~* for carcino-
genic compounds). If the risk estimate is greater than the acceptable target
risk level, target cleanup level objectives are identified for the site using the
assumptions developed in the risk assessment related to potential levels of
exposure.

In the Committee’s experience, EPA and state drinking water standards
usually drive groundwater cleanup rather than the results of site-specific
risk assessment. This can lead to responsible parties, regulators, and the
public having an incomplete understanding of risk-related issues, includ-
ing the plausibility of the scenarios that are driving decision making, the
likely site risks at the present and in the future, and site risks reduced to
date. Hamilton and Viscusi (1999) provided several examples, taken from
Superfund, of the importance to risk estimates of assumptions regarding
the selected scenarios (e.g., future on-site resident as compared to present-
day off-site residents). These authors also provided estimates of both indi-
vidual and population risks, demonstrating that at some sites population
risks, reflected in the number of estimated cancer cases, can be small, often
well below 1. Rarely is such information provided as part of the typical
risk assessment process. Moreover, exposure pathways, such as inhalation
of vapors from off-gassing during showering or inhalation of chemicals
from vapor intrusion, are often not reflected in ARARs for groundwater,
especially MCLs. Failing to consider these pathways could yield over- or
underestimates of risks.

More Comprehensive Consideration of Time

The risk-based methods typically used at contaminated sites evaluate
carcinogenic and non-cancer risk to a hypothetical individual over the
course of the person’s lifetime. These methods do not factor in the changes
in concentrations or exposure over the lifetime of a contaminant source. For
example, the future potential risk is calculated over a 30-year timeframe®

© Thirty years is the typical exposure duration in the baseline risk assessment under RAGS.
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based on the reasonable maximum exposure concentration determined in
the remedy-selection risk assessment, even if the chemical concentration
decreases going forward without any active remedy. In this example, the
risk reduction predicted as a result of the selected remedy (and, therefore,
the cost effectiveness and practicality of that remedy) would be overesti-
mated since some of the risk reduction would have occurred even in the
absence of active remediation. The only example known to the Committee
of where time has been considered more explicitly is EPA’s guidance on
remediation of polychlorinated biphenyl sites. This guidance recommends
that the calculated risk consider concentration decreases over time from
volatilization (e.g., a 72 percent reduction in concentration over 30 years)
and biodegradation (e.g., a half-life of 50 years) (EPA, 1990).

Similarly, there is also no formal framework for considering the impact
on risk of concentrations ceasing to decline once a remedy has been in place
for an extended period (see Chapter 7 for more discussion). This is not an
uncommon occurrence at complex sites, where contaminant concentrations
may reach an asymptote beyond which there is very little, if any, further
decline in concentration despite continued operation of an active remedy.
In such situations, the reduction in potential risk has also plateaued (i.e.,
risk reduction ceases) and is not achieving its full extent as predicted in the
Record of Decision.

The Committee believes that more formal consideration of the time ele-
ment in risk assessment (i.e., by linking predicted changes in concentrations
with and without a remedy to changes in risk, assuming that drinking water
is a complete exposure pathway) can be important in understanding the
cost effectiveness of a remedy. In addition, once a remedy is implemented,
understanding the risk—concentration response function over time will pro-
vide risk managers and the community with a more complete understanding
of the changing risk profile and, if restoration is not practical, facilitate de-
cision making regarding the need for long-term management. These issues
are discussed further in Chapter 7.

Population Impacts and Risks to Remediation
Workers and Surrounding Residents

Population risk is commonly represented as the number of cases of
disease or fatalities in a particular exposure setting. For cancer risks, this
might be presented as the hypothetical estimated number of cancer cases
associated with a particular exposure scenario. The value is calculated
based on population size and average risk level.” Estimation of population

7 We note this is a simplification of the calculation and factors such as the age distribution
of a population may also be considered.
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risk over the lifetime of a hazardous waste site is rarely if ever conducted
because there is no regulatory requirement to do so, nor is there a currently
prescribed regulatory context for considering the results of such an evalu-
ation. Because of the relatively small population size affected by a given
Superfund facility, the total number of cancer cases associated with con-
taminant exposure is likely to be small (often less than 0.1 cancer cases per
site according to Hamilton and Viscusi, 1999). In contrast, consideration of
population risk is an important component of many federal rules in other
settings, including other environmental exposures as well as occupational
and pharmaceutical exposures. For example, in the setting of the arsenic
MCL, EPA considered population size in reducing arsenic in drinking wa-
ter from 50 pg/l to the options of 3, 5, or 10 pg/L. Benefits included the
number of lung and bladder cancer cases averted in the potentially exposed
population and the subsequent impact on reduction in costs of morbidity
and mortality (EPA, 2001b).

Another risk component to remedial decision making related to popula-
tion size that is infrequently quantified in any formal analytical way is that
of short-term risks created as part of remedial activities. For every remedial
alternative, there may be short-term risks to workers during implementa-
tion of the remedy (e.g., due to excavation of large volumes of waste and
contaminated soil at landfills and/or treatment facilities), short-term risks
of injury to local residents and populations along the transportation route
due to traffic accidents during transportation of such wastes, and long-term
risks to local residents who live near the redisposal site (e.g., Greenberg
and Beck, 2011). Despite the existence of these risks, few remedy selection
decisions consider them in a quantitative way (Leigh and Hoskin, 2000).

Population risks and risks from physical injuries to remediation work-
ers (including on-site injuries) have been quantified in the site remediation
context using the metric of years of potential life lost (YPLL) (Cohen et
al., 1997). YPLL, which is used in public health decision making, consid-
ers the number of fatalities resulting from particular activities and the age
of the individuals experiencing the fatalities. For some of the hypothetical
case studies in the analysis by Cohen et al. (1997), the increase in YPLL to
remedial workers was greater than the reduction in YPLL for the popula-
tion at the site. Use of this concept in decision making, particularly when
remediation extends over long periods, could be useful in selecting among
remedial alternatives to find those with the largest overall benefit to public
health (e.g., by reducing YPLL to the greatest extent practicable). An ex-
ample of the practical application of the YPLL concept in environmental
decision making (albeit not in the context of groundwater cleanup) is pro-
vided by Frost et al. (2002) who concluded that, in the analogous context of
selecting among different strategies for reducing drinking water arsenic in
Albuquerque, NM, the drinking water treatment approach of coagulation
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and microfiltration yielded greater public health benefit (i.e., fewer YPLL)
than other drinking water treatment approaches. Note that the Commit-
tee is not suggesting that population-size considerations should be used to
select remedies that are less health protective—i.e., remedies should result
in post-remedy risks within the target risk range for all populations.

Uncertainty and Variability in Risk Analyses

At complex sites, risk-based methods could be employed to more fully
understand the nature of existing risk and expectations regarding future
risks reduced under different scenarios through more explicit uncertainty
analysis. The results of uncertainty analysis could help identify areas where
additional data collection may be beneficial and provide risk managers and
communities with a greater understanding of the implications of specific
decisions.

In the context of risk assessment, variability refers to the natural varia-
tion that occurs across space and time in a population—including differ-
ences in exposure point concentrations, intake assumptions (e.g., breathing
rates), and pharmacokinetic differences among individuals as a function
of age, genetics, or other factors. For a given contaminated site, such dif-
ferences yield a distribution of risks across the population of present and
future residents living near a site. Use of probabilistic risk analysis methods,
in which a distribution of risks is presented, provides a more complete un-
derstanding of variability.

Uncertainty refers more generally to a lack of knowledge about specific
parameters. For example, the shape of the dose-response curve for a car-
cinogen at low doses (e.g., whether is it linear, nonlinear, sublinear) is often
uncertain. Reasons for uncertainty may include a lack of experimental data
in the dose range of interest or lack of understanding of the mode of action
for carcinogenesis. In the case of groundwater contamination, an important
source of uncertainty in risk assessment is often the choice of use scenarios
for contaminated groundwater. If the water is presumed to be used for
drinking water, then the relevant pathways would include ingestion, inha-
lation from off-gassing during showering and vapor intrusion, and dermal
uptake. If the water is not used (and not reasonably expected to be used in
the future) for drinking water, then only inhalation from vapor intrusion
would constitute a complete exposure pathway.

Tools are available for formally characterizing uncertainty in risk as-
sessment and could be applied more frequently at contaminated sites. For
example, expert judgment could be used, based on assumptions regarding
demographics and types of water usage in an area, to formally elicit deter-
minations as to the likelihood of certain use scenarios. Sensitivity analyses
could be conducted comparing different use scenarios, incorporating tem-
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TABLE 3-2 Examples of Uncertainty and Variability in Risk Assessment
for Contaminated Groundwater

Parameter Source of Uncertainty Source of Variability

Carcinogenicity of Lack of toxicological Differences in metabolizing

chlorinated solvent understanding in low-dose  ability across individuals,
region resulting in differences in

susceptibility to toxicity

Sampling for compliance Differences in detection Differences in concentrations
with cleanup targets limits as a function of across time and space
changing technologies

Groundwater use Changes in water use High variability in water
patterns in the future can ingestion rates
affect the plausibility of
the use scenario

Exposed population Changing demographics Age distribution of
population, which can affect
water consumption patterns

porality into the analysis. More sophisticated modeling software tools are
becoming available to conduct analyses of variability and uncertainty. For
example, the Analytica program (Mansfield et al., 2009) provides general
mathematical modeling language to develop uncertainty models, which can
then be combined with probabilistic modeling. EPA has employed Analytica
to combine information on variability in exposure along with uncertainty
in dose-response function to evaluate the benefits and costs of air quality
regulations. While such analyses can be complex and time consuming,
they are likely to be worthwhile for certain situations at recalcitrant sites,
and informative in the context of making decisions regarding the need for
alternative endpoints. Table 3-2 presents some sources of uncertainty and
variability in risk assessment for contaminated groundwater.

Additional Strategies for Goal Setting

Many strategies have been developed and accepted by regulators to
acknowledge site complexity and inherent technical and cost barriers to
achieving drinking water standards, yet provide a path forward that reduces
risk and retains the ability to determine when unrestricted use is appropri-
ate. Examples include applying for and being granted a TT waiver, ground-
water reclassification, applying EPA’s flexible guidance on determining if a
requirement is an ARAR (including applying the exceptions, exemptions,
and variances associated with the federal or state requirement), use of
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compliance monitoring points outside the presumed source area, and use
of alternate concentration limits, among others (ESTCP, 2011; EPA, 1996c,
2009a).

There are multiple benefits of using these additional strategies, each of
which is provided for in EPA guidance (EPA, 1996c, 2009, 2011d). These
strategies can meet most regulatory requirements, establish common ex-
pectations, protect public health through exposure control, provide a path-
way toward meeting the DoD milestones of remedy in place and response
complete, manage remedial project risks, and potentially use resources
more efficiently. The challenges are also significant, and include regulatory
reluctance to adopt such additional strategies because of (a) scientific dis-
agreements on the fate of chemicals or technological performance; (b) dis-
agreement about what is a reasonable time frame or what is cost effective;
(c) community concerns; and (d) uncertainty about the ability to control
long-term risks. Whether these alternative strategies can still be protective
while leading to reductions in life-cycle costs is difficult to quantify, but
intuitively cost savings seem likely.

ARAR Waivers

Under CERCLA, the selection of an ARAR requires a careful applica-
tion of site-specific facts to the site of interest. A requirement under other
environmental laws may be either applicable’ (i.e., it would apply, but
for this being a Superfund facility) or relevant and appropriate (i.e., it ad-
dresses problems or situations similar to the conditions at the site and is a
requirement that is “well suited” to the site) [see 40 CFR §300.5 and 40
CFR §300.400(g)]. To determine if a requirement is well suited, one must
assess the nature of the substances at the site; the physical, chemical, and
microbial characteristics at the site; the circumstances surrounding the re-
lease; and the ability of the action to address the release. Thus, an ARAR
must be determined on a case-by-case basis and the analysis may provide
substantial flexibility.

ARARs, even if applicable, may also be waived, e.g., TT waivers. There
is no rigid definition of what constitutes technical impracticability (EPA,
1993; AEC, 2004). Eighty-five TI waivers have been issued for ground-

8 “Applicable requirements” are those “cleanup standards, standards of control, and other
substantive environmental requirements, criteria, or limitations promulgated under federal en-
vironmental or state environmental or facility sitting laws that specifically address a hazardous
substance, pollutant, contaminant, remedial action, location, or other circumstance found at
a CERCLA site.” 40 C.ER. § 300.5; EPA, Draft ARARs Guidance at pp. 1-10. There should
be a one-to-one correspondence between the requirement and the circumstances at the site. Id.
“Applicability” implies that the remedial action or the circumstances at the site satisfies all of
the jurisdictional prerequisites of a requirement. Id. at 1-10.
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water through February 2012, based on a variety of site-specific factors.
These factors, summarized in ESTCP (2011), include (1) complex geologic
features, (2) confirmed presence of DNAPLs or other recalcitrant con-
tamination, (3) a combination of the above, (4) excessive cost, (5) physical
limitations due to surface structures, and (6) perceived technical limitations
of remediation technologies.

Another less common ARAR waiver is the Greater Risk ARAR waiver,
which applies if activities taken to meet an ARAR would cause greater
harm (like remobilizing DNAPL or dewatering wetlands) than waiving
the ARAR; an example is Onondaga Lake, which has elemental mercury
as a DNAPL (ESTCP, 2011). The other strategies discussed below have
been used much less frequently than waiving an ARAR due to technical
impracticability.

Alternate Concentration Limits

Alternate concentration limits (ACLs), which apply at CERCLA and
RCRA sites, allow the use of a remediation goal in groundwater that is pro-
tective of surface water into which contaminated groundwater discharges,
rather than the drinking water standard. The basic concept is that when
the groundwater plume enters surface waters, the remedial goal should be
consistent with the permitted discharge program governing point source
discharges into surface water, as regulated under the Clean Water Act. EPA
(20035) clarified ACL policy at sites regulated under CERCLA by identify-
ing a number of considerations. For example, one has to consider whether
all plumes discharge to surface water (e.g., a deeper aquifer might not),
whether there are potential degradation products between the source and
the points of entry (e.g., trichloroethene degrades to vinyl chloride), and
whether groundwater can be restored to beneficial use within a reasonable
timeframe.

One example where an ACL was adopted is the Naval Surface Warfare
Center Ammunition Burning Grounds in Crane, Indiana (ESTCP, 2011).
Downgradient of the explosives-contaminated site are several springs that
discharge into a nearby creek, which serves as a public water supply 11
miles downstream. Rather than setting the 3 pg/L drinking water standard
for the chemical explosive RDX as the site remediation goal, an ACL for
RDX of 140 parts per billion (ppb = pg/L) at the spring was set. It was
based on ensuring that Indiana Water Quality Standard of 240 ppb would
be achieved in the non-potable surface water and the 3 parts per billion
RDX would be met at the public water supply. Note that because the ACL
is less stringent than the contaminant level that would allow for unlimited
use and unrestricted exposure, five-year reviews continue at this site.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/14668

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites

100 MANAGING THE NATION’S CONTAMINATED GROUNDWATER SITES

Groundwater Management and Reclassification of Groundwater

Groundwater management or containment zones and reclassification of
groundwater uses are similar to TI zones, in that they refer to a volume in
the saturated zone that is allowed to exceed water quality standards, but
the rationale may differ. Most regulators, as a matter of policy, have desig-
nated the goal for most groundwater as attaining the highest beneficial use
(i.e., use as drinking water), even where the natural or background quality
is relatively poor. At some sites, regulators have explicitly recognized that
the groundwater in a particular area is unlikely to be used for drinking
water now and in the future. A variety of terms have been developed for
the affected area in such circumstances, such as plume management zone
(Texas), groundwater management zone (Delaware, Illinois, New Hamp-
shire), and containment zone (California Regional Water Quality Control
Board — Region 2). An example is the Joliet Army Ammunition Plant, where
explosives-contaminated groundwater has a cleanup timeframe of up to
340 years (ESTCP, 2011). There are three groundwater management zones
at Joliet, for which the remedial objectives are higher concentrations than
elsewhere. Contamination within the groundwater management zones is be-
ing addressed through a number of approaches including deed restrictions
and continued groundwater and surface water monitoring.

Groundwater reclassification refers to changing the beneficial use of an
aquifer such that it is no longer considered a potential source of potable
water. At the Altus Air Force Base in Oklahoma, where DNAPL is likely
present in fractured bedrock, the groundwater was reclassified to Class III,
based primarily on the presence of elevated TDS in the aquifer. This clas-
sification will not allow the groundwater to be used for drinking water,
although it does permit agricultural and industrial uses. The cleanup objec-
tive is to contain the plume, rather than restore it to maximum beneficial
use, and the point of compliance is the base boundary (ESTCP, 2011). In
New Jersey, there are groundwater classification exemption areas, which
are used as an institutional control that provides for the protection of hu-
man health as long as the contaminant concentrations in the areas exceed
the New Jersey groundwater quality standard.

The ESTCP (2011) report on alternative strategies for site management
makes it clear that alternative remedial objectives are not used in many
situations where they might apply, despite their attractiveness for dealing
with complex sites. TI waivers have been approved by EPA, albeit at only
a small percentage of NPL sites (3 percent) for which they could likely be
used (ESTCP, 2011). (It should be emphasized that at Superfund facilities
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groundwater restoration remains the goal outside of the agreed-upon TI
zone.)

A similar initiative directed by the ITRC suggests that many state
regulators wish to see a change in the process for overseeing groundwater
cleanup activities. ITRC established a committee to develop an integrated
strategy for cleanup of groundwater sites impacted by DNAPLs. That
committee’s report (ITRC, 2011) includes recommendations on alternative
procedures for setting objectives at these sites. For example, the report rec-
ommends that “setting of remedial objectives should be based on realistic
assumptions and expectations”—a reference to the technical limitations on
achieving MCLs. This is a clear indication of the desire to recognize tech-
nical limitations before a remedy is selected, equivalent to the use of a TI
waiver prior to the completion of a Record of Decision. One of the most
significant parts of the ITRC report is the emphasis on greater account-
ability in setting cleanup objectives. That is, it recommends that interim or
functional objectives (see NRC, 20035, for an extensive discussion of “func-
tional” versus “absolute” objectives) be established that can be observed
within a 20-year timeframe in order to ensure that potentially responsible
parties and engineering firms are held accountable, even where restoration
remains the long-term goal. Timeframes beyond 20 years were felt to reduce
the likelihood of holding parties accountable for remedial performance.

Despite these initiatives, there is still widespread reluctance by federal
and state regulatory agencies to accept the concept of alternative remedial
objectives. Reasons for this reluctance are not difficult to comprehend. Not-
withstanding EPA’s written guidance, some regulators may seek more ag-
gressive remedies. It is also likely that some regulators inherently make the
most protective decision on cleanup objectives and are reluctant to accept
the need to revise objectives. For example, it appears that one of the factors
that may make issuance of TT waivers difficult is that when such a waiver is
granted, an alternative groundwater remediation goal is set for the TI zone
in lieu of the unrestricted use level. Thus, the perception is that in order to
grant such a waiver, one must “abandon” achieving the unrestricted use of
the groundwater in some portion of the aquifer. Some state regulatory bod-
ies argue that as a matter of policy, state non-degradation policies should
also be used to require cleanup to drinking water standards of groundwater
already degraded and maintain that the goal of restoration is paramount
regardless of the technical or economic constraints. Other causes of this
reluctance to use alternative strategies on the part of regulatory agencies
include, in the Committee’s experience, rotating project managers and lack
of incentives to reach a compromise between the potentially responsible
parties and the regulators. On the other hand, potentially responsible par-
ties may be reluctant to accept an alternative remedial objective because
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of the transaction costs associated with the process, or because of future
litigation risks should residual contamination persist (see Chapter 5).

Sustainability as a Cleanup Objective

The historic definition of sustainable is “[d]evelopment that meets the
needs of the present without compromising the ability of future generations
to meet their own needs” (Brundtland, 1987). According to the Bruntd-
land report (1987), the most “sustainable” policies address environmental,
economic, and social aspects of a problem (the so-called triple bottom-line
approach)—a definition much broader than that encompassed by the fed-
eral and state hazardous waste laws. If sustainability is to be a remedial
goal, this broad policy definition needs to be translated into concrete direc-
tion on how to clean up a site “sustainably.”

Incorporating sustainability concepts into remediation decision making
is a developing, but still incomplete, practice at EPA and other agencies.
EPA, DoD, the states, and others have “green” or sustainable remediation
policies (DoD, 2009; Army Corps of Engineers, 2010; EPA, 2008; ITRC,
2011). All ten EPA Regions have adopted Clean and Green policies for
contaminated sites, generally with green remediation goals including to
minimize total energy use and to reduce, reuse, and recycle materials and
wastes (EPA, 2011e). However, “green” remediation and even some of
these agency guidance documents that use the word “sustainability” do
not include all of the elements of sustainability found in the Brundtland
report. For example, EPA’s definition of green remediation is the “practice
of considering all environmental effects of remedy implementation and
incorporating options to minimize the environmental footprints of cleanup
actions” (EPA, 2011e). This is narrower than the concept of sustainable re-
mediation as “balance[ing] outcomes in terms of the environmental, social,
and economic elements of sustainable development” (see Table 3-3 below
and Bardos et al., 2011; NRC, 2011). In fact, some argue that sustainable
decisions should consider community improvements, jobs, and quality of
life, and the benefits to the surrounding community (NRC, 2011). Several
examples of sustainable remediation that illustrate the range of concepts
that can be incorporated are given in Box 3-3.

Each of the Sustainable Remedy Selection environmental factors listed
in Table 3-3 (i.e., column 1), and some of the social and economic factors
(columns 2 and 3), fit into the standard EPA and state remedy selection
criteria. For example, impacts on human health and safety (a social fac-
tor), impacts on various environmental media and natural resources, and
community involvement can be assessed under existing remedy selection
schemes. However, ethical and equity considerations, indirect economic
costs and benefits, and employment and capital gain (among others) are
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TABLE 3-3 Sustainable Remedy Selection Factors

103

Environmental

Social

Economic

1.

Impacts on air (including
climate change)

1.

Impacts on human health
and safety

1.

Direct economic
costs and benefits

2. Impacts on soil and 2. Ethics and equality 2. Indirect economic
ground condition 3. Impacts on neighborhood costs and benefits
3. Impacts on groundwater and locality 3. Employment and
and surface water 4. Communities and employment capital
4. Impacts on ecology community involvement 4. Induced economic
5. Use of natural resources 5. Uncertainty and evidence costs and benefits
and waste 5. Project lifespan and

flexibility

SOURCE: Adapted, with permission, from CL:AIRE (2011).

not explicitly provided for in any cleanup statute or existing programs.
Many of these broader societal factors could be taken into account at fed-
eral facilities if the government decided to expend its own funds, but they
are likely to be difficult to include as enforceable requirements on private
sector decision making without amendments to existing cleanup statutes.
Industry groups are currently driving sustainable remediation efforts.
For example, approximately 87 percent of the largest companies in the
Drugs and Biotechnology, Household and Personal Products, and Oil and
Gas Operations sectors have environmental sustainability programs, ac-
cording to a survey of the five largest U.S. companies in each of the 26
industrial sectors (Cowan et al., 2010). Most companies develop their own
sustainability policies based on their sector, stakeholder interests, products
or services, and business model. In the hazardous waste arena, the leader in
sustainability is the Sustainable Remediation Forum (or SURF, http://www.
sustainableremediation.org), which includes industry, government agencies,
environmental groups, consultants, and academia. The SURF approach,
described in greater detail below, advises that one “should balance the

level of sustainability analysis in accordance with the budget and available
resources” (Holland, 2011; Ellis and Hadley, 2009).

A Method for Estimating Sustainability

There are a variety of potential methods for including sustainability
factors in selecting a remedy, but none are generally accepted and no U.S.
regulatory agency has formally adopted a methodology. The SURF Frame-
work (Holland, 2011) “provides a systematic, process-based, holistic ap-
proach for: (1) performing a tiered sustainability evaluation, (2) updating
the conceptual site model (CSM) based on the results of the sustainability
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BOX 3-3

process.

sociated with shipping the materials to China.

residents.

air pollutants were also reduced (EPA, 2010d).

over 10 miles to find comparable services.

Examples of Sustainability in Hazardous Waste Remediation

There are a number of clear examples of hazardous waste site remediation
where sustainability is being taken into consideration in the remedy selection

One example is the Bell Landfill NPL site in northern Pennsylvania. Large
trucks were previous used to carry landfill leachate to a wastewater treatment
plant with the proper permit—a 640-km road trip. Chemical analysis of the leach-
ate showed that the only remaining components were dissolved iron and man-
ganese. Now, a spray irrigation system is used to distribute the leachate onto
the landfill cap, which is covered with grass. As a result, the grass on the cap no
longer dies during the summer, and the local unpaved roads are no longer im-
pacted by the heavy truck traffic during wet weather. Changing how the leachate
was disposed of also avoided the release of about 3,400 tons of CO,,.

At the Brevard, NC, polymer recycling site, off-spec films were previously
disposed of in an industrial landfill that contains up to 80,000,000 pounds of PET.
They are now being excavated, inspected, and shipped to China where the mate-
rial is being recycled (the final use of the material is not known). Once the project
is complete, the landfill will be converted into parkland and deeded to the State
Forest. This is an example of resource recovery and recycling, leading to lower
greenhouse gas emissions (which could be as much as 100,000 tons of CO,).
Note that the life-cycle assessment for this project included all of the impacts as-

Another example of sustainability in site remediation is at DuPont’'s Chambers
Works site—a 146-acre landfill with about 10 million tons of waste. Three remedia-
tion options were evaluated: excavation, stabilization, and bioremediation. Qualita-
tive consideration of a number of factors, including the amount of CO,, produced,
led to the choice of bioremediation. Using bioremediation instead of excavation
was predicted to reduce potential emissions by over 2,500,000 tons of CO,, avoid
odor problems in the adjacent community, and avoid the need for round-the-clock
intense lighting and heavy equipment operation, which would disturb nearby

At a Naval Air Station Superfund facility in Weymouth, Massachusetts, EPA
modified an excavation remedy to allow reuse of the soil as a subgrade fill layer
rather than disposing of the soil offsite, which “significantly reduced energy con-
sumption associated with truck trips for off-site disposal and importing common
fill and allowed for the beneficial reuse of the excavated materials in a manner
which is protective of human health and the environment.” Emissions of regulated

The Reichhold Chemical Site is a former paint and coatings manufacturer
located south of downtown Chicago. The site was redeveloped following RCRA
clean closure that left no residual contamination on the site. Two large retail stores
were opened on this formerly abandoned site, and 500 new inner city jobs were
created. In addition to the obvious economic benefits, there is also the social ben-
efit of having major retailers in the community; residents previously had to drive
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evaluation, (3) identifying and implementing sustainability impact mea-
sures, and (4) balancing sustainability and other considerations during the
remediation decision-making process.”

The SURF approach includes a series of separate toolkits (organized
into tables) for the investigation, remedy selection, remedial design and
construction, and operation and maintenance phases of site cleanup. For
each phase, the team identifies parameters, objectives, metrics, and benefits
and challenges to applying these metrics to each phase of the remediation
(Butler et al., 2011). For example, the project team and stakeholders re-
view which of the potential sustainability parameters (i.e., consumables,
physical disturbances and disruptions, land stagnation, air impacts, water
impacts, solid wastes, job creation, and remediation labor) are appropriate
for consideration at a particular site (see Butler et al., 2011). For each of
the relevant parameters, the team identifies the applicable objectives, the
metrics for measuring the achievement of each objective, the benefits that
are likely to be derived, and challenges of using this parameter for each
remedy being considered for the site. The team considers these factors,
benefits, and tradeoffs explicitly in the table. The results obtained during
this exercise are balanced with project considerations to determine the most
appropriate remedy.

Critical to the implementation of the SURF approach is the preferred
future use of the site, including consideration of (a) local laws, ordinances,
and deed restrictions; (b) the end use of the site and the likely future devel-
opment around the site; (c) the capacity to establish and maintain necessary
institutional controls; (d) potential liabilities and community needs; and (e)
long-term technical and environmental issues (Holland, 2011).

Legal Basis for Considering Sustainability

As mentioned previously, sustainability criteria are not included explic-
itly in CERCLA or RCRA guidance on remedy selection or modification
(e.g., the feasibility study guidance, EPA, 1988b). Consideration of social
factors (such as jobs or the economic well-being of a community) is not
traditionally within the statutory authority of environmental regulators
and is particularly difficult to envision. For example, if consideration of
the impact on job creation for each remedial alternative were required, the
result could be that the most expensive remedy is chosen since it is likely
to create more jobs. Similarly, if job creation is considered on a site-specific
basis, it may be necessary to evaluate the net gain or loss of jobs caused by
the devotion of a company’s capital to remediation versus expanding their
production or other economic activities.

Such dramatic changes in remedy selection criteria are more appro-
priately adopted by statute (i.e., create a tenth criterion and specify how
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social factors are to be weighed on a site-specific and remedy-specific ba-
sis). More detailed direction than can be found in SURF guidance will be
necessary concerning how to balance social factors, economic factors, and
environmental factors. Absent a statutory basis (either federal or state),
regulators cannot require a more costly remedy than a remedy that is
consistent with the current statute and regulations. Of course, potentially
responsible parties including the military may decide voluntarily to imple-
ment a remedy that goes beyond what might be selected by application of
the nine remedy selection factors, based on a general good neighbor policy
or adoption of a policy such as sustainable development. There is greater
incentive to use sustainability factors in remedy selection when the costs of
the remedial alternatives are similar. However, a more sustainable remedy
is not necessarily a less expensive one. Thus, it remains to be seen whether
implementation of more sustainable remedial alternatives will be feasible
at hazardous waste sites.

CONCLUSIONS AND RECOMMENDATIONS

At most hazardous waste sites in the United States, meeting drink-
ing water standards is the long-term goal of remediation. Unfortunately,
drinking water MCLs will not likely be met in many affected aquifers for
decades, especially at complex sites. Fortunately, EPA’s current remedia-
tion guidance provides flexibility within the remedy selection process in a
number of ways, although there are legal and practical limits to this flex-
ibility. The following conclusions and recommendations discuss the value
of exploring goals and remedies based on site-specific risks, sustainability,
and other factors.

By design (and necessity), the CERCLA process is flexible in (a) deter-
mining the beneficial uses of groundwater; (b) deciding whether a regula-
tory requirement is an ARAR at a site; (c) using site-specific risk assessment
to help select the remedy; (d) using at least some sustainability factors to
help select the remedy; (e) determining what is a reasonable timeframe to
reach remedial goals; (f) choosing the point of compliance for monitoring;
and (g) utilizing alternate concentration limits, among others. These flexible
approaches to setting remedial objectives and selecting remedies should be
explored more fully by state and federal regulators, and EPA should take
administrative steps to ensure that existing guidance is used in the appropri-
ate circumstances. Often the same level of protection can be attained for
lower costs by exercising this flexibility.

To fully account for risks that may change over time, risk assessment
at contaminated groundwater sites should compare the risks from taking
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“no action” to the risks associated with the implementation of each reme-
dial alternative over the life of the remedy. Risk assessment at complicated
groundwater sites is often construed relatively narrowly, with an emphasis
on risks from drinking water consumption and on the MCL. Risk assess-
ments should include additional consideration of (a) short-term risks that
are a consequence of remediation; (b) the change in residual risk over time;
(c) the potential change in risk caused by future changes in land use; and
(d) both individual and population risks.

Progress has been made in developing criteria and guidance concern-
ing how to consider sustainability in remedy selection. However, in the
absence of statutory changes, remedy selection at private sites regulated
under CERCLA cannot consider the social factors, and may not include
the other economic factors, that fall under the definition of sustainability.
At federal facility sites, the federal government can choose, as a matter of
policy, to embrace sustainability concepts more comprehensively. Similarly,
private companies may adopt their own sustainable remediation policies in
deciding which remedial alternatives to support at their sites. New guidance
is needed from EPA and DoD detailing how to consider sustainability in
the remediation process to the extent supported by existing laws, including
measures that regulators can take to provide incentives to companies to
adopt more sustainable measures voluntarily.
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Current Capabilities to Remove
or Contain Contamination

INTRODUCTION

Part of the Committee’s statement of task was to discuss what is techni-
cally feasible in terms of removing a certain percentage of the total contami-
nant mass from the subsurface (and by association, reducing concentrations
of target chemicals below drinking water standards). These questions were
addressed comprehensively in the 2005 National Research Council (NRC)
report that focused on source removal technologies, and previous NRC
reports (NRC, 1994, 1997, 1999) provided professional judgment as to
the potential effectiveness of various remedial technologies. This chapter
reviews more recent data and reports on the ability of currently available
remedial technologies to meet remedial action objectives for groundwater
restoration. It is noted at the outset that poor design, poor application, and/
or improper post-application monitoring at some sites makes evaluation
of these technologies challenging, and reported performance results often
appear in non-peer-reviewed documents.

Since the 2005 NRC report, technologies have evolved and more
pilot-scale tests and full-scale remediation system performance data are
available to help determine technology effectiveness (e.g., Johnson et al.,
2009; Krembs et al., 2010; Stroo and Ward, 2010; Triplett Kingston et al.,
2010a,b; Siegrist et al., 2011; Stroo et al., 2012). Technical information
available for relevant case studies, however, is still often inadequate, par-
ticularly post-treatment monitoring, which severely constrains our ability to
reach definitive statements regarding the effectiveness of a particular tech-
nology to meet remedial action objectives (RAQOs). Critical evaluations of
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remedial technologies have been performed in the last six years for thermal
and in situ chemical oxidation (ISCO) applications (Triplett Kingston et
al., 2009, 2010a,b; Siegrist et al., 2011). For dissolved chlorinated solvent
plumes, information on remedial technologies may be found in Stroo and
Ward (2010).

Based on what is known about the effectiveness of remediation tech-
nologies (as described in this chapter), the Committee concluded that re-
gardless of the technology used, the complete removal of contaminant mass
at complex sites is unlikely. Furthermore, the Committee discovered no
transformational remedial technology or combination of technologies that
can overcome the current challenges associated with restoring contaminated
groundwater at complex sites. At these sites, some amount of residual con-
tamination will remain in the subsurface after active remedial actions cease,
requiring long-term management.

To evaluate the effectiveness of remediation, performance metrics need
to be specified, along with monitoring to measure progress toward achiev-
ing the metrics. Performance metrics are discussed in several publications
(e.g., see EPA, 2003; NRC, 2005; Kavanaugh and Deeb, 2011). They in-
clude metrics that are commonly used and can be reliably measured, such
as (1) source mass removal and (2) change in dissolved concentrations, as
well as metrics that can be measured but are not commonly used, such as
(3) contaminant mass remaining, (4) change in dense nonaqueous phase
liquid (DNAPL) distribution (residual versus pooled), (5) change in DNAPL
composition and properties, and (6) physical, microbial, and geochemical
changes. Metrics that are under development include (7) changes in con-
taminant mass flux distribution, (8) change in contaminant mass discharge
rate downgradient from source areas, and (9) change in stable isotope
ratios. Change in contaminant mass discharge in particular is receiving
greater attention (see ITRC, 2010; CDM, 2009). The appropriate perfor-
mance metrics for a given site are both technology and site specific.

Conceptual Model

In this report, groundwater remedial technologies are categorized based
on their primary target: the contaminant source zone or the dissolved
groundwater plume (see Figure 4-1). The source zone can include (1) resid-
ual DNAPL, (2) pooled DNAPL, (3) sorbed contaminants, and (4) dissolved
contaminants that may have diffused into fine-grained media. All of these
compartments represent long-term continuing sources of contaminants to
the dissolved or aqueous plume. The dissolved plume is typically located
downgradient from the source, and may be extensive (i.e., miles in length
for recalcitrant chemicals). Chlorinated solvents—the primary recalcitrant
organic contaminants at complex sites—can occur in four phases (organic
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FIGURE 4-1 Conceptual model showing source zone and dissolved plume. The
lower portion of the figure shows the 14-compartment model with common con-
taminant fluxes between compartments (solid arrows are reversible fluxes, dashed
arrows are irreversible fluxes).

SOURCE: ESTCP (2011).

liquid, aqueous, solid-sorbed, and vapor) in the source zone and in three
phases in the plume (there is no DNAPL phase in plumes). Each of these
phases can occur in areas that can be classified as “transmissive” (mobile)
or “low permeability” (immobile). This has led to a 14-compartment con-
ceptual model depicting where contaminant mass could reside (Sale and
Newell, 2011), which is discussed further in Chapter 6 of this report.
Because remedy selection and effectiveness depend, in part, on the
contaminant mass distribution among phases and media (e.g., fine-grained
media versus more permeable media, vadose zone versus saturated zone,
DNAPL versus dissolved contaminants, etc.), a prerequisite for remediation
is thorough site characterization, including the development of a conceptual
site model that identifies, as much as possible, where DNAPL resides. As
noted in Stroo et al. (2012), “source remediation is only as effective as the
source delineation.” The technology reviews found in Triplett Kingston
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FIGURE 4-2 Sites with P&T, in situ treatment, or MNA as part of the groundwater
remedy (FY 2005-2008).
SOURCE: EPA (2010a).

et al. (2009, 2010a,b) highlight the risks of inadequate site characteriza-
tion: approximately two-thirds of the 14 thermal remediation case studies
with sufficient data to evaluate technology performance ended up leaving
mass in place because the treatment zone was smaller than the actual con-
taminant source zone. The reader is referred to Chapter 6 and particularly
NRC (20035) for a more comprehensive discussion of site conceptual model
development.

Dissolved plume remedies include pump and treat (P&T), bioremedia-
tion (including phytoremediation), permeable reactive barriers (PRBs), con-
structed wetlands (at the discharge point), monitored natural attenuation
(MNA), and physical containment. As shown in Figure 4-2, MNA and P&T
were used as groundwater remedies, either alone or in combination, at 82
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TABLE 4-1 Generic Contaminant Removal or Containment Technologies
and Common Applications

Technology Application
Thermal Source Zone
Chemical Oxidation Source Zone
Surfactant Flushing Source Zone
Cosolvent Flushing Source Zone

Pump & Treat Source Zone/Plume
Physical Containment Source Zone/Plume
Bioremediation Source Zone/Plume
Permeable Reactive Barrier Source Zone/Plume
Monitored Natural Attenuation Source Zone/Plume

percent of 164 Superfund facilities between 2005 and 2008. Several of the
dissolved plume remedial technologies also can be applied to source zones
(e.g., bioremediation, barriers, or hydraulic containment). A summary of
the technologies discussed in this chapter and their most common applica-
tion is provided in Table 4-1.

The goal of this chapter is to provide brief reviews of the major reme-
dial technologies used in current remediation practice that can be applied
to complex hazardous waste sites, particularly those with DNAPL source
zones and/or large downgradient dissolved plumes. These reviews discuss
our current knowledge regarding performance and limitations of the tech-
nologies, identify remaining gaps in knowledge, and provide case studies
supporting these assessments. It is assumed that the reader is familiar with
the material found in the NRC (2005) report, for which this chapter serves
primarily as an update. The well-established technologies of excavation,
soil vapor extraction/air sparging, and solidification/stabilization are not
discussed because they have been presented in prior publications, and mini-
mal advancements in these technologies have occurred during the past five
to ten years. However, because of the potential importance of containment
of source areas and plumes for long-term management, pump and treat for
hydraulic containment is discussed.

THERMAL TREATMENT

In situ thermal treatment technologies, including electrical resistance
heating (ERH), conductive heating, steam-based heating, radio frequency
heating (RFH), and in situ soil mixing combined with steam and hot air
injection, have continued to be developed and applied in the last five to ten
years (see Table 4-2 and Baker and Bierschenk, 2001; Beyke and Fleming,
20035; Davis, 1998; de Percin, 1991; EPA, 1995a,b, 1999; Farouq Ali and
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TABLE 4-2 Summary of Thermal Technology Applications by
Technology Type (1988-2007)

Number of Number Since

Technology Applications Pilot-Scale” Full-Scale? Year 2000
Steam-Based 46 26 19 15

Electrical Resistance 87 23 56 48

Heating

Conduction 26 12 14 17
Other/Radio-Frequency 23 14 9 4

Total 182 75 98 84

9Some sites have an unknown application size and thus are not included in the pilot- and
full-scale count.
SOURCE: Reprinted, with permission, from Triplett Kingston (2008).

Meldau, 1979; Vinegar et al., 1999). All involve raising the temperature of
the subsurface to enhance the removal of contaminants by separate-phase
liquid extraction, mobilization, volatilization, and iz situ destruction. Rela-
tive to other technologies, some iz situ thermal treatment technologies (e.g.,
ERH) applications result in preferential heating and contaminant removal
from lower permeability media.

A review of the application of these technologies was conducted by
Triplett Kingston (2008) and Triplett Kingston et al. (2009, 2010a,b, 2012).
Data and documents from 182 thermal treatment applications conducted
between 1988 and 2007 were reviewed, including 87 ERH, 46 steam-
based heating, and 26 conductive heating applications. The applications
were categorized based on the hydrogeology of the site, using the five
generalized hydrogeologic scenarios developed in NRC (2005). These in-
clude relatively homogeneous and permeable unconsolidated sediments
(Scenario A), largely impermeable sediments with inter-bedded layers of
higher permeability material (Scenario B), largely permeable sediments with
inter-bedded lenses of low-permeability material (Scenario C), competent,
but fractured bedrock (Scenario D), and weathered bedrock, limestone,
sandstone (Scenario E). The majority (72 percent) of thermal remediation
applications reviewed were conducted in settings containing layers of high-
and low-permeability media (Scenarios B and C).

ERH applications accounted for about 50 percent of all thermal ap-
plications since 2000 and outnumbered each of the other technology ap-
plications by about a factor of 3; there also appeared to be increasing use
of conductive heating and decreasing use of steam-based heating (Table
4-2). These trends are reflective of underlying technical factors controlling
performance, as well as design and operating challenges and vendor avail-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/14668

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites

CURRENT CAPABILITIES TO REMOVE OR CONTAIN CONTAMINATION 119

ability. ERH is attractive for volatile and semi-volatile chemicals in hetero-
geneous settings because its ability to achieve targeted energy delivery is less
sensitive to subsurface heterogeneities than steam injection, and the energy
delivery and contaminant recovery systems are arguably less complex to
design and operate. Conductive heating has likely increased in use because
it is the only thermal technology that can achieve in situ temperatures sig-
nificantly greater than the boiling point of water and that is sometimes a
desired operating condition. The study did not provide remediation costs
because the cost data reviewed varied greatly and were thought to be unreli-
able, especially given some of the suboptimal designs.

Most relevant to this report are the post-treatment performance data
from in situ thermal treatment sites. Interestingly, post-treatment groundwa-
ter monitoring data that could be used to evaluate technology performance
were available for only 14 of the 182 sites (8 percent) reviewed by Triplett
Kingston et al. (2010a,b, 2012), reflecting the overall industry-wide lack of
sufficient post-treatment monitoring at many remediation sites. Most of the
sites for which adequate data were available correspond to hydrogeologic
setting Scenario C, with little or no performance data available for the other
settings. Table 4-3 presents the estimated order-of-magnitude reductions in
concentration and mass discharge for the 14 sites that had sufficient data
for the analysis. Note that mass reduction data are not provided in Table
4-3 because initial mass in place was rarely known with certainty. For six
of the 14 sites (43 percent), at least a 100-fold reduction in mass discharge
was observed. For five of the 14 sites, detailed analysis revealed that post-
treatment groundwater concentrations ranged from about 10 to 10,000
pg/L and source zone mass discharges ranged from about 0.1 to 100 kg/y.

The following factors should be considered in interpreting the widely
varying performance results shown in Table 4-3:

1. As noted by Johnson et al. (2009), the criteria or rationale used to
set the duration of treatment operation was usually not documented,
and “in most cases it appeared that the duration was determined
prior to start-up or may have been linked to a time-temperature
performance criterion (i.e., operate for two months once a target
temperature is reached in situ). There was little indication that the
duration of operation was selected based on mass removal-, ground-
water quality-, or soil concentration-based criteria” or performance
monitoring.

2. Triplett Kingston et al. (2010a,b, 2012) discovered that treatment
system footprints (areas treated) were often smaller than the source
zones that had been treated. The main reason for this was that the
pre-treatment extent of the source zone was larger than what it was
conceptualized to be at the time that the remediation system was
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designed. This points to a need to consider uncertainty in, and veri-
fication of, source zone extent when designing thermal remediation
systems. It also suggests that decision makers and designers should
weigh the incremental costs of additional source zone characteriza-
tion data versus the costs of a larger system footprint and costs of
failure of achieving remedial goals. Triplett Kingston et al. (2010a,b)
found that sampling dissolved groundwater concentration transects
perpendicular to groundwater flow and immediately downgradient
of a source zone was a valuable approach for verifying source zone

width.

In summary, the data in Table 4-3 are indicative of state-of-the-practice
performance, but are likely not indicative of the technologies’ true capabili-
ties. Site No. 9 is probably most indicative of what thermal technologies can
achieve in simple geologic settings because of the way it was designed and
operated. At that site, dissolved chlorinated solvent concentrations were
reduced from >10,000 pg/L to <100 pg/L levels, with final concentrations
being <1 pg/L in many parts of the plume transect immediately downgradi-
ent of the source zone.

CHEMICAL TRANSFORMATION PROCESSES

Chemical transformation processes used for the treatment of both or-
ganic and inorganic contaminants have advanced significantly since 20035.
There are three basic approaches to the use of abiotic chemical amendments
to treating groundwater: (1) ISCO, (2) chemical reduction (discussed in the
permeable reactive barriers section) using zero-valent iron (ZVI), bi-metallic
reductants (BMRs), and other reductants (e.g., iron minerals such as mag-
netite), and (3) newer methods like the application of ISCO in permeable
reactive barriers and the use of in situ generation of ozone using electrodes,
which are discussed in Chapter 6. In most cases chemical transformation
processes result in the formation of by-products that are either less toxic or
amenable to subsequent degradation or natural attenuation. In a few cases,
however, there is the potential to form undesirable and toxic by-products.
Thus, multiple approaches may be required to ensure that complete detoxi-
fication can occur at the targeted site. In many cases, chemical transforma-
tion requires the injection and delivery of a reactant-containing fluid to the
treatment zone, and is subject to the same limitations experienced by all
flushing technologies—most notably the bypassing contaminants stored in
low-permeability media.
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In Situ Chemical Oxidation

ISCO relies upon the injection and activation of powerful chemical oxi-
dants into subsurface sites that react with contaminants and oxidize them
into carbon dioxide, carbon monoxide, or other substances less deleterious
than the target contaminant. ISCO is relatively nonselective and capable of
remediating a broad spectrum of contaminants. The technology has limita-
tions including a finite amount of available oxidant, undesirable side reac-
tions (e.g., oxidation of naturally occurring substances and the formation of
precipitates), and the sometimes poor delivery of the oxidant into complex
subsurface media. Thus, each site must be assessed for its biogeochemical
complexity as well as hydrologic properties (e.g., fractured media, the pres-
ence of clay lenses, etc.) prior to implementing ISCO.

There are four oxidants routinely used in ISCO: catalyzed hydrogen
peroxide (CHP or Fenton’s reagent), persulfate, permanganate, and ozone
(see Table 4-4 for a summary of their application, advantages, and disad-
vantages). Two other oxidants have received limited usage (peroxone and
percarbonate). The number of ISCO applications has steadily increased for
all the major oxidants over the past decade (Krembs et al., 2010, 2011).

Siegrist et al. (2011) examined all aspects of ISCO remediation includ-
ing field applications, performance, and challenges at complex sites. High-
lights from that report include the fact that delivery of the oxidant can be
problematic, especially if more than one ingredient is required. Addition-
ally, there is a risk that ISCO treatment will mobilize other contaminants of
concern (e.g., chromate, selenate). Other limitations depend on the specific
oxidant used. For example, reduction of permanganate results in the for-
mation of manganese oxides that can alter aquifer permeability (although
paradoxically this can also benefit remediation if the manganese oxides’
high surface reactivity further attenuates contaminants through surface
mediated oxidation—Loomer et al., 2010). Persulfate leads to generation of
large amounts of sulfate, which can alter the biogeochemical environment
of the aquifer through the generation of reduced sulfur (and even lead to
an environment conducive to reductive dehalogenation). Lastly, the highly
reactive nature and short half-life (~20 minutes in water) of ozone render
it difficult to deliver in a stable form.

ISCO can be an effective treatment strategy, but like most other reme-
diation technologies its success is dependent upon the complexity of the
site and the nature of the contaminant. A 1999 ESTCP report summarizing
42 pilot- and full-scale ISCO projects deemed only 19 to be “successful.”
Another more recent but smaller evaluation of ISCO used at 29 chlorinated
solvent sites found that mass was reduced (1) by 55 to 95 percent with a
median reduction of 90 percent, and (2) by 75 to 90 percent with a median
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TABLE 4-5 ISCO Performance Metrics (1) for All Oxidants Organized by
Contaminant Class (First Four Columns) and (2) for All Contaminants
Organized by Oxidant (Last Five Columns)

Goals Chloroethenes BTEX TPH MTBE
% of closed sites 20 43 38 63

(n = 50) (n=7) (n=8) (n=8)
% of sites achieving MCLs 3 04 25 60

(n =105) (n=12) (n =12) (n=5)
% of sites with rebound 72 38 43 29

(n = 54) (n=28) (n=7) (n=7)
Median % total contaminant nd nd nd nd

reduction in groundwater

NOTE: Numbers in parentheses are total number of sites for each category. Not all sites had
clearly stated goals for each category in Column 1. nd = not determined.

@ The incidence of meeting MCLs was only entered in the affirmative after attempting to
discuss the case study with the regulatory official. This percentage shown should not be inter-
preted to mean that ISCO has never reached MCLs at a BTEX site.

SOURCE: Adapted from Krembs et al. (2011).

reduction of 80 percent, for sites treated with Fenton’s reagent and perman-
ganate, respectively (Stroo et al., 2012).

Krembs et al. (2010, 2011) surveyed 242 sites variously contaminated
with petroleum hydrocarbons and chlorinated solvents that have used some
form of ISCO (five different oxidants were evaluated). The performance
results, organized by contaminant class and oxidant, are summarized in
Table 4-5. Of the 242 ISCO projects, only 15 percent achieved maximum
contaminant levels (MCLs), while about 39 percent were able to reach
alternative concentration limits. Approximately 80 percent of the applica-
tions were successful in reducing contaminant mass; typically, fuel-related
contaminants were more amenable to ISCO treatment relative to chlori-
nated solvents and less expensive to treat. The DNAPL sites were more
likely to require treatment beyond ISCO, which increases costs. Indeed,
none of the sites containing free-phase DNAPLs were able to attain MCLs
and only three sites with very dilute chloroethene-contaminated plumes
achieved MCLs. Ultimately Krembs et al. (2011) found that site closure
was attained at 24 percent of the full-scale sites, mostly through meeting
alternative concentration limits. Of these closures, 89 percent required a
combination of ISCO and some other technology either post- or pre-ISCO
treatment, such as SVE, excavation, etc. In examining Table 4-3, it should
be remembered that peroxone was only tested at two sites, while permanga-
nate and Fenton’s reagent were deployed at more and diverse types of sites,
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CHP or Fenton’s

Permanganate reagent Ozone Persulfate Peroxone
16 27 50 0 50
(n=32) (n=22) (n=12) (n=4) (n=2)

0 2 31 0 50
(n=55) (n = 45) (n =13) (n=238) (n=2)
78 57 27 50 nd
(n=32) (n=21) (n=11) (n=2)

51 56 96 24 nd
(n=27) (n=26) (n=29) (n=235)

which likely accounts for their lower success percentages. Furthermore, the
hydrogeology of the sites also played an important role in determining suc-
cess. For example, 33 percent of the relatively homogeneous sites (hydraulic
conductivities of > 10™ cm/s) attained MCL goals, while none of more
heterogeneous sites (K < 10~ cm/s) attained MCLs (Krembs et al., 2011).

Select ISCO field-scale applications that removed a significant amount
of contaminant mass are summarized in Table 4-6. The Kings Bay Naval
Base was a targeted application using Fenton’s reagent designed to achieve
considerable source zone treatment so that natural attenuation could be
utilized to address any remaining contaminants. Although mostly suc-
cessful, the presence of iron shifted the redox conditions from sulfate- to
iron-reducing, rendering natural attenuation less effective (Chapelle et al.,
20035). The Nebraska Ordnance Plant is a good example of the use of per-
manganate to treat the chemical explosive RDX. A performance assessment
demonstrated the difficulties in controlling the actual application of per-
manganate in the field compared to laboratory experiments. Scotch Clean-
ers, where a DNAPL plume was treated with permanganate, highlights the
variable success rate of using permanganate, as well as the difficulties of
oxidizing tetrachloroethene (PCE) that is strongly sorbed to the solid phase.
LNAPL at Edwards AFB should have been amenable to ISCO, but delivery
issues made remedy execution difficult. Air sparging was used to improve
ISCO performance by enhancing the contact of persulfate with the target
contaminants in the capillary fringe. Finally, the Pine Barrens case study
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is an example of using ozone to treat a site contaminated with BTEX and
MTBE where, in addition to oxidation, enhanced aerobic biodegradation
contributed to the success of the remedy.

EXTRACTION TECHNOLOGIES

The application of extraction technologies for subsurface remediation
typically involves the injection of an ingredient that can mobilize the con-
taminant in the treatment zone, which is then extracted from the subsurface
along with the delivered active ingredient. When applied appropriately, ex-
traction technologies can be extremely effective for removing large amounts
of contaminant mass from the subsurface in relatively short periods of
time, but they are best suited for Scenario A sites where the injected fluid
can be delivered and recovered efficiently. Bypassing of contaminants in
low-permeability material will occur when using extraction technologies.
Additionally, active ingredient costs and the need to manage large volumes
of delivered and extracted fluids render these technologies most suitable for
Scenario A source zones of limited size. Two in situ extraction technologies,
surfactant flushing and cosolvent flushing, are discussed in the following
sections, with emphasis on lessons learned from field-scale applications.

Surfactant Flushing

Based on the lessons learned from laboratory and pilot-scale tests
conducted in the 1980s and 1990s (e.g., see summaries in AATDEF, 1997;
Roote, 1998), subsequent field trials of surfactant flushing showed sub-
stantial success. A number of well-controlled, field-scale tests of surfactant
flushing indicate that DNAPL recoveries in the range of 60 to 70 percent
can be expected, and that mass recoveries of greater than 90 percent are
achievable (e.g., Hasegawa et al., 2000; Londergan et al., 2001; Ramsburg
et al., 2005). For example, after flushing a DNAPL-contaminated source
zone at Hill AFB OU2 with approximately 2.5 pore volumes of surfactant
solution, it was estimated that 99 percent of the DNAPL mixture was re-
covered from the test cell at an average cost of $793/L DNAPL (Londergan
et al., 2001). Representative examples of surfactant enhanced aquifer reme-
diation (SEAR) field demonstrations, including the surfactant formulation
and estimated mass recovery, are summarized in Table 4-7. Recent field
applications by commercial vendors have focused on the mobilization (dis-
placement) of light NAPLs (e.g., gasoline) using relatively low concentra-
tion surfactant formulations (< 2% wt) to minimize active ingredient costs.

Despite the mass reductions evident in Table 4-7, the use of surfactants
to treat source zones has declined markedly in the past five to ten years
and is linked to problems in delivering the surfactant solution to the in-
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tended target zone, and the need for subsequent extraction and treatment
of the effluent waste stream (contaminant and surfactant). Injections may
require Underground Injection Control permits, and extraction and treat-
ment can be time consuming and expensive. Additionally, selection of a
surfactant formulation that is both safe and effective requires laboratory
and/or pilot-scale treatability tests. For example, due to their emulsifying
properties, surfactants tend to disperse fine particles, which can lead to
particle mobilization and pore clogging (Liu and Roy, 1995; Rao et al.,
2006). Surfactants may be lost via adsorption on the solid phase and/or
partitioning into NAPL, which can lead to the formation of viscous emul-
sions (Jain and Demond, 2002; Zimmerman et al., 1999). Low interfacial
tension surfactant formations (< 1 dyne/cm) also can lead to uncontrolled
mobilization of dense NAPLs (Pennell et al., 1996).

Another drawback accounting for SEAR’s decrease in popularity is that
the up-front costs for active ingredients and effluent treatment systems can
be substantial. To minimize surfactant costs, it is advisable to minimize the
amount of active ingredient required and to consider surfactants that are
used in other commercial applications, such as food products, detergents,
and pharmaceuticals. For example, sorbitan ethoxylates (e.g., Tween® 80),
which are used in whipped toppings and other food products, typically
cost less than $2/Ib (Ramsburg and Pennell, 2001). In contrast, specialty
surfactants can cost $20 to $40/1b.

Cosolvent Flushing

Cosolvent (alcohol) flushing is similar to SEAR in objective, mode of
action, and field application, except that cosolvents increase contaminant
dissolved-phase concentrations by making the aqueous phase less polar.
Several field-scale demonstrations of cosolvent flushing have been con-
ducted, most notably at Hill Air Force Base, Dover Air Force Base, and
the former Sages dry cleaner site in Jacksonville, FL (Table 4-8). Two field
demonstrations of cosolvent flushing were conducted at Hill Air Force
Base Operable Unit 1 (OU1), which recovered approximately 80 and 85
percent of the NAPL mass from separate 3 m x 5 m test cells, which were
vertically confined by interlocking sheet pile walls (Falta et al., 1999; Rao
et al., 1997). At the Sages dry cleaner site, injection of a 95 percent ethanol
solution was able to achieve similar PCE mass recovery (62 to 65 percent)
without test cell confinement, while downgradient aqueous PCE concentra-
tions were reduced by up to 92 percent following cosolvent flushing (Jawitz
et al., 2000). A subsequent field demonstration of cosolvent flushing was
conducted at the Dover Air Force Base, where a known amount of PCE
was released into a test cell that was subsequently flushed with a 70 percent
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ethanol solution, recovered approximately 64 percent of initial PCE mass
(Brooks et al., 2004).

Although cosolvent flushing showed initial promise as an effective
strategy for NAPL source zone remediation, the technology faces a number
challenges that have limited implementation beyond the cases shown in
Table 4-8. First, the lower density of the concentrated cosolvent solution
(70 to 90 percent active ingredient) relative to water requires careful de-
sign of injection and extraction systems. Gradient injection (increasing the
concentration of cosolvent delivered over time) can minimize density over-
ride effects (Rao et al., 1997), while careful placement of injection wells
promotes upward migration of the miscible effluent in unconfined systems
(Jawitz et al., 2000). Second, due to the relatively high concentration of
active ingredient required, material costs can be substantial even though
ethanol can be purchased without federal and state alcohol consumption
taxes. For example, ethanol typically costs approximately $3/gallon, but
can increase to $5/gallon due to market fluctuations and demands for
ethanol as an alternative fuel. In addition, the use of alcohols other than
ethanol (e.g., iso-propanol) to enhance performance, even at relatively low
concentrations (e.g., 2 to 5 percent), can greatly increase material costs.
Finally, cosolvents are highly flammable liquids and require special safety
procedures, both during mixing and injection as well as during treatment
or disposal of the effluent waste stream.

Some of the problems associated with cosolvent flushing are illustrated
by additional work that was performed at the former Sages dry cleaner site.
Following a second cosolvent flush, monitoring revealed that chlorinated
ethenes and ethanol had migrated from shallow groundwater to surface
water in a nearby drainage ditch. This triggered the need for additional
remediation consisting of an air sparge/soil vapor extraction (AS/SVE) sys-
tem. Consequently, it became necessary to remove and treat the ethanol and
PCE breakdown products. The SVE system was subsequently expanded and
a dewatering groundwater pump-and-treat system was initiated (Levine-
Fricke-Recon, 2008). Although the AS/SVE system was eventually termi-
nated, the dewatering system continued to operate to reduce discharge to
the drainage ditch with plans to expand groundwater extraction to include
intermediate groundwater (Levine-Fricke-Recon, 2008). This expansion
to deeper groundwater was performed because PCE DNAPL was found
at depths below the original shallow treatment zone discussed in Jawitz et
al. (2000).

To the Committee’s knowledge there have been no new publications on
surfactant or cosolvent flushing since about 2005. Almost all of the recent
field-scale implementations that it is aware of have been performed by the
company Surbec Environmental, LLC using low-IFT, low-concentration
floods applied to LNAPLSs (diesel/gasoline). While the low-IFT Surbec appli-
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cations are gaining traction, other surfactant/cosolvent flushing applications
have received limited attention since the disappointing results obtained dur-
ing full-scale implementation at the former Sages dry cleaners (cosolvent
flushing) and Site 88, Marine Corps Base Camp Lejeune, NC (surfactant
flushing) (Battelle and Duke Engineering, 2001), both of which necessitated
additional source zone treatment.

PUMP AND TREAT

Pump-and-treat (P&T) systems use extraction wells to remove ground-
water containing dissolved contaminants. The extracted water is treated
on-site and/or discharged to a publicly owned treatment works, then re-
injected to the aquifer or reused for industrial or potable purposes. The
design and operation of P&T systems are based on (1) hydraulic contain-
ment to prevent further plume migration, and/or (2) contaminant mass
removal to restore the aquifer to drinking water conditions. These goals
are not mutually exclusive, as many systems follow a hybrid approach that
combines containment with limited mass removal.

As noted in the previous NRC study on P&T (NRC, 1994), this tech-
nology is effective at hydraulic containment, but less effective in removing
mass. Of the 77 sites evaluated in that study, only six sites reported achiev-
ing MCLs, and more than half of the sites were candidates for very long
term management. However, despite long-standing concerns regarding cost
and performance with regards to contaminant mass removal, P& T remains
one of the most widely applied groundwater remediation technologies, ap-
pearing in 20 to 30 percent of CERCLA groundwater decision documents,
approximately the same proportion as in situ technologies (EPA, 2010Db).
The emphasis of this section is on containment because efficient and ef-
fective containment is a key consideration for long-term management of
complex sites.

In 2000 EPA began implementing a systematic review and modifica-
tion of P&T systems within Superfund, based on the Remediation System
Evaluation (RSE) process developed by the U.S. Army Corps of Engineers
(EPA, 2000). Over the ensuing decade, the application of this procedure
to most of the approximately 75 EPA-led P&T sites has generated dozens
of recommendations expected to significantly reduce O&M costs (EPA,
2008). Many of these savings are associated with more efficient operation
of monitoring and above-ground treatment systems, but in some cases sav-
ings were partially offset by investments needed to increase confidence in
the achievement of plume capture. In parallel with these evaluations, the
EPA has produced an extensive set of guidance documents to support more
cost-effective P& T design and operation (EPA, 2002, 2005a,b,c, 2007a,b,c)
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and support greater confidence in the achievement of successful hydraulic
containment (EPA, 2008).

P&T has several desirable attributes, including its straightforward ap-
plication, a relatively long track record of operation, and the ability to
achieve plume hydraulic containment with a high degree of confidence.
While further improvement in the design and operation of P&T contain-
ment systems is likely to be incremental, additional work is needed to (1)
refine and deploy more cost-effective above-ground treatment systems and
monitoring networks, (2) improve the ability to accurately predict P&T
duration, and (3) develop “greener” P&T systems that more effectively
utilize renewable energy sources and perform better with respect to sus-
tainability metrics such as energy consumption and carbon footprint (e.g.,
Environmental Management Support Inc., 2008).

As was discussed in NRC (1994), P&T is capable of cleaning up
groundwater to health-based standards in a relatively short time for dis-
solved, weakly sorbing contaminants in simple geology, especially if aided
by biodegradation. However, at complex sites like those considered in this
report, the earlier NRC report concluded that P&T is not expected to be
effective in attaining health-based standards for many decades due to the
slow processes of dissolution from DNAPL, desorption, and back-diffusion
from fine-grained media.

PHYSICAL CONTAINMENT

Physical containment relies on a barrier that prevents transport by
groundwater flow and/or contaminant diffusion. Physical containment is
not a removal technique, but prevents contaminant migration from the
contaminated area and passing groundwater from interacting with the
source zone. Containment requires that contaminant migration is pre-
vented both vertically and horizontally. To prevent horizontal migration,
an impermeable vertical wall is installed that surrounds the contamination
source. Vertical migration is prevented by ensuring that the vertical cutoff
walls are embedded in a confining layer and, if desired, a cap at the ground
surface also is installed. In many applications, physical containment draws
on experience derived from the design of landfills, specifically the use of
low-permeability clay (e.g., bentonite or soil-bentonite) and polymer geo-
membrane liners. Other materials are also used including sheet pile or ce-
ment/grout. Physical containment can be used for any contaminant as long
as the material used to construct the wall is chemically compatible with the
contaminants. Degradation of the containment barrier by either the chemi-
cal pollutants or via natural processes will lead to failure (Jefferis, 2008).

In the Treatment Technologies for Site Cleanup: Annual Status Report
(Twelfth Edition) (EPA, 2007d), the number of cover systems and vertical
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walls at Superfund facilities was quantified and evaluated. For the 71 covers
designed to contain source or groundwater contamination, 52 were func-
tioning as intended. At the remaining sites, the covers had been removed,
had not yet been constructed, or were too new to have reliable data. From
1982 to 2005, there were 67 installations of vertical cutoff walls at 55 fa-
cilities (or 3.6 percent of Superfund facilities). Of 16 representative contain-
ment systems evaluated (Appendix H of EPA, 2007d), 13 were functioning
as intended. Of the remaining three, one had been removed, one was under
construction, and one had insufficient data to evaluate its performance.

A 1998 EPA report provided design guidance and performance evalua-
tion for subsurface engineered barriers and evaluated 36 sites (EPA, 1998).
At 25 of the 36 sites, effective containment was achieved, seven sites had
insufficient data, and four sites had failures (leaks). Sites reporting leakage,
however, were reparable. The EPA (1998) report concludes “subsurface
engineered barriers are effective containment systems for the short- and
middle-term, if properly designed” and “[t]he most likely pathway for leak-
ing of continuous subsurface barriers is in the vicinity of their keys” (i.e.,
their connection to the aquitard). A recent NRC review, however, concluded
that available field data are insufficient to provide a robust assessment of
the potential for or actual occurrence of failure in vertical barriers, particu-
larly over times scales of 100 years or longer (NRC, 2007).

Failure assessment of physical containment systems is made difficult for
two reasons. First, the vertical barrier is often installed in a manner that
allows some downgradient contamination to be outside the barrier, such
that downgradient detections post-barrier may be residual contamination
and not representative of a failure. Second, the vertical barrier eliminates or
greatly reduces groundwater flow, making groundwater velocities outside
the wall so low that it could take years for a failure to reach a downgradient
monitoring well only tens of feet away.

When designed, installed, and monitored properly, physical contain-
ment can be an effective technique for preventing contaminant migration.
Contaminant mass is zot reduced, but containment can be combined with
treatment technologies as long as the treatment applied does not lead to
physical damage of the containment barrier or alter it in a chemically
adverse way. Various in situ techniques (ISCO, bioventing, etc.) can be
performed in a contained area. Vertical barriers are often combined with
low-rate pumping from inside the contained area, and hence perfect instal-
lation may not be essential. A case study of this approach is provided in
Box 4-1.
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BOX 4-1
Physical Containment at Former Koppers Company
Wood Treating Plant, Salisbury, MD

In 1936, wood-treating operations began in Salisbury, MD; the facility closed in
1984. The site, which contained a large amount of creosote, was located adjacent
to the Wicomico River. The groundwater flow is in the direction of nearby Wicomico
River. The site is underlain by sand and peat containing a large, shallow DNAPL
source. The DNAPL sits ~50 feet at depth on top of a confining layer of clay and
slit (type I11).

Sixteen years passed between the initial site environmental assessment and
implementation of the remedy, the goal of which was to contain DNAPL. The rem-
edy consisted of (1) a barrier wall encircling 41.3 acres, (2) Keens Creek reroute,
(3) planting new trees (phytoremediation), (4) a shallow hydraulic gate (with an
air sparging system just downgradient), (5) in situ biological groundwater treat-
ment, (6) wetland mitigation, (7) product (creosote) recovery, and (8) soil cover.
The main component of the remedy was the barrier; other components mainly
supplemented containment. The capital cost of the remedy was about $10-$11
million with an annual operation and maintenance cost of approximately $200,000.

In 2008, the barrier was found to be effective based on evaluation of (a) ex-
isting water-level data from monitoring wells inside and outside the barrier wall,
and (b) tidal influences observed in monitoring wells located inside and outside
the barrier wall. The successful implementation of the remedy at this site demon-
strates that containment for large sources may be the most appropriate approach
and that it can be combined with other technologies. It also shows that regulators
are willing to accept a remedy including containment as part of the remedial plan.
Containment, however, is not inexpensive, and the monitoring to ensure it is work-
ing correctly leads to recurring costs.

BIOREMEDIATION

In the context of remediation technologies, bioremediation refers to the
transformation of contaminants by microorganisms, to benign by-products.
Effective bioremediation requires the presence of appropriate organisms in
sufficient densities for meaningful reaction rates, along with adequate sup-
plies of electron donors or acceptors (depending on the type of reactions
desired) and nutrients to support the desired biological reactions. In addi-
tion, the geochemical environment must be controlled to ensure appropriate
conditions (e.g., pH, temperature, redox potential) for optimal bacterial
growth. In contrast to natural attenuation, enhanced bioremediation typi-
cally involves biostimulation and/or bioaugmentation. Biostimulation can
be achieved by the delivery of electron acceptors (e.g., oxygen for aerobic
metabolism), electron donors (e.g., hydrogen for reductive dehalogena-
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tion), or suitable precursors that are utilized by organisms to support the
biochemical transformation of the target contaminant. For example, active
and passive schemes have been used to introduce oxygen into the subsurface
to support the aerobic transformation processes, while hydrogen deliv-
ery methods (primarily through the injection of soluble nontoxic organic
materials such as emulsified oil or molasses that serve as the microbially
produced hydrogen) have been developed to enhance biological reductive
dehalogenation. Bioaugmentation, which refers to the amendment of the
subsurface with certain microorganisms, is used when native microbial
populations are insufficient or incapable of transforming the contaminant
regardless of system conditions.

Enhanced In Situ Bioremediation

Enhanced in situ bioremediation (ISB) is one of the most widely used
technologies for the treatment of contaminated source zones and ground-
water plumes for a variety of organic contaminants. Initially, the treat-
ment of source zones by ISB was not considered to be feasible due to the
relatively high (e.g., close to solubility level) contaminant concentrations.
Laboratory studies conducted in the early 1990s indicated that biodegrada-
tion could occur in source zones contaminated with chlorinated solvents,
and this bioactivity was able to enhance the rate of PCE dissolution from
highly concentrated NAPL pools (Seagren et al., 1993, 1994). Subsequent
studies demonstrated that the bacteria responsible for reductive dechlorina-
tion could survive in close proximity to residual TCE- and PCE-DNAPL
(Cope and Hughes, 2001; Yang and McCarty, 2000, 2002). These findings
served as the basis for several well-characterized pilot-scale tests (e.g., Hood
et al., 2008) and full-scale remediation efforts (e.g., Wymore et al., 2006)
that further demonstrated the ability of ISB to effectively treat chlorinated
solvent source zones.

Under anoxic conditions (less than 0.1 to 0.5 mg/L dissolved oxygen),
several bacteria (e.g., Geobacter sp. strain SZ) are able to chloro-respire
PCE and TCE to form DCE, while only bacteria in the genus Debalococ-
coides have been shown to obtain energy from the dechlorination of DCE
and VC to ethene (Bradley and Chapelle, 2010). Due to this specificity,
bioaugmentation is widely used for remediation of chlorinated solvent
source zones. Several commercially available bacterial consortia are avail-
able for this purpose, including KB-1® and BDI®. In addition, an adequate
supply of electron donors is necessary to support chloro-respiration, and a
number of soluble (e.g., lactate) and less soluble (e.g., emulsified vegetable
oil, molasses, and HRC®) electron donors are delivered to the subsurface to
support reductive dechlorination. Some of the complications that can result
are (1) substantially lowering of the pH, which can inhibit Dehalococ-
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coides, (2) incomplete dechlorination due to competition from alternative
electron acceptors (e.g., nitrate), (3) interspecies competition for hydrogen
(methanogens), and (4) accumulation or presence of inhibitory compounds
(Bradley and Chapelle, 2010).

Recent surveys of source zone remediation technologies reveal that ISB
has been used at approximately 25 percent of the sites considered and is
one of the most commonly applied iz situ treatment methods along with
thermal treatment and iz situ chemical oxidation (NAVFAC, 2004; ESTCP,
2011). The primary reasons for this widespread adoption of ISB compared
to other in situ technologies include relatively low capital costs, minimal
infrastructure requirements, ability to treat a wide range of contaminants,
and absence of an effluent waste stream that requires above-ground treat-
ment and/or disposal. ISB has proven to be particularly effective for low-
strength source zones (Newell et al., 2006) and was shown to have the
lowest median cost ($29/yd3) when compared to other in situ technologies
(McDade et al., 2005; McGuire et al., 2006). Additionally, ISB has the
potential to be coupled with more aggressive remediation technologies to
achieve a “polishing” or “combined remedy” approach (e.g., Ramsburg et
al., 2005; Sleep et al., 2006). Performance of ISB at selected sites is sum-
marized in Table 4-9.

While much of the above discussion focused on chlorinated solvents,
the range of contaminants to which the technology can be applied is quite
broad, and very few common groundwater contaminants remain that can-
not be treated biologically. For example, considerable success has been
achieved for a range aerobic and anaerobic biological treatment methods
applied to petroleum hydrocarbons (e.g., BTEX), polyaromatic hydrocar-
bons (PAHs), polychlorinated biphenyls (PCBs), and pesticides (see Stroo
et al., 2012, for comprehensive listing of references summarizing in situ
biological treatment methods). Nevertheless, several notable contaminants,
including chloroform, and 1,4-dioxane, remain relatively recalcitrant from
a bioremediation perspective. The identification and evaluation of mixed
consortia and pure cultures that are capable of functioning at high con-
taminant concentrations and in the presence of co-contaminants is needed
to further extend the applicability of ISB to source zones.

During the past five to ten years ISB has remained a widely used
technology for source zone and plume treatment as costs have remained
competitive compared to other treatment technologies, effectiveness has
improved through more targeted applications and refinement of electron
donor delivery and pH control, and successes in source zone treatment
have been reported. The data shown in Table 4-9 serve to illustrate the
implementation of ISB for treatment of highly contaminated chlorinated
solvent source zones. Another recent review of data from 32 sites using
in situ bioremediation for chlorinated solvent sites found that mass was
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reduced at these sites by 60 to 90 percent, with a median reduction of 81
percent (Stroo et al., 2012). Concentration reduction ranged from 75 to 95
percent, with a median of 91 percent. Both Stroo et al. (2012) and Table
4-9 suggest that ISB is likely to achieve substantial reductions in mass and
dissolved-phase concentrations, but will have difficulty reaching drinking
water standards (MCLs) in highly contaminated source zones (e.g., Cape
Canaveral Launch Complex 34). As newly developed gene-based monitor-
ing tools become more commonplace, more sophisticated and successful
implementation of ISB technologies is anticipated.

PERMEABLE REACTIVE BARRIERS

Permeable reactive barriers (PRBs) are highly permeable zones com-
prised of material that is either abiotically reactive or that encourages the
development of biological reactivity. PRBs are placed so as to capture a
plume of subsurface contamination (i.e., installed to be perpendicular to the
hydraulic gradient). PRBs may be a trench completely filled with reactive
material or consist of a “funnel and gate” system in which impermeable
barriers are used to direct flow through the reactive material. As ground-
water passes through the PRB, dissolved contaminants are chemically or
biologically transformed, or removed by sorption or precipitation, so that
concentrations exiting the PRB are below risk-based thresholds. Because a
PRB affects contaminants only as they are transported through it, its usage
reflects a strategy of long-term site management, implemented because re-
moval of source zone contamination is infeasible and/or the lack of ongoing
operation and maintenance costs leads to a favorable economic evaluation.
PRBs are often compared against P&T for hydraulic containment, and, de-
pending on the lifetime of the barrier, may offer cost advantages compared
to P&T (see e.g., ITRC, 2011).

PRBs used in the early 1990s relied on zero-valent iron (ZVI, i.e.,
iron metal or Fe®) to reduce chlorinated solvents. The application of ZVI
has gone beyond the reduction of chlorinated solvents and is now being
studied as a treatment technology for a variety of subsurface contami-
nants including chromium (Lo et al., 2006) to ordnance chemicals such
as RDX (Wanaratna et al., 2006). ZVI can also be mixed into soils to
achieve contaminant reduction. In addition to ZVI, various other materi-
als (including activated carbon, zeolites, metal oxides and other minerals,
and organoclays) have been used to achieve the abiotic transformation
of organic compounds and transform/sequester inorganic contaminants
(Thiruvenkatachari et al., 2008). A few sorbing barriers (e.g., use of granu-
lar activated carbon or ion exchange materials) have been installed that will
require replacement when the capacity is exhausted. A recent DOE instal-
lation at West Valley (which consisted of 850 feet of zeolite) was designed
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for a 20-year lifespan (Chamberlain et al., 2011), although future source
removal activity could extend the life of the wall.

One advantage of PRBs is that the reactive material can be tailored to
specific contaminants. Additionally, barriers comprised of organic material
can be conducive to the development of biological consortia that are able
to treat the groundwater contaminants (Davis and Patterson, 2003; ITRC,
2011). It is also possible to generate reactive zones in the subsurface by
chemically altering the geologic materials themselves via in situ redox ma-
nipulation. For example, the injection of dithionite to reduce iron minerals
present in the subsurface can be used to generate a reactive zone. Barriers
of different chemistries may also be placed sequentially. Thus, treatment of
a variety of organic and inorganic pollutants is possible with PRBs, as long
as an appropriate reactive material is available or the necessary conditions
for biological degradation can be generated in the PRB.

Critical needs in the design of PRBs (ITRC, 2005, 2011) are knowledge
of the local hydrology, the nature and extent of the plume to be treated, the
depth to a confining layer, and the concentration(s) of the contaminant(s)
to be treated. Additionally, because groundwater chemistry (pH, alkalin-
ity, hardness, other chemical species) may affect barrier performance and
longevity, these parameters need to be known and the effects on the reac-
tive media tested prior to installation. While PRBs remove contaminants
from groundwater via various mechanisms, they are generally considered
a containment technology because they prevent further migration of con-
taminants from the source zone.

Environmental Technologies, Inc. reports 156 PRBs have been installed
to treat VOCs around the world (113 in the United States, nine in Canada,
19 in Europe, 14 in Japan, and two in Australia), but the company does
not maintain a database on performance. The 2005 ITRC PRB guidance
document complied data for 113 PRBs, and those data are summarized in
Table 4-10.

For a properly designed barrier, it is likely that the ultimate cause of
failure will be loss in media reactivity (unless it is regenerated or replaced)
or failure to maintain the necessary conditions for biodegradation (ITRC,
20035). Thus, all barriers eventually will need to be excavated and replaced
if the upstream contamination remains. While some ZVI barriers have been
operating for over 15 years, currently no ZVI PRB has been taken out of
operation, and their operational lifetime is unknown. For biowalls, perfor-
mance will be dictated by the availability of substrates/nutrients, which will
need to be replenished over time (ITRC, 2011).
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MONITORED NATURAL ATTENUATION

Monitored natural attenuation (MNA) relies on natural processes
to degrade or immobilize groundwater contaminants. For source zones,
natural dissolution can result in the transfer of the contaminant from the
nonaqueous liquid phase to the dissolved phase, where contaminants are
amenable to additional attenuation reactions. The attenuation may be
biological, abiotic, or biogenic (i.e., bacteria are required to create the
necessary abiotic reagent(s)). Monitoring is required to verify that transfor-
mation or immobilization is occurring (as opposed to decreases in concen-
tration resulting from dilution or dispersion), that the contaminants are not
migrating, and that attenuation continues to occur over time. The success of
remediating a contaminated site using MNA is dependent upon a number
of biogeochemical variables and the types of contaminants present. These
include the type, amount, and distribution of terminal electron acceptors
and other important chemical species (e.g., nutrients); the composition of
the contaminants; the nature of the hydrogeologic media (particle composi-
tion, organic content, hydraulic conductivity, etc.); and some knowledge of
the in situ microbial fauna.

Natural attenuation is now well established for the degradation of
many petroleum based compounds such as BTEX (e.g., Wiedenmeir et
al., 1999) and PAHs (e.g., Neuhauser et al., 2009). Laboratory studies
have demonstrated the potential for (abiotic or biological) reduction of
halogenated ethenes, under conditions in which iron sulfide or green rusts
are generated (Scherer et al., 2009; Butler et al., 2009; Wilson, 2010), but
these studies also show the complexity of these processes. The degradation
of chlorinated solvents has been shown at a site with reduced iron minerals
present (see Box 4-2). With chlorinated solvents, it must be verified that
reaction products that are of similar or greater toxicity than the parent
compound are not produced. For other organic compounds (halogenated
aromatics, oxygenated hydrocarbons) evidence for natural attenuation is
still minimal. For selected inorganic pollutants, natural attenuation via
biodegradation is established (Coates and Achenbach, 2004).

Because there is no hydraulic, physical, or chemical containment of the
pollutants during MNA, site hydrology and the extent of contamination
must be known in detail so that it can be verified that the contamination is
not spreading. As described in NRC (2000), a conceptual site model must
be built that characterizes the groundwater flow, accounts for temporal and
spatial variability and uncertainties in the flow, delineates the contaminant
source and plume, and includes terms for contaminant loss. Site charac-
terization needs to be carefully done and can be expensive; monitoring
typically occurs over longer time spans (Kennedy et al., 2006, Vaneglas et
al., 2006). As discussed in Chapter 6, new chemical and microbiological
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BOX 4-2
MNA at the Twin Cities Army Ammunition Plant (TCAAP)
New Brighton/Arden Hills, Minnesota

The TCAAP site was built by the U.S. Army to manufacture ammunition for
World War Il. Starting in the late 1950s, Alliant Techsystems began manufacturing
of ammunition at the site (MPCA, 2010). Degreasing operations are the cause of
the major groundwater contamination. Up to 20 million pounds total of TCE and
1,1,1-TCA were disposed of on-site in a sandy glacial outwash (Mark Ferrey,
personal communication, July 2, 2010).

The unsaturated zone under the disposal area has a depth of 150 feet to
groundwater. The TCE and 1,1,1-TCA migrated rapidly to the groundwater, which
is in the Prairie du Chien aquifer (a high-yielding fractured dolomite bedrock).
The aquifer is highly permeable and manganese- or iron-reducing. The Jordan
Sandstone, which lies below the Prairie du Chien, was also contaminated. While
the solvent disposal area is known, no DNAPL sources have been identified in
the overlying material or aquifer (Mark Ferrey, personal communication, July 2,
2010). The total length of the contaminated groundwater plume is approximately
5.5 miles. A pump-and-treat system is used to capture water, treat it with activated
carbon to non-detect levels, and then use it in the municipal drinking water system.
A soil-vapor extraction system was also installed in the suspected source zone
(MPCA, 2010; EPA, 2010c; Mark Ferrey, personal communication, July 2, 2010).

Because the redox conditions in the plume were neither sulfate reducing or
methanogenic, it was assumed that biodegradation would be minimal. After the
installation of the pump-and-treat and soil vapor extraction systems, concentra-
tions in the plumes were observed to fall, and concentrations at the containment

analyses (e.g., compound specific isotope analysis, genomics, proteomics)
are being developed that can help verify that degradation of contaminants
is actively occurring during MNA.

Ten years ago the consensus was that MNA was an option “for only a
few types of contaminants” under certain circumstances. Over time, MNA
has become a more prevalent component of remedial systems for contami-
nated groundwater. As reported in Superfund Remedy Report Thirteenth
Edition (EPA, 2010c), the use of MNA at NPL sites steadily increased
through the 1990s and is selected as a component in a remedy at approxi-
mately 30 to 40 percent of NPL facilities annually. From 2005 to 2008,
56 percent of NPL sites implementing groundwater treatment used MNA
alone or as a component of the remedy. MNA is likely to be a component
of the remediation plan when more aggressive treatments leave residual
contamination in place.

An evaluation of 52 temporal records at 23 sites containing chlorinated
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wells also decreased. Groundwater modeling predicted concentrations that were
20 to 30 times higher than those observed, suggesting that degradation of the
chlorinated solvents was occurring. Investigations by scientists at the Minnesota
Pollution Control Agency and EPA (Ferrey et al., 2004; Brown et al., 2007) dem-
onstrated that abiotic reduction of chlorinated solvents (including dichloroethenes)
occurred at this site due to the presence of reduced iron minerals. It was hypoth-
esized that degradation was occurring in the groundwater, and once the plume
was no longer fed by the source zones the plumes began to recede.

This was the first site to show that abiotic degradation could be an important
component of monitored natural attenuation for chlorinated ethenes like TCE or
DCE (which was unexpected at this site). The site altered the paradigm regarding
whether and how abiotic reactions should be considered and under what prevail-
ing redox conditions. When MNA became a component of the remediation plan
(i.e., it was superimposed on the larger regulatory response), there was initial
public concern from New Brighton that the Minnesota Pollution Control Agency
was backing away from the goal of being protective of public health and that it
would give the U.S. Army a means to argue that treatment via activated carbon
at the drinking water treatment plant was no longer necessary. The agreement,
however, still states that the activated carbon beds will be used until contaminants
are non-detectable (at levels obviously below MCLs) in the source water. The site
is currently scheduled for delisting from the NPL in 2040. Initial estimates were
that cleanup would take 80 years. Models that include the observed abiotic deg-
radation suggest that groundwater cleanup may be completed in 17 to 25 years
(MPCA, 2010; EPA, 2010c; Mark Ferrey, personal communication, July 2nd, 2010).

Additional detail is available in Wilson (2010).

solvent contamination showed median decreases in contaminant concentra-
tion of 74 percent over five to 15 years (Newell et al., 2006). It should be
noted, however, that these were sites where source treatment was not neces-
sary, and it cannot be ruled out the reductions observed are due to dilution
or plume migration. That said, the results are promising for MNA of chlo-
rinated solvents at sites with low levels of contamination. A recent analysis
of 35 sites with chlorinated aliphatic hydrocarbon contamination (Brauner
et al., 2008) was used to develop a sustainability assessment framework for
MNA, including (1) analysis of plume stability (using statistical analysis
of measured concentration), and (2) estimation of remediation timeframes
(mathematical modeling). The study was unable, however, to find a robust
method to assess the longevity of specific degradation processes.

Given the right combination of contaminants present and site hydrol-
ogy and biogeochemistry, MNA can be an effective remediation technique.
However, specific chemical conditions and/or bacteria are required and the
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necessary reactions must occur on time scales that are faster than contami-
nant transport and must be sustainable over long periods of time (NRC,
2000). Thus, MNA might ultimately achieve restoration at many sites but
probably not within a timeframe of less than 100 years. Although imple-
mentation can be straightforward if an accurate conceptual site model and
appropriate site conditions exist, verification of degradation with multiples
lines of evidence is necessary for MNA to survive scientific, regulatory,
and public scrutiny. Indeed, NRC (2000) documented that public opinion
of MNA is decidedly wary, with many communities considering it a “do
nothing approach.”

COMBINED REMEDIES

It is now widely recognized that even successful application of reme-
dial technologies will not completely remove all of the contaminant mass
from most DNAPL source zones. In fact, aggressive source zone treatments
are likely to increase the mobility and distribution of the residual mass or
stable pools, which may lead to increased aqueous phase concentrations in
the short term. As a result, attention has shifted from developing the most
effective stand-alone single technology to the development and testing of
complementary in situ remediation technologies that can be combined, at
the same time (in parallel) or sequentially (in series) to more efficiently treat
contaminant source zones (Amos et al., 2007; Christ et al., 2005; Costanza
et al., 2009; Friis et al., 2006; Ramsburg et al., 2004). In a sequential or
“treatment train” approach, an aggressive in situ treatment technology,
such as electrical resistive heating or surfactant flushing, is used to remove
a large fraction of contaminant mass in a relatively short timeframe, while
a second “polishing” technology such as microbial reductive dechlorination
is then applied to remove or detoxify the remaining contaminant mass. Such
sequential remediation strategies have the potential to take advantage of
efficient mass removal achieved by aggressive treatment technologies, while
addressing limitations associated with an individual technology (e.g., flow
bypassing) that lead to incomplete mass removal. When designing a com-
bined remedy, it must be kept in mind that physical-chemical treatments
may alter geochemical conditions and microbial ecology, which could be
either detrimental (e.g., aquifer clogging, reduced microbial diversity) or
beneficial (e.g., enhanced electron donor availability) to the overall second-
ary remediation process (Christ et al., 2005; Stroo et al., 2003).

There are several examples of combined technologies relevant to com-
plex sites contaminated with DNAPLs. The combination of thermal treat-
ment and bioremediation has been recently demonstrated (Costanza et al.,
2009; Friis et al., 2005). In this application, ERH was used both for source
removal and to release electron donors to stimulate bioremediation. (It
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should be noted that in regions where the temperature exceeded 50°C for
prolonged periods of time, bioaugmentation may be required to achieve
meaningful levels of microbial reductive dechlorination; Friis et al., 2006).
Another example involves the use of surfactants and surfactant + cosolvent
formulations to enhance ISCO. The primary advantages of this approach
are increased contaminant availability and stabilization of the oxidant
and catalyst during delivery. For example, a patent (USPTO 7,976,421
B2) was recently issued for surfactant enhanced in situ chemical oxidation
(S-ISCO®); however, this technology has received limited testing.

Third, pilot- and field-scale trials conducted at former dry cleaning
facilities indicate that surfactants and cosolvents can enhance biological re-
ductive dechlorination to treat residual contaminants (Ramakrishnan et al.,
2005; Ramsburg et al., 2004). Post-treatment monitoring of the Bachman
Road site, which was flushed with Tween® 80, provided evidence of stimu-
lated microbial reductive dechlorination (see Box 4-3). Within the treated
PCE-DNAPL source zone, residual Tween 80 provided suitable electron
donors that stimulated native microbial dechlorination activity (Ramsburg
et al., 2004). These findings were supported by laboratory studies that
further defined the effects of Tween 80 on reductive dechlorination (Amos
et al., 2007). When combining surfactant flushing and in situ bioremedia-
tion, selection of compatible surfactants and appropriate concentrations is
critical due to potential surfactant toxicity or inhibition toward microbial
populations relevant to the desired degradation pathway (e.g., McGuire and
Hughes, 2003; Yeh et al., 1999). Christ et al. (2005) performed a model-
ing analysis of source zone treatments, demonstrating that bioremediation
alone provides minimal benefits when compared to natural gradient disso-
lution, while aggressive treatment of the source zone with surfactants fol-
lowed by bioremediation dramatically reduced source longevity by several
orders of magnitude (see Box 4-3).

In the Committee’s opinion, combined remedy approaches offer sub-
stantial opportunities to reduce the costs associated with the remediation
of complex sites. For example, using a combined remedy can capitalize on
the beneficial aspects of specific technologies, such as source zone flushing
(e.g., steam, surfactant) coupled with ERH to address contamination exist-
ing in high- and low-permeability media, respectively. In some cases, it is
appropriate to develop a combined remedy at the initiation of a remedial
action (e.g., surfactant-enhanced in situ chemical oxidation or thermal
treatment followed by bioremediation). When the combined remedy in-
volves aggressive source removal activity followed by bioremediation or
monitored natural attenuation for the residual/dilute contamination, it is
critical to have prior knowledge of the biogeochemical environment and the
potentially important reactive pathways for the target contaminants. More
often, combining remedies is done sequentially at sites where the initial rem-
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BOX 4-3
Combined Remedies at the Bachman Road Dry Cleaner Site

In surfactant flushing applications, some fraction of the initial contaminant
mass and the introduced surfactant is likely to remain in the subsurface follow-
ing source treatment. Long-term monitoring of the Bachman Road site, which
was flushed with a biodegradable, food-grade, nonionic surfactant (Tween® 80),
provided evidence of stimulated microbial reductive dechlorination (Figure 4-3a).
Within the treated PCE-DNAPL source zone, fermentation of residual Tween 80,
detected at concentrations of 50 to 2,750 mg/L 450 days after SEAR, provided
suitable electron donors(s) that stimulated native microbial dechlorination activity
in the oligotrophic aquifer (Ramsburg et al., 2004). These findings were comple-
mented by laboratory-based studies that further demonstrated the ability of low
levels (< 1,000 mg/L) of Tween® 80 to support reductive dechlorination of chlori-
nated ethenes (Amos et al., 2007).

To further evaluate the potential benefits of surfactant flushing coupled with
subsequent bioremediation relative to bioremediation or natural gradient dissolu-
tion, Christ et al. (2005) performed a number of numerical simulations based on
the conditions observed at the Bachman Road site. Results of the model predic-
tions clearly demonstrate that bioremediation alone provides only minimal benefits
when compared to natural gradient dissolution, while aggressive treatment of the
source zone with SEAR followed by bioremediation dramatically increased the rate
of mass removal and reduced source longevity by several orders of magnitude
(Figure 4-3b). These findings clearly demonstrate the potential benefits of coupling
aggressive source zone mass removal technologies with compatible bioremedia-
tion processes.

FIGURE 4-3 (A) Plan view diagram of the Bachman Road site source zone
and downgradient PCE-contaminated groundwater plume. SOURCE: Re-
printed, with permission, from Abriola et al. (2005) ©2005 by the Ameri-
can Chemical Society. (B) Percent DNAPL mass remaining as a function of
time for three alternative remediation strategies: natural gradient dissolu-
tion alone; bioremediation alone; and SEAR (4% Tween® 80) followed by
bioremediation. SOURCE: Reprinted, with permission, from Christ et al.
(2005) ©2005 by Environmental Health Perspectives.

MANAGING THE NATION’S CONTAMINATED GROUNDWATER SITES

edy has reached an asymptote (in terms of performance) prior to reaching
cleanup goals. In such cases, there can be substantial cost savings in transi-
tioning to less aggressive and less expensive technologies (see Chapter 7 for
further discussion of this transition). Whether planned from the beginning
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or turned to after initial remedy failure, the design and implementation of
combined remedies should be undertaken on a case-by-case basis. In prac-
tice, selection of combined remedies is likely to require additional technical
expertise, field sampling and analysis, and laboratory-scale treatability tests
to ensure that the combination is feasible and yields added value.
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CONCLUSIONS AND RECOMMENDATIONS

Over the last two decades, remedial technologies have matured and
evolved, especially in the area of DNAPL source-zone remediation. Indeed,
development of the technologies discussed in this chapter has advanced to
the accepted-use stage (although many of the technology applications have
been at simple sites or only a small portion of a complex site). Summaries
of the effectiveness of source zone and plume technologies are provided
in Tables 4-11 and 4-12, respectively, drawing on results discussed in the
preceding sections.

Given Tables 4-11 and 4-12 and the best professional judgment of the
Committee, the capabilities of the technologies described in this chapter are
often not sufficient to meet the conventional objective of meeting MCLs
at complex sites, such that contamination is likely to remain in place fol-
lowing treatment for a large number of complex sites. That is, significant
technical limitations persist that make achievement of MCLs throughout
the aquifer unlikely at most complex groundwater sites for many decades.
Furthermore, future improvements in these technologies are likely to be
incremental, such that long-term monitoring and stewardship at sites with
groundwater contamination should be expected.

The Committee could identify only limited data upon which to base a
scientifically supportable comparison of remedial technology performance
for the technologies reviewed in this chapter. There have been a few well-
studied demonstration projects and lab-scale research studies, but adequate
performance documentation generated throughout the remedial history
at sites either is not available or does not exist for the majority of com-
pleted remediation efforts. This has hindered attempts to perform empirical
analyses of technology performance and how that relates to design param-
eters, operating conditions, monitoring and optimization plans, and site
characteristics. Furthermore, poor design, poor application, and/or poor
post-application monitoring at typical (i.e., non-research or demonstration)
sites makes determination of the best practicably achievable performance
difficult.

There is a clear need for publicly accessible databases that could be
used to compare the performance of remedial technologies at complex sites
(performance data could be concentration reduction, mass discharge reduc-
tion, cost, time to attain drinking water standards, etc.). The Committee
envisions a database with much more comprehensive performance data
than is found, for example, in the CERCLIS database of Superfund facili-
ties. To ensure that data from different sites can be pooled to increase the
statistical power of the database, a standardized technical protocol regard-
ing data collection and analysis would be needed, although it goes beyond
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TABLE 4-11 Source Zone Technology Summaries

Technology Performance Comments

Thermal <10X to 100,000X Can be effective in heterogeneous media;
concentration and flux potentially high energy consumption;
reduction? limited number of vendors to perform
95 to 99+ percent mass work
reduction®

In Situ Chemical 55 to 90 percent mass

Oxidation reduction?

Surfactant 65 to 90+ percent mass
Flushing recovery®

Cosolvent 65 to 85 percent mass
Flushing recovery®

In Situ 60 to 90 percent mass
Bioremediation reduction®

Most applications have been at small
sites in permeable media; applications
to DNAPL are very challenging
(potential for DNAPL mobilization and
contaminant bypassing); side reactions
could render ISCO less effective

Can bypass contaminants in
heterogeneous media; risk of
uncontrolled DNAPL mobilization and
migration; low IFT formulations suitable
for LNAPL recovery

Can bypass contaminants in
heterogeneous media; risk of
uncontrolled DNAPL mobilization and
migration; requires large volumes of
cosolvents thereby driving up costs

Problematic conditions include pooled
DNAPL, the potential for high methane
levels, and groundwater velocity <10 ft/y
or >10 ft/d; potential for biofouling and
metals solubilization

NOTE: The summary table includes only those technologies for which significant new per-
formance information has become available since NRC (2005). For complete descriptions of
contaminant source remediation technologies, see NRC (2005).

9From Table 4-3.
bFrom Stroo et al. (2012).

“From Tables 4-7 and 4-8. Mass recovery percentages should be interpreted with caution
because initial mass in place is uncertain.

the scope of this report to provide the details of such a protocol. Federal
agencies with nationwide responsibility for complex sites (EPA, DoD, DOE)
should take the lead on developing such databases.

Additional independent reviews of source zone technologies are needed
to summarize their performance under a wide range of site characteristics.
Since NRC (2005), only thermal and ISCO technologies have undergone a
thorough, independent review. Other source zone technologies should also
be reviewed by an independent scientific group (e.g., SERDP/ESTCP, ITRC,
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TABLE 4-12 Plume Technology Summaries

Technology

Performance

Comments

Pump & Treat

Physical Containment

Permeable Reactive Barrier

Monitored Natural
Attenuation

Containment reduces or
eliminates downgradient
mass flux; some mass
removal achieved

Can reduce or eliminate
downgradient mass flux

Containment reduces or
eliminates downgradient
mass flux; some mass
removal achieved

Significant mass reduction
can be achieved, reducing
mass flux downgradient

Assessing capture can require
extensive monitoring; long-
term management required
with associated operation-and-
maintenance costs; extensive
guidance available; technology
is robust and flexible; treated
water can be used as resource

Needs natural low-
permeability bottom;
long-term monitoring and
maintenance required;
water management (and
possible treatment) inside
the containment area likely
required

Usually needs natural
low-permeability bottom;
treatment occurs in the
subsurface; treatment is
passive; monitoring can be
focused; barrier replacement
eventually required

Often considered a polishing
step in treatment train; can
require extensive long-term
monitoring to ensure requisite
biogeochemical conditions
persist

or ASTM). Such reviews should include a description of the state of the
practice, performance metrics, and sustainability information of each type
of remedial technology so that there is a trusted source of information for
use in the remedial investigation/feasibility study process and optimization
evaluations.

Research is needed on how to better combine existing or new reme-
diation technologies to address complex contaminated sites. There is the
potential at most complex sites to combine multiple technologies in space
and time to cost-effectively remove/treat contamination in both the source
zone and the downgradient dissolved plume. However, additional research
is needed to examine combinations of in situ remediation technologies to
optimize removal and cost effectiveness.
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Implications of Contamination
Remaining in Place

Despite the ability of some remedial technologies to remove substantial
amounts of mass, at most complex sites contamination will remain in place
at levels above those allowing for unlimited use and unrestricted exposure
(see Chapter 4). This chapter discusses the potential technical, legal, eco-
nomic, and other practical implications of this finding.

First, contamination from these sources must be contained on-site,
by using either hydraulic or physical containment systems combined with
institutional controls. Indeed, 65 percent of source control RODs from FY
1998-2008 included containment, and institutional controls are used at
the vast majority of CERCLA source control remedial actions to enhance
and ensure their effectiveness and protectiveness (EPA, 2010a). Because the
failure of these systems could create new exposures, potentially responsible
parties (PRPs) should weigh the robustness and potential for failure dur-
ing remedy selection and implementation. Second, our understanding of
the risk posed by contaminated groundwater is inherently dynamic. For
example, toxicity information is regularly updated, and contaminants that
were previously unregulated may become so, changing the drivers for risk
assessment and cleanup decisions. In addition, pathways of exposure that
were not previously under consideration can be found to be important, such
as has happened with the vapor intrusion pathway over the past decade.
Consideration of these new factors can change the overall protectiveness of
a remedy that leaves contamination in place. Third, residual contamination
necessarily reduces the amount of groundwater available for unrestricted
use. Treating groundwater for drinking water purposes is very costly and,
for some contaminants (e.g., 1,4-dioxane), technically challenging. Finally,
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leaving contamination in the subsurface may expose the landowner, prop-
erty manager, or original disposer to complications that would not exist in
the absence of the contamination. PRPs may be sued for natural resource
damages by the resource trustee (if the underlying groundwater is no lon-
ger potable without treatment because of remaining contamination) or for
personal injury and/or property damages pursuant to common law by local
residents or others (if the contamination crosses property boundaries and
causes injury or property damage).

At any given site, the risks and the technical, economic, and legal com-
plications associated with residual contamination need to be compared to
the time, cost, and feasibility involved in removing contamination outright.
As a practical matter, the Committee did not seek to estimate the relative
scope of the nontechnical impacts of leaving contamination in place, and it
is probably not feasible to do so. Whether these potential consequences are
likely to occur is site specific, and some implications may not materialize
at some sites.

POTENTIAL FOR FAILURE OF REMEDIES
AND ENGINEERED CONTROLS

The long-term management strategies for many complex sites include
leaving significant amounts of contamination in place. At such sites the
achievement of risk-based goals is based on a reduction of the contaminant
flux (e.g., reduction in source strength) between the zone of residual con-
tamination and the point(s) of compliance. Such flux reduction is generally
accomplished by one of four approaches, possibly coupled with partial
removal of source zone contamination: (1) hydraulic containment, (2)
physical containment, (3) reduction of contaminant concentrations through
natural processes (monitored natural attenuation), and/or (4) reduction of
contaminant concentrations through an engineered reaction zone, most
commonly in the form of a downgradient permeable reactive barrier (PRB)
(see Chapter 4 for descriptions of these technologies). This section summa-
rizes key concepts and tools for assessing the likelihood and consequences
of failure for these approaches.

Each of the remedial strategies listed above is well established and is
unlikely to exhibit “complete” failure in any meaningful sense. Rather,
some degree of contaminant flux reduction is likely to be realized, even if
the overall magnitude and/or spatial extent of the reduction is less than ex-
pected from design calculations. The consequences of such “partial failure”
would depend both on the measures used to monitor performance and the
corrective actions that are triggered by inadequate performance. There are
few reports in the peer-reviewed literature that document both the failure
of a long-term remedial strategy and the resulting response (although these
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issues should be addressed in the five-year review process for sites regulated
under CERCLA). This lack of focused literature on the failure of remedia-
tion systems designed for long-term management may be due, in part, to
the likelihood that system failure would generate incremental, rather than
sharp, increases in operation costs, as discussed below for each of the four
strategies.

Hydraulic Containment

Pump and treat (P&T) has increasingly been implemented as a long-
term management strategy, with the primary goal of hydraulic containment
to prevent further spreading of contamination. In a general sense, “failure”
of hydraulic containment occurs when groundwater that originates from
within the target capture zone is not completely captured by extraction
wells, but instead is allowed to migrate downgradient beyond property
boundaries and toward a receptor. Such failure could occur as a direct
consequence of inadequate well placement and/or underspecified pumping
rate(s) due to a misunderstanding of the governing hydrogeology (e.g., an
incorrect or incomplete groundwater model). Even for a properly designed
extraction system, containment failure could occur after startup because
of temporal changes in hydrologic conditions such as recharge or regional
flow conditions.

To assist with identifying potential P&T failure, the U.S. Environmen-
tal Protection Agency (EPA) has recently developed a six-step procedure
for evaluating the hydraulic containment of target capture zones, with an
emphasis on comparing measured water levels and concentrations against
model predictions (EPA, 2008a). While establishing a formal comparison
between measured and predicted capture zones still requires considerable
site-specific judgment, the availability of established guidance (and an on-
going process to refine it and expand its applicability) is an important
development.

As discussed in Chapter 4, EPA has applied the Remedial System Evalu-
ation (RSE) process to more than 60 operating P&T systems at Superfund
facilities. At many of these, field observations were unable to establish the
success of hydraulic containment at the desired level of confidence. In some
cases, additional monitoring was recommended to clarify the evaluation.
However, for other sites, adjustment to the locations and/or operation of
extraction wells was recommended. Although such midcourse corrections
typically increase the cost of P&T system operation, pumping rates, moni-
toring programs, or even extraction wells can also be reduced if the system
is overdesigned for current conditions. In general, actions to improve P&T
performance are straightforward to implement and normally generate an
incremental, rather than drastic change in the life-cycle cost of site manage-
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ment. In this regard, hydraulic containment may be regarded as an adaptive
strategy that can readily be updated in response to new information about
the site.

Physical Containment

Barriers are frequently used to influence groundwater flow in combined
remedies that also use extraction wells and/or engineered reaction zones.
From a containment standpoint, the overall remediation goal is similar to
hydraulic containment: maintain control of groundwater within a target
capture zone. Thus, similar monitoring and analytical approaches might
be used to assess performance. Failures in physical containment may occur
due to incorrect design or construction of barriers, poor seals between sec-
tions (in the case of sheet pile barriers or gecomembranes), holes/defects in
materials, physical or chemical damage, poor connection between a verti-
cal barrier and underlying confining bed, and lack of control of recharge
inside the contained area. These and similar expressions of “failure” are
likely to occur locally at small defects in vertical walls, rather than across
the full extent of the barrier system. Because the flow influence of a barrier
irregularity will likely be distributed across a large area, detecting such lo-
cal failure through routine groundwater monitoring is likely to be difficult.

A recent NRC review concluded, in part, that available field data are
insufficient to provide a robust assessment of the potential for or actual
occurrence of failure in vertical barriers (NRC, 2007), particularly over
long decision horizons. However, reports from site-specific remedial system
evaluations and CERCLA five-year reviews have identified instances where
hydraulic monitoring indicated that physical containment systems may
have “failed” (e.g., EPA, 1999; Northgate Environmental Management,
2008), although specific mechanisms are typically not identified. Even if
the precise location of a barrier defect could be identified through field
monitoring, effective measures for the direct repair of a flawed or cracked
vertical barrier have not been developed. Instead, adjustments to other
aspects of the remedial system would likely be needed. For both of the
above CERCLA examples, the vertical barriers functioned as components
of combined remedies that also included extraction wells, which resulted
in straightforward adjustments to system operation that maintained a high
degree of confidence in successful hydraulic containment.

In additional to the possibility of hydraulic failure, earthen barriers
can also release contaminants by molecular diffusion. Because chemicals in
most barrier materials have diffusion coefficients that are similar to those in
aquifer material, and the diffusion path length is relatively short (typically
one meter or less), the time for a solute to diffuse across the barrier could
be relatively short, on the order of years rather than decades (e.g., Mott and
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Weber, 1991; Khandelwal et al., 1998; Krol and Rowe, 2004). Although
the potential for diffusion across slurry walls has been long recognized
by scholars, field studies to assess this scenario have not been performed.
However, even if elevated contaminant concentrations are present in the
immediate vicinity of a vertical barrier, diffusive contaminant fluxes are
typically several orders of magnitude less than advective fluxes, and it is
plausible that molecular diffusion would constitute a significant concern at
only a very small number sites (e.g., sites with both large concentrations
within a containment zone and a receptor located in close proximity to a
vertical barrier).

Permeable Reactive Barriers

To function successfully, a permeable reactive barrier (PRB) must pro-
vide hydraulic control of the upgradient target capture zone, such that all
contaminated water flows through the PRB rather than around or below
it. In addition the PRB must have sufficient reaction capacity to sustain the
necessary reduction in contaminant concentrations over the appropriate
design time frame. Failure to achieve either or both objectives can occur
because of inadequate design (e.g., improper wall placement or reaction
zone thickness) or because of changes within the PRB that occur over time
(loss of permeability and/or reactivity). In addition, if a PRB was placed
downgradient of a source zone but within a region that previously con-
tained dissolved contamination, it is possible that measurable downgradient
concentrations will persist due to back-diffusion, even if the PRB is func-
tioning as designed (Sale and Newell, 2010).

The vast majority of installed PRBs are constructed of zero-valent iron,
which produces redox conditions and results in pH changes that are likely
to promote precipitation of groundwater minerals. This phenomenon has
long been recognized as a potential problem, and numerous laboratory
and modeling studies have explored the potential consequences of these
processes for PRB longevity (e.g., Yabusaki et al., 2001; Kohn et al., 2005;
Johnson et al., 2008; Wilkin and Puls, 2003; Sass et al., 2002; Phillips et al.,
2010). However, as noted by ITRC (2005a, 2011), no PRB has “failed” due
to loss of permeability or reactivity. In the most detailed published evalu-
ation of iron-based PRB performance (Henderson and Demond, 2007), a
handful of active PRB projects reported situations where improper design
(insufficient depth or width) resulted in incomplete hydraulic capture. Of
the 40 projects, only three exhibited post-installation performance degrada-
tion involving the loss of permeability due to precipitation and/or deceased
reactivity.

As with low-permeability barrier systems, the failure of a PRB system is
likely to occur locally rather than across the entire plane of interest, and it is
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plausible that repair, rather than replacement, could be the appropriate re-
sponse action. At the time of this writing, reports where installed PRBs were
repaired or replaced were not located in the literature. As with the other
long-term management strategies, the operating history of PRB technology
is simply too short to support a robust assessment of the potential long-
term management costs. However, concerns related to back-diffusion could
potentially limit the application of PRB systems to sites where substantial
contamination is not initially present downgradient of the installed PRB.

Monitored Natural Attenuation

Monitored natural attenuation (MNA) is most often used in conjunc-
tion with other active or engineering remedial components and is seldom
employed as a stand-alone measure (EPA, 2010a). The success of natural
attenuation as a remedy depends on the site-specific ability to predict the
evolution of complex biogeochemical processes over an extended period of
time. Because of uncertainties in long-term predictions, natural attenuation
requires confirmatory monitoring, such that MNA remedies are accompa-
nied by a detailed program of monitoring (e.g., NRC, 2000; EPA, 2004a).

Numerous protocols exist for evaluating MNA performance including
a recently proposed decision framework for evaluating MNA for inorganic
or radionuclide contamination (e.g., ITRC, 2010). Although focused on
inorganic contaminants, the ITRC protocol contains many elements ap-
propriate for sites with organic contaminants. In particular, the need for
a contingency plan was emphasized, which provides a cleanup approach
that will be implemented if “the selected remedy fails to perform as antici-
pated” (EPA, 2007). For MNA remedies, a suitable contingency plan might
include optimization of source or plume treatments, implementation of an
enhanced attenuation (EA) technology, pursuit of a technical impracticabil-
ity waiver, or the use of institutional controls.

MNA systems could fail for many reasons, including temporal changes
in site-specific hydrologic or geochemical conditions, the depletion of natu-
ral sources of nutrients or electron acceptors/donors, and lower-than-antic-
ipated transformation rates. Further, the regulators may believe that there
is insufficient evidence that MNA is occurring in the intended fashion. For
example, it may be difficult to verify that the presence of daughter products
is due to parent compound degradation and not co-contamination.

It is difficult to generalize regarding the potential cost of MNA failure,
which will depend on site-specific conditions, the nature of the contingency
actions, and the degree of conservatism built into the monitoring program.
A properly designed monitoring program should provide “early detection”
that allows for the implementation of a contingency plan prior to the
point when a migrating plume would present elevated risks to receptors.
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However, if contaminant migration and/or plume expansion occurs prior
to the detection of failure, additional costs may be incurred. In certain cir-
cumstances, the combined cost of failed MNA and implementation of an
additional remedy may exceed the cost that would have accrued had the
remedy originally been put in place instead of MNA. To avoid such occur-
rences, the monitoring program should be directed at providing confirma-
tion of the assumptions used to extrapolate the performance of MNA, in
an adaptive management mode.

Common to all the remedies discussed above are unplanned and cata-
strophic events that may lead to failure of the proposed containment/treat-
ment techniques, potentially for long periods of time. For example, natural
disasters (e.g., earthquakes, floods, or other events) could cause changes in
local hydrology, damage the remediation/containment system, or cause a
loss of power to an active containment process. Flooding or other events
could spread contamination to new areas and/or create new exposure path-
ways (e.g., vapor intrusion). Because contaminant migration from source
zones or the plume is often slow, none of these events is likely to lead to
catastrophic failure of the remedial system, but such events could lead to
contaminant releases from the target capture zone if the failure is not iden-
tified and remedied. In summary, at sites where contamination remains in
place, an evaluation of potential events that could lead to a failure of the
long-term management approach should be performed and contingency
plans developed.

IMPLICATIONS OF THE LONG-TERM NEED
FOR INSTITUTIONAL CONTROLS

At every site where contaminants will be left in place (for any sig-
nificant length of time), institutional controls are necessary to prevent
the exposure of local residents to chemicals in groundwater and soil. At
groundwater sites, institutional controls play three roles. First, they can
restrict the use of contaminated groundwater. Second, they can protect the
occupants of overlying buildings (or proposed buildings) from exposure
to chemicals from contaminated groundwater through vapor intrusion
(e.g., by requiring systems and barriers to prevent vapor from entering
buildings). And third, they can prevent activities that might compromise
remedies, such as penetration of landfill caps where the landfill is a source
of groundwater contamination or pumping that is likely to spread contami-
nation. If properly implemented and enforced, institutional controls allow a
groundwater remedy to be protective in cases where residual contamination
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remains above unrestricted use level. From 1986 to 1996, 3 to 20 percent
of groundwater remedies at Superfund facilities had institutional controls.
However, by 2008, 93 percent of the groundwater remedies selected that
year included institutional controls (EPA, 2010a) and current guidance is
likely to require such controls at every groundwater contamination site.

Types of Institutional Controls

Institutional controls (ICs) are administrative and/or legal controls
that minimize the potential for human exposure to contamination and/or
protect the integrity of a remedy, generally by attempting to modify human
behavior. For example, proprietary controls represent a private agreement
between the current property owner and, in this situation, EPA, a state,
or a federal agency that has transferred or plans to transfer property that
has use restrictions. The control is generally authorized by state law. An
easement or restrictive covenant prohibiting the extraction of groundwater
for drinking water on property containing the contaminated groundwater
plume is an example of this type of instrument.

There are also direct governmental controls on the use of property, such
as zoning laws, building codes, or state, tribal, or local groundwater use
regulations. Federal agencies such as the Army may possess the authority to
enforce institutional controls on their property, e.g., in Base Master Plans,
facility construction review processes, facility digging permit systems, and/
or the facility well permitting systems.

The third category of institutional controls are components of enforce-
ment instruments or permits issued by federal or state regulators to private
or federal PRPs (e.g., administrative orders, permits, Federal Facility Agree-
ments, and judicial consent decrees). These legally enforceable instruments
may limit site activities or require the performance of specific activities like
the monitoring of IC effectiveness.

Finally, there are informational devices such as recording site cleanup
documents in property records and providing advisories to local communi-
ties, tourists, recreational users, or other interested persons that residual
contamination remains on-site. Although informational devices are not
enforceable, they may be required by an enforceable consent decree or other
enforceable instrument.

Each type of institutional control has advantages and disadvantages,
which revolve around, for example, how the control enables or restricts
future economic development, whether the control is enforceable, and
at which level of government it is enforced (e.g., zoning is traditionally a
function of local government and generally, EPA and federal agencies have
little or no direct role in local zoning). Different institutional controls differ
with respect to who pays to maintain and enforce the control. At CERCLA-
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funded cleanups, EPA does not pay for monitoring or enforcing institu-
tional controls because the statute requires states to ensure the payment of
all future routine operations and monitoring following CERCLA-financed
remedial actions. However, at sites where private companies or other fed-
eral agencies perform the cleanup, they, not the states, pay for monitoring
or enforcing institutional controls (see discussion below). The degree to
which the public is involved in establishing, monitoring, and ensuring that
institutional controls are enforced differs by type (EPA, 2010b), as does
the length of time over which the institutional control must be maintained.

Past Experience with Institutional Controls

Not surprisingly, past experience suggests that institutional controls
have been effective at some sites and have failed other sites (ELI, 1999,
and see Box 5-1 for three prominent failures). Institutional controls “rely
heavily on humans to implement, oversee, and administer them” and it is
human “to ignore tasks that no one else seems to care about or where the
purpose is not readily apparent and indeed is often buried underground”
(ELI, 1999). A specific problem is the fact that zoning requirements can
be modified by political bodies (ELI, 1999; Spina, 2008). Furthermore,
environmental regulatory agencies may not be able to enforce restrictions
on subsequent property owners (Spina, 2008; Probst, 2006), although in-
creasingly states have adopted statutes that allow enforcement of land use
restrictions on subsequent owners. Finally, where EPA does not regularly
consult with local authorities about institutional controls, remedies may
be selected, including a specific institutional control, without determining
whether it can be implemented by the local government (ELI, 1999; Probst,
2006).

The New Emphasis and Direction on Institutional Controls

EPA has substantially improved its process of developing, implement-
ing, and enforcing institutional controls. Each Superfund facility is sup-
posed to have an Institutional Control Implementation and Assurance
Plan (ICIAP) “prior to, or at the same time as, the remedial design phase
under CERCLA and finalize it with the completion of the response action”
(EPA, 2010b), and coordination between states, tribes, and local land use
planning jurisdictions is required. Institutional controls at “construction-
completion” sites have begun to be recorded within the Superfund Enter-
prise Management System to help ensure the long-term effectiveness of the
controls (EPA, 2011a).

EPA has clarified that institutional control documents and instruments
should clearly articulate the substantive restrictions that are needed at a
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At Love Canal (one the first hazardous waste sites of general public concern),
the City of Niagara Falls built a school on a landfill in 1954, even though there
was a 1953 deed from a chemical company to the city (i.e., both a proprietary
and informational IC) disclosing that chemical production waste was buried on the
property and disclaiming responsibility for any injuries that might result (Technical
Review Committee, 1988). In the mid-1970s after residential housing was built
around the landfill, heavy rain caused the groundwater to mobilize and release the
chemicals onto residential properties and into local storm sewers, resulting in the
first Presidential Declaration of a man-made national disaster (Technical Review

BOX 5-1
Examples of the Failure of Institutional Controls

Committee, 1988).

never carried out because of lack of public interest (ELI, 1999).

of a city right of way (ELI, 1999).

At the Cannons Engineering Corporation Superfund facility in Bridgewater,
MA, the ROD required that a Declaration of Restrictions (i.e., a proprietary IC) be
recorded with the deeds to the affected properties, along with zoning ordinances
(a direct governmental control) and public education programs (an informational
IC) (ELI, 1999). In 1998, a company, without prior approval of the environmental
agencies, excavated soil below the water table, dewatered the excavation, and
discharged the water on the property while erecting a telecommunications relay
tower, in violation of the Declaration of Restrictions (EPA, 2010c). EPA issued a
written notice of violation of the deed restriction to the property owner, lessee,
and the Town of Bridgewater. In response, the leases and subleases have been
modified (EPA, 2010c). In addition, the Town of Bridgewater has incorporated the
deed restriction and the requirement to notify EPA prior to work at the tower into
its site plan approval process. The deed restriction currently remains in place and
there have been no additional violations. The education program apparently was

At the Sharon Steel Superfund facility in Midvale, Utah, the ICs included (1)
regulations governing excavations on private property within a residential area
where some contaminated soils were left in place (a governmental control) and (2)
education programs (ELI, 1999). The education programs were not successful, in
large part due to lack of cooperation between the city, state, and EPA (ELI, 1999).
As a result, one property owner who did not know about the ordinance began
unpermitted construction of a new sewer line, another property owner removed his
patio exposing unremediated soils for a day and half until the City learned of the
activity, and another property owner and the state Department of Transportation
failed to coordinate with state environmental regulators concerning the excavation

property to ensure that the land use assumptions that were made as part of
the remedy decision continue to remain accurate (EPA, 2011b). Where resi-
dential properties are located over a contaminated groundwater plume and
the properties are not the source of contamination, well drilling restrictions
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may be put in place to limit the use of groundwater rather than negotiat-
ing covenants or easements with a large number of parties (EPA, 2010b).
EPA (2010b, 2011b) requires that each institutional control instrument be
reviewed annually to consider such things as their long-term effectiveness
and enforceability, and whether the property owner/lessee is aware of and
complying with the institutional controls when they change land uses, per-
form new construction, or transfer the property.

Costs

EPA recognizes that institutional controls, maintenance, and enforce-
ment costs “may extend beyond the 30-year period traditionally used in
many response cost calculations,” and that these continuing costs should
be acknowledged when developing response cost estimates because they
“can be important in evaluating long-term effectiveness” (EPA, 2010b).
Indeed, the IC development process should begin with estimating the cost
for monitoring and reporting activities over the full life cycle of the control.

At Superfund-financed sites (i.e., those without viable PRPs), EPA does
not pay for monitoring or enforcing institutional controls because CERCLA
Section 104(c)(3) requires states to ensure the payment of all future routine
operations and monitoring following remedial actions. At sites where there
are viable PRPs or federal RPs, EPA has long negotiated settlement agree-
ments or consent orders with such parties, and where necessary obtained
a court order, to require a PRP to perform work necessary to achieve
and maintain performance standards or the effectiveness of the remedy
(e.g., five-year review, additional remedy work, and/or new information
or unknown condition reopener consent decree) (EPA, 2006). Recent EPA
guidance explicitly directs EPA staff to have the settling parties in such
settlement agreements or consent orders gather and submit data and analy-
ses about institutional controls in conjunction with requests for monitoring
data (EPA, 2011b). Additionally, EPA now recommends the use of direct
payments from PRPs, settling party trust funds, surety bonds, letters of
credit, insurance, and settlement proceeds to fund site-specific accounts for
institutional controls (EPA, 2010b). Federal agencies, including DoD, gen-
erally pay for long-term monitoring and perform oversight of institutional
controls at their sites (DoD, 2001).

EPA has improved its institutional control program so that it encour-
ages cooperation among federal, state, and local governments; incorporates
independent oversight of the entities that implement institutional controls;
includes redundancy; mandates monitoring; and increases the amount of
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information available to the public about controls that are in place and
the public’s involvement in oversight. Because this guidance is new, there is
limited information about the effectiveness of current institutional control
efforts and their costs, and there is no documentation of injury being caused
by the failure of institutional controls. Conceptually one can predict that
the cost of institutional controls will increase substantially under the new
guidance, particularly as settling and responsible parties pay local or state
governments to oversee and enforce institutional controls.

The primary risk from a failure to establish or enforce an adequate set
of institutional controls are that the public (residents, workers, and visitors)
may be exposed unknowingly to contaminated groundwater or vapor intru-
sion at levels above those allowing unlimited use and unrestricted exposure.
For example, individuals may drill wells for potable use in contaminated
aquifers. Developers may perform construction in contaminated soil or
water that results in worker exposure. The failure of institutional controls
may lead to property damage or personal injury lawsuits. Finally, each
failure undermines the credibility of the regulators and local officials with
the public, which is likely to make long-term management of the site more
difficult and expensive—costs that could be avoided if contaminants are
not left in place. It is for this reason that DoD guidance explicitly requires
that “where a use restriction will be imposed through the environmental
restoration process” the DoD must “ensure that the evaluation of response
alternatives includes an analysis of an alternative with a use restriction, as
well as an analysis . . . of a response nof requiring a use restriction” (DERP,
2001).

EMERGENCE OF UNREGULATED AND
UNANTICIPATED CONTAMINANTS

Leaving contamination in place can become problematic when the
contamination includes compounds that were previously unregulated or
unanticipated or when the toxicity information for known contaminants
changes. Conventional contaminants of concern have been known for
some time, are widespread at many sites, are generally detected at elevated
concentrations, and can be readily detected and measured using standard
laboratory instruments. These include many organics (e.g., volatile or-
ganic compounds [VOCs], semi-volatile organic compounds [SVOCs]),
inorganics (e.g., metals, explosives, propellants), and radionuclides. Con-
taminants of emerging concern are chemical substances that have been
identified recently or that have been known for some time, but for which
it has previously been thought that action was not necessary. It could be
that they are now detected because of advances in analytical techniques
(e.g., detectable to parts per trillion, nanograms per liter [ng/L]) or that a
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newly discovered adverse impact on humans or the environment has been
identified. An example is perchlorate, where after 1997 the lowering of the
detection limit led to the recognition that this rocket fuel oxidizer had been
broadly released to the environment at sites of aerospace manufacture and
testing, both initially in California and thereafter throughout the nation.
Subsequent studies documented the presence of perchlorate associated with
blasting and fertilizer use, as well as naturally high background concentra-
tions (ITRC, 2005b). Contaminants of emerging concern in groundwater,
discussed individually in Box 5-2, may present challenges not only from
a risk assessment perspective but also from the perspective of remedial
technologies. Existing remedial technologies may be inadequate for these
compounds, necessitating either adaptation of existing methods or develop-
ment of new methods.

Under the Safe Drinking Water Act (SDWA), EPA develops a list of con-
taminants of potential human health concern from drinking water exposure
called the Contaminant Candidate List (CCL). The most recent list (EPA,
2009b) contains 104 chemicals or chemical groups and 12 microbiological
contaminants including pesticides, antibiotics, and other pharmaceuticals or
their degradation products, disinfection by-products, industrial chemicals,
and waterborne pathogens that are not currently regulated under national
primary drinking water standards. Not all contaminants on the list are
likely regulatory targets for drinking water limits; i.e., MCLs are expected
to be developed for only a small subset of the contaminants on the CCL.
Identification of candidates for which an MCL may be appropriate is based
on a number of factors including prevalence of the contaminant in drinking
water supplies (including both groundwater and surface water sources),
the magnitude of risk presented by the contaminant, and the potential for
meaningful risk reduction through additional regulation (NRC, 2001). It
should also be emphasized that EPA’s decision not to develop an MCL for
a chemical does not indicate that a particular chemical will not be of toxi-
cological interest at any particular site. Nonetheless, the CCL can provide
a roadmap for site managers with respect to potential site reopeners.

New toxicity information can change the way a contaminant is regu-
lated. In particular, if the cancer potency or non-cancer toxicity value for a
chemical changes (even if the MCL does not), sites regulated under CER-
CLA will have to be evaluated during the five-year review process to make
sure the remedy is still protective. One of the most important developments
for groundwater remediation is the increase in the cancer potency, and
the issuance of a non-cancer reference dose, for tricholorethene or TCE
(EPA, 2011h). It is not clear whether these changes will alter groundwater
remediation goals for TCE or the MCL of 5 pg/L, but it is certain that EPA
will evaluate what, if any, modifications may be appropriate. The decision
on changing the MCL will depend on many factors, including the chosen
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BOX 5-2
Contaminants of Emerging Concern in Groundwater

By definition, contaminants of emerging concern have the potential to present
a risk not previously known. The examples provided below highlight compounds
that could potentially be found at subsurface hazardous waste sites and may soon
come under more intense scrutiny.

1,4-Dioxane. 1,4-Dioxane, a probable human carcinogen, is a stabilizer added
to some chlorinated solvents, and thus is a co-contaminant at sites contaminated
with these compounds (primarily 1,1,1-trichloroethane). 1,4-Dioxane is miscible
with water and has low volatility, and thus is poorly retained by the solid me-
dia in groundwater systems. This makes air stripping and sorption to activated
carbon used with pump-and-treat systems ineffective as treatment techniques,
although advanced oxidation techniques are effective. Recent work has shown
that while 1,4-dioxane is degraded via co-metabolism under specialized condi-
tions, sustained biodegradation using enrichment cultures or aquifer materials
under a variety of redox conditions were not successful (Vainberg et al., 2006;
Steffan, 2007). Phytoremediation is able to remove 1,4-dioxane, but this would
be limited to shallow water tables or wetland systems (Dietz and Schnoor, 2001;
Aitchison et al., 2000). Oxidation of 1,4-dioxane using permanganate (Waldemer
and Tratnyek, 2006) and in advanced oxidation processes (Bowman et al., 2003;
Suh and Mohseni, 2004) effectively destroys 1,4-dioxane, but there is a clearly a
need for the development of additional in situ treatment techniques.

A comprehensive review of the environmental issues surrounding this com-
pound is available (Mohr, 2010). Recent increases in the frequency of detection of
this chemical in municipal wells in California suggest that 1,4-dioxane is a chemi-
cal that may lead to many reopeners at hazardous waste sites where 1,1,1-TCA
was released.

Naphthalene. Naphthalene, a polycyclic aromatic hydrocarbon consisting of
two benzene rings, has been found in groundwater, particularly associated with
coal tar production and distillation from former manufactured gas plan (MGP)
operations. Although naphthalene is rarely found in drinking water supplies, at
some MGP sites concentrations of naphthalene in the thousands of pg/L have
been found (ATSDR, 2005), creating the potential for vapor intrusion given the
high volatility of naphthalene. There is currently no MCL for naphthalene.

Although an EPA assessment in 2004 concluded that naphthalene was likely to
be carcinogenic in humans via the inhalation pathway (EPA, 2004b), that assess-
ment is no longer considered up to date and there are ongoing analyses within
the agency and by outside scientists (e.g., Rhomberg et al., 2011). Nonetheless,
the California EPA has designated naphthalene a carcinogen via the inhalation
pathway and concluded that, at least at one site, cancer risks from naphthalene
were comparable to those from benzene (Christopher et al., 2005). The recent
toxicology findings for naphthalene, combined with increasing interest in the vapor
intrusion pathway, provide an example of how emerging contaminants of concern
may arise.

N-nitrosodimethylamine (NDMA). NDMA is a potential carcinogen and known
to cause liver damage in humans and animals (ATSDR, 1989). NDMA pollution of
groundwater may arise from two sources: manufacture of rocket propellants and
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recharge of disinfected wastewater. While numerous studies have explored ad-
vanced oxidation processes to treat NDMA in drinking water (raw or finished) and
wastewater, only limited studies have been performed to assess means to treat
NDMA in contaminated groundwater. Zero-valent iron is able to reduce NDMA,
albeit slowly, and the reaction is accelerated with a nickel-catalyst (Gui et al., 2000;
Odziemkowski et al., 2000). There is also evidence of biodegradation at a water
recharge site (Zhou et al., 2009). A recent SERDP report found that under oxic
conditions, NDMA is mineralized via a co-metabolic processes, and that under
anaerobic conditions (either natural or generated via in situ redox manipulation),
abiotic reduction of NDMA occurred that was mediated by ferrous iron adsorbed
to the aquifer material (Szecsody et al., 2009). Depending on the scope of the
NDMA contamination problem, additional work is necessary to identify potential
treatment techniques for NDMA-contaminated sites.

Perchlorate. Perchlorate (CIO,~) contamination of groundwater is a result of its
use as an oxidizer in solid propellants, explosives, and pyrotechnics. Compared to
the other contaminants in this section, there has been substantially more research
on the treatment of perchlorate contaminated groundwater. Both laboratory stud-
ies and a field demonstration (Naval Surface Warfare Center at Indian Head, MD)
have shown that in situ biostimulation using low-cost carbon amendments (e.g.,
lactate, acetate, molasses, canola oil) is an effective means to treat perchlorate
(GeoSyntec Consultants, 2002; Cramer et al., 2004). The bacteria responsible
have been characterized in terms of their biochemistry and genetics (Coates and
Achenbach, 2004, 2006). Biostimulation by plant-produced electron donors has
also been demonstrated (Shrout et al., 2006), and a permeable barrier comprised
of wood particles designed to allow bacteria to create reducing conditions also
lead to removal of perchlorate (Robertson et al., 2007).

The potential of zero-valent iron to reduce perchlorate has been demonstrated
in laboratory studies (Huang and Sorial, 2007), but the presence of other anions
slows or inhibits perchlorate removal. Results from systems containing both bac-
teria and zero-valent iron have suggested that the combination leads to improved
removal (Son et al., 2006; Yu et al., 2006), while another study suggests that iron
metal inhibits bacterial removal (Shrout et al., 2005).

EPA has decided to regulate perchlorate pursuant to the Safe Drinking Water
Act due to its effect on thyroid function (EPA, 2011c).

Perfluoroalkyl substances (PFAS). PFAS are a family of organic compounds
that consist of a perfluorocarbon chain (typically 4 to 14 in length) and an anionic
head group (Simcik, 2005; Lau et al., 2007; Ranye and Forest, 2009). They have
been synthesized and used in a broad range of industrial and commercial ap-
plications for over 50 years, but their environmental risk was not highlighted until
a decade ago (Simcik, 2005; Fuijii et al., 2007; Richardson and Ternes, 2005). Up
until 2002, the total historical production of PFAS reached approximately 100,000
tons, of which the majority will ultimately gain their entry into the environment (Pis-
tochi and Loos, 2009). PFAS are also components of aqueous film-forming foams
(AFFFs) that are used in fire fighting. Training with AFFFs has been conducted for
more than 30 years, resulting in releases in fire fighting training areas, including
military bases. A recent survey of the Department of Defense Knowledge Based
Corporate Reporting System found 594 fire and crash training sites operated
or managed by military organizations. It was found that 353 of these sites were

continued
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BOX 5-2 Continued

operated by the Air Force, the Navy operated 132, and the Army had 94 (Rak
and Vogel, 2009). The rest were under the purview of the Formerly Used Defense
Sites. Any military site where AFFFs have been used to fight fires or to train in
firefighting may have a dissolved plume containing PFAS.

In January 2009, the EPA announced Provisional Health Advisory values for
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) of 0.4 pg/L
in drinking water to protect humans from a variety of noncarcinogenic health ef-
fects (EPA, 2009a). To date, only pump-and-treat systems using activated carbon
as a sorbent are effective at removing these compounds. The stability of the C-F
bond makes chemical and biological treatment difficult. There is clearly a need
to develop new techniques to treat groundwater contaminated with this class of
chemicals.

Pharmaceuticals and Personal Care Products (PPCP). This class of com-
pounds includes prescription and non-prescription medications, antibiotics, hor-
mones, and others. Recently 35 different PPCP compounds were detected in
groundwater samples (Barnes et al., 2008). Possible pathways to groundwater
include landfill leachate (Buszka et al., 2009); indirect or direct aquifer recharge
with wastewater effluent (Kreuzinger et al., 2004; Rabiet, et al., 2006); irrigation
with wastewater effluent; leaking sewer pipes (Nakada et al., 2008); application
of biosolids to soils; leakage from septic tanks (Standley et al., 2008; Carrara
et al., 2008); or leakage from animal waste lagoons at confined animal feeding
operations—suggesting that the detection of these compounds at hazardous
waste sites is unlikely.

There is evidence of compound attenuation in aquifer recharge systems
(Drewes et al., 2003; Snyder et al., 2004; Greskowiak et al., 2006; Soliman et
al., 2007) and also of compound persistence (Drewes et al., 2003; Kreuzinger et
al., 2004). Further studies are needed to determine if the environmental levels
of pharmaceuticals and personal care products present a significant human or
environmental risk. Any evaluation of the risks presented by such releases to the
environment should consider the advantages and disadvantages of (1) limiting
their entrance into groundwater systems through improved treatment prior to dis-

acceptable risk level, whether the cancer or non-cancer risk is considered,
the detection limit, costs, and technical feasibility. The present MCL of 5
pg/L is now associated with a 107 risk over a 70-year exposure, which falls
within EPA’s acceptable risk range of 10~¢ to 10~*. The non-cancer reference
dose has led to a regional screening level for TCE in drinking water of 2.6
pg/L! (although it should be noted that the screening level is not a cleanup
goal, and site-specific factors could result in a non-cancer TCE cleanup goal
that exceeds 2.6 pg/L).

Thttp://www.epa.gov/reg3hwmd/risk/human/rb-concentration_table/.
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charge; (2) verifying that natural attenuation processes in surface soils degrade
them to acceptable levels; or (3) verifying removal during drinking water treatment.

Nanomaterials. Nanomaterials are between 1 and 100 nm in size and are
used widely in personal care products, clothing, and electronics. However, the is-
sue of importance to this report is the use, at more than 36 sites, of nanomaterials
to remediate environmental contaminants such as organohalides, trinitrotoluene,
and phenols (EPA, 2011d,e; Obare and Meyer, 2005). For example, nanomaterials
can serve as semiconductors in the photocatalysis of chlorinated phenols, and
sorbents developed from nanomaterials can be used to remove arsenic and cad-
mium from water (Vaseashta et al., 2006; Husain, 2008). However, little is known
about the human or environmental health effects of nanomaterials, although they
are increasingly used in consumer applications.

EPA regulates new chemicals prior to widespread commercial use by requir-
ing a pre-manufacturing review pursuant to the Toxic Substance Control Act.
Regulation is based on a finding that the chemical may present an “unreasonable
risk.” Historically EPA did “not consider a nanoscale version of a chemical to be a
different chemical substance from the macroscale version,” i.e., it was not a new
chemical subject to pre-manufacturing review. This interpretation, however, has
changed, and EPA issued significant new use notices requiring reporting and
testing of siloxane-modified silica nanoparticles, carbon nanotubes, and other
nanomoterials (EPA 2008b,c, 2011e,f,g,). These actions include requiring testing
to assess inhalation risks, ecotoxicity, and aquatic toxicity. EPA also is regulating
nanomaterials in pesticides through the Federal Insecticide, Fungicide, and Ro-
denticide Act.

Siloxanes. Siloxanes are organosilicon chemicals (containing an R,SiO unit,
where R can be hydrogen or a hydrocarbon group). Chemicals with multiple R,SiO
units are called polysiloxanes. Siloxanes have high vapor pressure, low water solu-
bility, and high Henry’s law constant (McBean, 2008), and are commonly found
in personal care products such as shampoo and antiperspirant. Thus, they are
unlikely to be found at hazardous waste sites. The toxicity of siloxanes is variable.

The impact of the new TCE toxicity information on the vapor intru-

sion pathway is important because of the potential longer exposure periods,
although again the nature of this impact is still uncertain. The new cancer
potency value yields a 10~* risk at 20 pg/m3, a 107 risk at 2 pg/m?3, and a
1076 risk at 0.2 pg/m? for a lifetime-year exposure.” The new non-cancer
reference concentration (RfC) is 2 pg/m3. Thus, indoor air concentrations

2For a 30-year exposure, as is typically used in Superfund, the corresponding concentrations
are 41, 4.1, and 0.41 pg/m3. http://www.epa.gov/reg3hwmd/risk/human/rb-concentration_

table/Generic_Tables/pdf/master_sl_table_run_ MAY2012.pdf.
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of TCE arising from vapor intrusion may fall within the acceptable cancer
risk range, yet exceed the non-cancer criterion.

Adding further complexity to the entire TCE situation is the question
of the appropriate averaging time for non-cancer risk from TCE. Typically
the exposure concentration would be an average over the period of expo-
sure. However, the endpoints on which the RfC is based are developmental.
For some developmental toxicants, EPA may find it appropriate to average
over a shorter duration, because of concern that a single exposure during a
critical developmental period may produce an adverse effect (EPA, 1991a).
While there may be scientific debate about the appropriate averaging time,
at least one EPA region is considering an averaging time for TCE over a
shorter exposure duration (e.g., Lee, 2012) which, if implemented, could
have significant ramifications for determining compliance. At a given site,
alternative averaging periods should be determined based on specific expo-
sure elements and chemical-specific properties.

Going forward, any review of the protectiveness of a TCE-related rem-
edy at a Superfund facility during a five-year review is likely to consider
both cancer and non-cancer risks using these new TCE toxicity criteria.
EPA may conclude that some remedies meeting the current MCL are no
longer protective (e.g., if the long-term concentration is above the non-
cancer screening level of 2.6 pg/L). At sites where the cleanup level has
not yet been set, EPA may choose a goal more stringent than the current
MCL of 5 pg/L because the non-cancer level (2.6 png/L) is lower. Because of
its prevalence in contaminated groundwater, the potential reduction in the
MCL for TCE has been estimated by some to have a major impact on the
costs of remedial actions at DoD sites, on the order of $15 billion (Yonkers,
2012). However, there is much debate about the likely costs, and the Com-
mittee has insufficient information to reach a conclusion concerning the
magnitude of the impact.

Hexavalent chromium Cr (VI) has been detected in groundwater at
sites associated with waste disposal. For example, ATSDR (2008) describes
several examples of sites in the United States with elevated groundwater
concentrations of Cr (VI), with some concentrations exceeding 10,000 pg/L;
the sources of the contamination were variable and included disposal of
chromate used as a corrosion inhibitor and wastes from aircraft plants. Al-
though inhaled Cr (VI) is clearly carcinogenic, studies of ingested Cr (VI) in
humans have been conflicting, and overall, do not confirm Cr (VI) as a hu-
man carcinogen (e.g., Beaumont et al., 2008; Kerger et al., 2009). However,
recent studies of high concentrations of Cr (VI) in drinking water in rodents
provide evidence of carcinogenicity in the oral cavity and gastrointestinal
tract (NTP, 2008). The significance of such findings for humans exposed
to Cr (VI) in drinking water, albeit at much lower concentrations than in
the rodent studies, is being considered. California and New Jersey have
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already set advisory levels, and EPA is assessing whether to set an MCL
for Cr (VI). EPA has decided to require monitoring for Cr (VI) in drinking
water, even in the absence of an MCL (LaRoss, 2012). [Interestingly, recent
mode-of-action studies suggest that the dose-response relationship may be
nonlinear (Thompson et al., 2012), which could have important ramifica-
tions for setting an MCL.]

New quantitative dose-response analyses have elevated the importance
of inorganic arsenic. In 2001 the drinking water limit for inorganic arsenic
was lowered from 50 pg/L to 10 pg/L based on evidence that inorganic
arsenic could cause internal cancers in addition to skin cancer. The MCL
analysis employed a dose-response assessment in which the potency was
effectively equivalent to 3.7 mg/kg/d based on bladder cancer, versus the
prior limit of 1.5 mg/kg/d based on skin cancer. The reduction in the arsenic
MCL from 50 pg/L to 10 pg/L has already resulted in a remedy reopener at
the Arsenic Trioxide Site in North Dakota, as a result of the determination
that the drinking water limit of 50 ppb was no longer protective of public
health.? Sampling determined that 84 percent of the well water users in the
26 townships were drinking water containing arsenic concentration at or
over the arsenic MCL of 10 ppb (EPA, 2010d). A number of new actions
were taken, including supplying some residents with bottled water, con-
necting other residents to a rural water supply system, and enhancing the
water treatment system. EPA is continuing to evaluate the carcinogenicity
of inorganic arsenic, which could have further implications for the MCL
and determinations of the protectiveness of remedies.

It should be noted that, at times, new understandings of chemical tox-
icity can indicate lower risk values than had previously been established.
This is the case with tetrachloroethene (PCE), where the recent cancer
toxicity criteria are well below (i.e., indicating less potency) the prior val-
ues.* Specifically, the oral cancer slope factor is more than 200-fold lower
and the inhalation cancer risk value is more than 20-fold lower than prior
values. Assuming a 30-year exposure duration, the air concentration for
1076 risk would be 9.4 pg/m?3, and the corresponding tap water concentra-
tion (considering ingestion, inhalation, and dermal exposure) would be 9.7
pg/L (above the MCL of § pg/L). While it is highly unlikely that the MCL
would be increased, these findings could lead to reduced focus on vapor
intrusion of PCE.

Thus, contaminants of emerging concern may be new, previously un-
recognized contaminants, or previously recognized contaminants where
new toxicity understanding or new exposure limits have developed, leading
to concerns at lower concentrations. Contaminants of emerging concern

3See http://www.epa.gov/region8/superfund/nd/arsenic/index.html.
4See http://www.epa.gov/iris/subst/0106.htm.
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present challenges for a number of reasons, including the lack of gener-
ally accepted toxicological criteria that can be used for risk assessment
purposes. The absence of such criteria complicates the determination of
health-protective limits and can result in different limits in different regions.
Such contaminants also add uncertainty to risk management decisions,
leaving open the possibility of future site reopeners. The Department of
Defense’s program for contaminants of emerging concern, called “Scan-
Watch-Action” (Murnyak et al., 2011) employs a multi-tier process to
identify contaminants and weigh them in terms of their likelihood of having
an impact on multiple DoD functional areas, such as acquisition, training
and readiness, and remediation. For the subset of contaminants of emerg-
ing concern that could have an impact on these key functional areas, risk
management options are developed.

NEW PATHWAYS/RECEPTORS

In addition to identification of new constituents of potential toxicologi-
cal concern as well as development of new toxicity information for “old”
chemicals, new exposure pathways may be identified or recognized as more
significant than had previously been considered. Even when the existence
of a pathway is recognized, there may be insufficient information as to
the parameters that influence that pathway and hence the lack of clearly
articulated guidance for how to incorporate the pathway in a risk assess-
ment. These deficiencies can result in failure to adequately incorporate the
pathway into site-specific risk analyses or result in significant uncertainty in
calculated risk results. New pathways raise institutional and public health
concerns that need to be considered in remedial decision making.

Vapor Intrusion

Although not “new” in that it has been increasingly recognized over
the last ten tears, the vapor intrusion pathway is of particular interest with
respect to subsurface contamination. The sources of these vapors may be
free phase NAPLs entrapped in the vadose zone (from a spill and/or ex-
posed during water table fluctuations) or dissolved constituents that parti-
tion from the groundwater plume to soil gas. Vapors emitted from these
contaminant sources disperse into air-filled void spaces within the soil and
migrate below surface structures, leading to the intrusion of contaminant
vapors into indoor air. The exposure can be substantial even at low indoor
air contaminant concentrations because the average American spends more
than 21 hours per day indoors (Olson and Corosi, 2002). Note that there
is the potential for volatile organic compounds from coal- and oil-derived
DNAPL sites to present a risk via the vapor intrusion pathway (see Singh et
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al., 2011, and Doroski et al., 2011). However because such investigations
are ongoing with no definitive results available, the following discussion
focuses on chlorinated solvents.

It is unknown how many chlorinated solvent sites in the United States
have vapor intrusion levels considered by federal or state policies to be
unsafe. Thousands of dry cleaners in the United States, many of which
have long been out of business, may have generated plumes of PCE in the
subsurface, but it is unknown what percentage of such sites is contaminated
because no federal or state regulatory program requires their investigation.
Several documented cases of vapor intrusion involving chlorinated solvents
and their breakdown products, such as TCE and DCE, have received na-
tional attention. For example, the Redfield and Colorado Department of
Transportation sites in Colorado were two of the first major sites to bring
the vapor intrusion issue to the regulators’ and public attention in the late
1990s. At the Redfield site, the indoor air in about half of the 800 single-
family homes overlying a dissolved groundwater plume of VOCs exceeded
0.49 pg/m? (Folkes et al., 2009). Hill Air Force Base, Utah, was one of
the first DoD sites to address the vapor intrusion pathway (with details
provided by Erik Dettenmaier, Hill AFB, personal communication). There
are approximately 3,000 residences overlying dilute chlorinated solvent
groundwater plumes outside the base, and about half agreed to participate
in an indoor air monitoring program. Roughly 4,500 indoor air samples
have been collected, with TCE being detected in 235 homes. 123 homes
have indoor air concentrations in excess of 2.3 pg/m3, which correlates
with a cancer risk of approximately 5 x 107® over 30 years (EPA, 2012a).
Of the homes with concentrations above 2.3 pg/m?3, about 25 percent are
suspected to be affected by indoor sources of TCE (such as gun cleaner,
craft glue, and cleaning products). Sub-slab depressurization systems have
been installed at homes where vapor intrusion is known or suspected to be
occurring. As a result of this site, the DoD has gained considerable experi-
ence over the past decade with designing indoor air monitoring programs,
managing community relations, and interpreting and communicating data
on vapor intrusion. Box 5-3 describes how EPA and the states have altered
cleanup programs to consider the vapor intrusion pathway.

Vapor intrusion investigations are generally required anywhere chlori-
nated solvents are detected in shallow aquifers or the vadose zone. Multiple
lines of evidence, such as sampling of indoor air, outdoor air, and soil gas,
are needed to determine the extent of indoor air contamination and its
source. Some jurisdictions, such as New York State, require action based
solely upon high levels of contamination in the soil gas under a building,
recognizing the potential for intrusion should a crack or hole develop in
the building’s slab; others base responses upon current indoor air levels.

Although the recognition of vapor intrusion by EPA is at least ten years
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BOX 5-3
Consideration of Vapor Intrusion in Federal
and State Regulatory Programs

Contaminated sites were rarely evaluated for vapor intrusion until 2002, when

the Denver Post published a landmark series of articles on the subject (Obmascik,
2002) documenting the Redfield site, the Colorado Department of Transportation
site, and other sites in Colorado. At that time, EPA’'s RCRA program had issued
a draft vapor intrusion pathway assessment guidance (EPA, 2001a) as part of
its Environmental Indicator program, but awareness of vapor intrusion was only
just growing. In the wake of the Post series, EPA’s Office of Solid Waste and
Emergency Response issued Draft Guidance for Evaluation the Vapor Intrusion
to Indoor Air Pathway from Groundwater and Soils (EPA, 2002a), and several
states followed suit. The EPA Region 9 Superfund division systematically reviewed
their portfolio of sites for potential vapor intrusion. The New York Department of
Environmental Conservation conducted a desktop review of 421 inactive sites
with pre-2003 remedial decisions where disposal of chlorinated hydrocarbons
occurred (NYS DEC, 2005), reopening numerous “closed sites” for investigation
of vapor intrusion. However, in other jurisdictions (such as Texas, Michigan, and
EPA Regions 4 and 6), regulators have been reluctant to reopen sites or broaden
investigations to assess the vapor intrusion pathway. Finally, certain other jurisdic-
tions have dealt with the new exposure pathway by issuing action levels (target
concentration levels) that resulted in no further action.

There are a substantial number of sites where interim remediation and ongoing

investigation have been under way, but where the vapor intrusion pathway was
not considered. For example, the Motorola 52nd Street semiconductor factory in
Phoenix, Arizona, was placed on the NPL in 1984. There is continuing investiga-
tion of the high levels of TCE in the deep bedrock under the neighborhood imme-
diately downgradient from the plant, but Arizona’s Department of Environmental
Quality—lead agency for that operable unit—has not evaluated potential vapor
intrusion under the moderate income, predominantly Latino neighborhood, despite
repeated requests from community leaders. Only in 2010 did EPA Region 9 an-
nounce a vapor intrusion investigation and form a Community Information Group
to oversee it (EPA Region 9, 2010).

Just recently EPA has initiated a process whereby vapor intrusion may become

a component of the NPL listing process (EPA, 2011i).

old, the magnitude of vapor intrusion as a national issue remains poorly
understood. This is partly because of significant uncertainty in understand-
ing the vapor intrusion pathway. That is, contaminant concentrations in
indoor air are variously determined by concentrations in the subsurface,
the subsurface geology, environmental conditions (such as wind speed and
temperature), and building characteristics (e.g., presence or absence of a
basement, foundation type and condition, heating/cooling). In addition,
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background sources such as ambient (outdoor) air and consumer products
may contribute to the indoor air levels of contaminants of concern. Chapter
6 discusses both the current limits in our understanding of vapor intrusion
as well as advances in real-time sensor technologies that will make it easier
to detect indoor air contamination from subsurface sources and determine
the best mitigation strategies.

EPA has compiled an empirical data set for hazardous waste sites with
paired groundwater, soil gas, and indoor air data on chlorinated solvents
(EPA, 2012b). The raw data demonstrate that there are sites where there is
reasonable potential for exceeding indoor air screening levels and, depend-
ing upon regulators’ final risk management decisions, the non-cancer risk
management level in particular. Furthermore, detailed field studies under
way in residences overlying dilute plumes suggest that the contaminant
intrusion rate may be highly variable with time and the most significant
contributions to longer-term exposure might happen through infrequent
and short-duration periods of high vapor intrusion activity (Johnson et
al., 2012). Thus, there are two choices for dealing with a possible vapor
intrusion pathway at a given site: (1) invest in sampling and analyses to
confirm whether or not the potential exposure is of concern, or (2) install
a vapor mitigation system. The former is problematic because the number
of samples likely needed to be confident in pathway assessment evaluation
may not be practicable, and costs could easily exceed $10,000 per build-
ing when considering sampling spread out over multiple seasons and years
(DoD, 2009). The latter also is challenging because installation costs are
likely to be $2,000 or greater per residential mitigation system with annual
electrical costs of $100 or more (EPA, 2008d; ITRC, 2007), and there are
uncertainties surrounding continued operation and performance validation
of mitigation systems. These issues are magnified when considering larger
plumes with tens to hundreds of overlying buildings.

The current methods for disruption of the vapor intrusion pathway are
based on substructure depressurization systems originally developed for
residential radon mitigation (EPA, 2012c¢). In fact, one of the benefits of
vapor mitigation is that it also prevents radon exposure (which, in certain
regions of the United States, can pose a greater cancer risk than the levels
of solvent vapors that require mitigation). Some local governments, such
as Mountain View, California, require the installation of vapor mitigation
systems in developments on or near solvent contamination plumes (Wood-
house, 2009). New Jersey requires Radon Resistant Construction for all
homes and schools in high-radon areas.’ In general, though, state and lo-
cal governments rarely require that VOC mitigation systems be installed in
existing buildings in the absence of an environmental investigation.

5 See http://www.state.nj.us/dca/divisions/codes/codreg/pdf_regs/njac_5_23_10.pdf.
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Mitigation techniques usually consist of perforated plastic pipes in-
stalled in the subsurface that are linked to venting systems propelled by
electric blower fans. These must be operated, maintained, and monitored to
ensure that they are working properly over the long term. Installing vapor
mitigation systems is easiest and most inexpensive during initial building
construction. To retrofit existing buildings, it is usually necessary to drill
holes through floors and run vent pipes through rooms, while for new
construction, horizontal pipes and plastic or rubber vapor barriers can be
laid beneath foundations, with venting systems hidden, for a fraction of
the cost of a retrofit. Some regulatory agencies suggest installing systems
without fans, and then testing the indoor air after construction but before
occupancy, at least where the threat of vapor intrusion is uncertain. If sam-
pling shows elevated levels of VOCs indoors, fans are then installed and
operated (e.g., see CalEPA, 2011). There are also commercially available
passive barriers that mitigate vapor intrusion, including concrete sealants
for industrial structures.

At many vapor intrusion sites involving residential property owners,
some homeowners refuse to allow access for sampling or they reject mitiga-
tion (EPA, 2012c). There are a number of reasons for this, including own-
ers’ fear that vapor intrusion will stigmatize their property and drive down
its value, or a distrust of the agencies and companies that are conducting
the response. Regulators do not insist that non-cooperating homeowners
take part in investigations in the belief that they have a right to refuse pro-
tection. This presents challenges when property is sold or leased because
buyers or occupants may not have the opportunity to have mitigation or
even sampling conducted. They may be unaware that a vapor intrusion re-
sponse has taken place in the area. EPA (2012c¢) addresses steps to be taken
if the property owner refuses access, ranging from providing information
on the consequences to requiring access “in the interest of protecting the
occupants, for evaluating the need for response, choosing a response action,
taking a response action, or otherwise enforcing CERCLA.”

It is difficult to enforce proper maintenance of the mitigation system
over the life of the contamination and building. Building occupants may
not understand why or how the systems work or otherwise fail to maintain
them over the long run; some building occupants simply unplug them be-
cause of the energy cost or noise. Furthermore, there is often no protection
for new occupants of buildings previously owned or occupied by people
who chose not to cooperate with the vapor intrusion response. Therefore,
regulatory agencies with active vapor intrusion programs consider mitiga-
tion an interim response (NJ DEP, 2005).
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LITIGATION RISKS

Leaving residual contamination in place above unrestricted groundwa-
ter and land use levels has several important legal ramifications, as discussed
in detail below. The Committee recognizes that litigation is contentious and,
by definition, there are at least two diametrically opposed versions of the
facts and views of the law. The purpose of this section is not to argue that
litigation will occur in every case, but rather that the potential is likely to
exist as long as chemicals remain in the groundwater above drinking water
levels. The reader should not consider the examples and illustrations given
to be a comprehensive review.

Environmental Liability Disclosure Requirements

Leaving contaminants in place may trigger a variety of public notifica-
tion and/or disclosure requirements, some of which are illustrated below.
The Securities and Exchange Commission (SEC) requires companies to
disclose, among other things, (1) administrative or judicial environmental
protection proceedings arising under any federal, state, or local law, includ-
ing hazardous waste cleanup laws; (2) when it is probable that an asset is
impaired; and (3) trends in cleanup liabilities that are reasonably likely to
affect its liquidity or its capital expenditures (SEC, 1982, 2011). Similarly,
the Financial Accounting Standards Board has published requirements on
reporting about environmental remediation liabilities in financial state-
ments (Coate et al., 2012). These requirements exist to satisfy U.S. securities
laws and general accounting practices, which are based on the principle that
investors should have sufficient information about the financial status of
companies to make an informed decision on whether to invest in company
A versus company B (Rogers, 2007). The determination of exactly what
environmental cleanup liabilities are required to be reported is based on the
specific facts, e.g., the size of the company and the uncertainty associated
with the cost and liability. The DoD regularly reports its environmental
liabilities to Congress in order to provide reliable financial and budgetary
information, among other purposes (Army, 2011).

A variety of evaluations have suggested that not all companies were
reporting cleanup liabilities (NRC, 1997; SEC, 2003; Cox and Douthett,
2009; EPA, 2008e). SEC (2003) claimed that “many companies did not pro-
vide adequate disclosure relating to” environmental liabilities and “urged
companies with material contingent liabilities to carefully review their
disclosures and ensure that they include all required information.” There
have been few SEC actions enforcing these requirements in the last two
decades (EPA, 2008e).

In summary, companies are required to report long-term hazardous
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substance cleanup liabilities under certain circumstances. Some believe that
such reporting may provide an incentive for private and governmental PRPs
to minimize their long-term liabilities by reducing the extent of residual
contamination at their sites (NRC, 1997; EPA, 2008¢).

Potential Personal Injury and Property Damage Liability

If chemicals remain in soil or groundwater in concentrations above un-
restricted use levels, there is a potential that the active remedy, engineering
controls, and institutional controls may fail and result in lawsuits alleging
personal injury and/or property damage. In fact, even if the remedy does
not fail and the government regulators determine the remedy is protective,
private citizens may still file a lawsuit seeking alleged damages. [The reader
is referred to Federal Judicial Center and NRC (2011) for a discussion of
causes of action and burdens of proof.]

Each personal injury or property damage case depends upon the unique
facts of the site and state law. Most contaminated groundwater sites do not
result in litigation, although in the Committee’s opinion there appears to be
a trend toward increasing litigation. There is no central repository of toxic
tort cases and their outcomes, as most cases are likely to settle out of court
rather than be litigated to a verdict, and many settlements are confidential
or not readily accessible. Box 5-4 briefly illustrates a few of the major
groundwater cases.

There are many defenses to such personal injury and property damage
suits, not the least of which is a lack of causation. As a result, there are
many cases that are either not brought or where the defendants prevail.
Nonetheless, there is a possibility of personal injury or property damage
litigation if residual contamination remains (or even if no contamination
remains since personal injury lawsuits can be filed for past exposure). The
cost of such litigation is highly uncertain, but the transaction costs (even
if the defendant prevails) can be substantial. The uncertainty arises from
variable transaction costs, difficulties measuring the decrease in property
value and the extent of personal injury, and limited information about
when groundwater contamination (and hence the damages) began or when
it is considered “over.” Thus, it is not clear how responsible parties should
factor the potential risk of litigation into a particular decision concerning
remedy selection at a site.

Potential Liability for Natural Resource Damage Claims

At large or complex sites where chemicals are left above unrestricted
use levels, there is the potential for natural resource damage (NRD) claims.
CERCLA provides the United States, states, or, in certain circumstances, In-
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dian Tribes (when they are acting as “trustees” of the resources in question)
a statutory cause of action for damages, which refers to injury to, destruc-
tion of, or loss of natural resources [CERCLA § 107(f)(1)]. The natural
resources covered are “land, fish, wildlife, biota, air, water, ground water,
drinking water supplies, and other such resources belonging to, managed
by, held in trust by, appertaining to, or otherwise controlled by the United
States . . . any State, local government, or any foreign government, any
Indian tribe . . .” [CERCLA § 101(16)]. Damage caused to such natural
resources may result in a federal or state lawsuit to restore the resource or
receive compensation for such damage. The legal basis of NRD lawsuits
varies from state to state and has evolved over time (Israel, 2009).

NRDs include (a) the reasonable costs of assessing the extent of the
damage (e.g., the field studies and reports); (b) “direct and indirect injury,
destruction, or loss;” and (c) interim loss of use from the time of the release
until the time of restoration (taking into consideration “replacement value,
use value, and ability of the ecosystem or resource to recover”) [CERCLA §
107(a)(4)(C)]. One of the losses recoverable in such lawsuits is the amount
of money required to compensate the public for the loss of use of the re-
source. This includes both commercial uses of the resource (e.g., supplying
drinking water, supplying fish, or a wetland providing flood control) as well
as nonuse damages (i.e., a value from the mere existence of a resource even
in the absence of use) [43 CFR § 11.83(c)(1)].¢ Indeed, the nonuse damages
are explicitly provided for in Department of Interior and National Oceanic
and Atmospheric Administration NRD assessment rules, which have been
upheld from challenge (Obio v. United States Department of the Interior,
880 F.2d 432, D.C. Cir. 1987). Most direct use values of groundwater can
be approximated based on water prices (NRC, 1994); however, there is
controversy over whether one can reliably estimate nonuse values.

Many of the larger NRD lawsuits involve contaminated sediment
(Commencement Bay in Washington) or oil discharges to surface waters
(such as the Exxon-Valdez and Gulf Oil spills) (Hutton and Edwards, 2011)
and therefore are not relevant to contaminated groundwater sites. NRD
settlements for mining sites, large oil spills, and contaminated sediment tend
to be higher than other NRD settlements. Table 5-1 shows several large
groundwater NRD settlements or actions to illustrate the types of historic
claims that have been made. In summarizing 32 groundwater sites, Ando

¢ The clearest example is New Jersey NRD guidance, which states that the damage calcula-
tion may be based on the current water rate derived from the NJ Board of Public Utilities (that
is, how much it costs a home owner to buy water) times the volume of water (areal extent and
thickness) times the duration that the water cannot be used (i.e., the time that it would take
for the remedy to reduce the concentration to below the NJ Groundwater Quality standards
set for the site).
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BOX 5-4
Select Examples of Litigation Involving
Contaminated Groundwater Sites

Love Canal. Hooker Chemical Company disposed of approximately 21,000
tons of a wide variety of chlorinated chemicals (including 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin) in an excavation in an undeveloped area of Niagara Falls (called
Love Canal) from the 1940s to 1953 (EPA, 1991b). The City required Hooker to
transfer the property to the School Board in order to construct a school, which
soon acted to attract additional residents to the area. In the early 1970s, unusu-
ally heavy rainfall resulted in the migration of chemicals from the original disposal.
President Carter declared the area a national disaster area in 1976. In 1979, a
group of local citizens sued Hooker Chemical, the city, the county, and the Board
of Education seeking $11 billion in damages (University of Buffalo, 2011). 1,336
Love Canal residents settled their personal injury suit for approximately $20 million
in one settlement, and in another settiement 899 residents settled for $6.75 million
(Center for Justice & Democracy, 2007).

Woburn, MA. A class action lawsuit was brought by 19 residents of Woburn,
Massachusetts against two industrial companies for contaminating groundwater
with chlorinated compounds (including TCE) alleging that exposure to groundwa-
ter caused injury to the local residents because the city used the groundwater as
a source of drinking water. The case was settled, without an admission of liability,
for $8 million (Center for Justice & Democracy, 2007).

Hinkey, California (the Erin Brockavitch case). Hexavalent chromium that was
used by a utility in cooling towers for corrosion control contaminated the ground-
water in Hinkley, California, prompting approximately 650 area residents to sue the
utility. The utility ultimately agreed, without admitting liability, to pay $333 million
to the residents, to clean up the groundwater, and to cease use of hexavalent
chromium (Center for Justice & Democracy, 2007). Interestingly, in 2011 the Cali-
fornia Desert Sierra Cancer Surveillance Program found “cancer occurrence in
the Hinkley Census Tract that is slightly, but not significantly, below the number of
new cases expected for an average risk population having the same demographic
characteristics as the Hinkley Census Tract population” (Morgan, 2011).

et al. (2004) found the average groundwater NRD settlement to be $15
million as of 2004 (or on average, a half a million dollars per site).

New Jersey is unique in the large volume of NRD cases that have

been filed—approximately 123 lawsuits involving over 1,500 sites (NJAG,
2011). The settlements resulted in payments of approximately $72.9 mil-
lion ($45,617 per site) and thousands of acres of open space preserved as

wildlife habitat and groundwater recharge areas (NJ DEP, 2007, 2008),
although some of the settlements involved larger payments and the cost of
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MTBE Groundwater Class Action. Public drinking water providers filed product
liability lawsuits against a number of oil companies concerning contamination of
groundwater by methyl tert-butyl ether (MTBE), which leaked from underground
storage tanks. MTBE is an oxygenate added to gasoline to meet the requirements
of the Clean Air Act. In 2006, a district court held that injury to the water suppli-
ers did not require an exceedence of state and federal drinking water standards
(BNA, 2006). Most of these cases have been settled without admitting liability.
For example, in May 2008, a dozen defendants agreed to pay $422 million to 153
water suppliers and to pay 70 percent of the future treatment costs that arise over
the next 30 years (BNA, 2010). On August 4, 2010, 48 defendants agreed to a
$42 million settlement with 27 water districts and towns on New York’s Long Island
and in Florida (BNA, 2010). One case was tried and resulted in a $105 million jury
verdict in favor of New York City, although the case is being appealed.

Sunburst, Montana. In a 4-3 vote, the Montana Supreme Court upheld a
jury award of $15 million (more than seven times the pre-contamination value of
the property) in compensatory damages for restoration of the groundwater con-
taminated by benzene releases from an oil refinery. The defendant had proposed,
and the Montana Department of Environmental Quality (MDEQ) approved, a
monitored natural attenuation remedy with a 20- to 100-year time horizon to at-
tain the benzene drinking water standard (Tanner, 2009, summarizing the facts in
Sunburst Sch. Dist. 2 v. Texaco, Inc., 165 P.3d 1079, 1090). MDEQ based its ap-
proval of MNA on the fact there was no exposure pathway and, therefore, no risk.
However, the trial court had found (and the Montana Supreme Court assumed)
that the defendant had omitted data and provided other data “to create the mis-
leading impression that the benzene level in groundwater had been declining.”

Tuscon Airport TCE Plume. Approximately 1,618 area residents living within
or near a TCE groundwater plume emanating from the Tucson Airport brought a
lawsuit against the City of Tucson and the Tucson Airport Authority claiming that
the TCE used to clean airplanes in the area from the mid-1940s through the early
1950s caused the plume and resulted in bodily injury. After years of litigation,
insurance companies for the City and Airport authority agreed, without admitting
liability, to pay $35 million to resolve the personal injury lawsuits (Claims Journal,

2004).

the land preservation exceed the payments in some cases. The State of Mas-
sachusetts has recovered a total of $46.4 million in natural resources dam-
ages at ten sites, i.e., an average of $464,000 per site (MAOEEA, 2012).
In summary, the potential for NRD claims to be brought is site specific,
and an NRD payment is not obtained in every case. The remedy and at
least a portion of the NRD claim are interrelated, such that if more con-
tamination is removed during the remedy, it is likely to reduce the damages

calculated.
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TABLE 5-1 Select Natural Resource Damage Settlements

Site

Impacts

NRD Action and Amount

Kennecott Utah
Copper mining
site in West Jordan
Valley, UT

Surface and
groundwater
southwest of

Salt Lake Valley
contaminated by
metals from mining

1. Kennecott paid $37 million ($9 million
plus letter of credit for up to $28
million).

2. Extracted and treated high metals
concentration portion of groundwater

plume (i.e., performed more remediation

than might be required by a CERCLA
remedial action).

3. Conveyed 617 acres of land to The
Nature Conservancy to resolve its
liability for NRD (331 acres and an
additional ~286 acres of land as a
donation) and paid TNC $175,000 for
the purpose of preserving and managing
such land.

4. The final restoration plan is to construct
two drinking water treatment plants
using reverse-osmosis technology,
provide a minimum of 8,235 acre feet
per year of drinking water, contain
the spread of contamination in the
deep aquifer and remediate it within
the “affected area,” and integrate the
CERCLA remedial response with the
NRD Consent Decree provisions.

Ensign-Bickford paid Utah $2.58 million
to replace the water that would have been
available had the groundwater not been
contaminated.

Ensign-Bickford
Trojan Facility, Utah

Explosives
manufacturing
allegedly created

a groundwater
plume extending
approximately three
miles from the plant

Six landfills near Groundwater CBS Corp. paid the Interior Department

Bloomington, contamination $1.88 million to restore natural resources

Indiana that have been injured by ongoing releases
of PCBs from the six sites.

South Valley Groundwater New Mexico sought nearly $1.2 billion in

Superfund facility, contamination damages from General Electric, but the 10th

Albuquerque, NM circuit court of appeals dismissed the state’s
claim in part because they had difficulty
envisioning any significant loss-of-use

damage.
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TABLE 5-1 Continued

Site Impacts NRD Action and Amount
Industri-Plex Landfill/waste Bayer Crop Science Inc. paid $4.25 million
Superfund facility in ~ disposal site to federal and state natural resource trustees
Woburn, MA contaminated the to resolve claims for damages.
groundwater
Mass. Military Munitions testing Textron Systems Corp., a contractor to
Reservation contaminated a the Army, agreed to a $1 million NRD
portion of the Cape  settlement (http://www.mass.gov/eea/land-
Cod sole source use-habitats/antural-resource-damages/mass-
aquifer nrd-cases/textron-nrd-settlement.html).

CONSEQUENCES FOR WATER UTILITIES

Over 50 percent of potable water in the United States is derived from
underground sources (USGS, 2003). In general, groundwater offers a rela-
tively clean water resource that is low in organic content (i.e., natural
organic matter) and often suitable for drinking purposes with minimal
treatment. Exceptions to this are sources that are affected by high levels
of natural organic matter (e.g., some Florida aquifers), naturally occurring
elevated levels of dissolved inorganics (e.g., some Arizona aquifers), and
leached nitrogen from agricultural and animal raising activities (e.g., many
shallow aquifers across the country). In addition, releases of hazardous
substances to the subsurface have resulted in deleterious impacts to ground-
water resources used as a source of potable water, as discussed in Chapter 2.
The magnitude of the impacts to water utilities from these sources is not
well defined. However, there are many examples of significant impacts to
sole source aquifers from hazardous waste sites where treatment is required
if the groundwater is to be used as a potable supply. In a number of cases,
wellhead treatment is an integral part of the remedial action approved un-
der CERCLA (e.g., San Gabriel Valley, San Fernando Valley, and Bethpage
Navy Plant). Box 5-5 discusses two of these cases, along with two others
from Southern California, that illustrate the range of situations in which
drinking water utilities find themselves with respect to a contaminated
groundwater source.

The U.S. Bureau of the Census projects that the U.S. population will
grow from 310 million in 2010 to 439 million in 2050 (Vincent and
Velkoff, 2010). This growth may force many potable water providers to
use impaired water sources, including aquifers contaminated with anthro-
pogenic hazardous chemicals. The added treatment costs are often fully or
partially offset by the parties responsible for the contamination, when they
can be identified.
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BOX 5-5
Comparison of Southern California
Groundwater Contamination Cases

Four large-scale groundwater contamination cases in Southern California
illustrate the diversity of issues that are faced by water utilities drawing from con-
taminated aquifers. This box compares the San Fernando Valley, the San Gabriel
Valley, the Orange County, and the Santa Monica cases in terms of water supply
and demand; the extent of contamination; the choice of remedy and cost; and the
rationale and factors affecting the selected remedy. Litigation is ongoing in some
of these cases, which have not reached resolution. The summaries are drawn from
four presentations given at the second meeting of the Committee in May 2010,
and do not reflect more recent happenings.

The common features of the four basins include their geographic location (all
are within a 50-mile radius); the production of water from unconsolidated sand,
silt, and clay strata; and the servicing of millions of people from groundwater
resources. Also, VOCs have been the principal contaminants of concern among
these cases, with multiple PRPs named in each case. The contamination dis-
covery dates in all four cases were in the late 1970s and early 1980s, except for
the Santa Monica case which was in the mid 1990s. The entities responsible for
delivering water to the public have been faced with the urgency of the task on
the one hand and with the slow progress in carrying out the investigation and the
design, construction, and operation of the groundwater remediation systems on
the other hand, especially when the pace of the required activities depends on
funding and regulatory requirements.

In the San Gabriel Valley case, it was alleged that numerous companies were
PRPs and the site was placed on the NPL. While EPA was working with the Cali-
fornia Regional Water Quality Control Board to carry out the CERCLA process, the
water supply problem needed to be solved. Consequently, wellhead treatment was
instituted for treating VOCs in the groundwater. When other contaminants such
as perchlorate and nitrates were detected, many systems were shut down and
the San Gabriel Watermaster took charge of the activities to avoid interruption in
water delivery to the public. The Watermaster was faced with challenges including
how to obtain funding from the PRPs to pay for the project (at an approximate cost
of $200 million) and receiving approval from the California Department of Public
Health under Policy Memo 97-005, which is required after the treatment system is
built. Progress has been made at the San Gabriel Valley Operable Units including
treatment facilities being built and operated and ongoing cost recovery.

In the Santa Monica case, 45 companies were tentatively identified as PRPs

The systems used by water utilities to treat anthropogenic chemicals in

groundwater are required to meet all applicable drinking water standards
mandated by the SDWA as well as any additional requirements from the
primacy agency (i.e., the state or local authority). As discussed earlier in
the chapter, drinking water standards continue to evolve as more chemicals
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including several oil companies that were named as the principal contributors of
the MTBE and tert-butyl alcohol (TBA) detected in the water supply. After exten-
sive investigations, the City attempted to fund the project by bringing the PRPs
into the process voluntarily and working through engineering committees. When
this process failed, the City sued and settled with the major PRPs for $231 million
to pay for water replacement, monitoring, and the design, construction, and op-
eration of the groundwater treatment system. The GAC treatment system became
operational in December 2010 with the objective of treating MTBE to less than

3 pg/L and TBA to less than 1 pg/L.

In Orange County, when VOC contamination was detected in the shallow
aquifers, the Orange County Water District (OCWD) became involved in the
investigation and development of remedial approaches because of its ultimate
responsibility in delivering water to the public. The OCWD’s approach relied on
containing the plumes to prevent migration laterally and to the deeper drinking wa-
ter aquifers by extracting 5,000 to 6,000 AF; treating the water by GAC, advanced
oxidation, and ion exchange; and discharging in upgradient areas—all at a capital
cost of $40 million and annual O&M cost of $6 million. The OCWD passes this cost
to its customers but will attempt to recover the cost from PRPs through litigation.
The OCWD has not gone through the Policy Memo 97-005 process because it is
trying to capture the contaminants before they enter the production wells.

Finally, in the San Fernando Valley Basin where the Los Angeles Department
of Public Works is responsible for delivering water to 4 million people, numer-
ous potential sources of groundwater contamination and the emergence of new
chemicals of concern such as hexavalent chromium and 1,4-dioxane have been
identified. Although only approximately 11 percent of the drinking water is sup-
plied from groundwater, the majority of this amount is produced from the San
Fernando Valley Ground Water Basin. The investigations (according to the RI/FS)
have shown that uncontaminated zones for drinking water extraction are scarce
and under threat of impact in the next six to ten years. Thus, wellhead treatment
is planned at a capital cost of approximately $704 million and an annual O&M cost
of $53 million (which although high, is less than the cost of imported water). The
97-005 Policy process will need to be followed once the treatment system is built.

In the Southern California cases, the urgency of water delivery to the public
combined with funding and regulatory requirements has driven the projects toward
the implementation of wellhead treatment. The Orange County case is an excep-
tion because contaminant plumes have not reportedly penetrated into the deep
aquifers. In the other three cases, however, there is no choice other than wellhead
treatment to recover the use of the groundwater, as most of the producing aquifers

are already contaminated.

are detected due to the improvement of analytical methods, as occurrence
surveys indicate the presence of these compounds in potable sources (e.g.,
USGS studies), and as toxicological research uncovers acute or chronic hu-
man health effects at lower concentrations. Although occurring at a rela-
tively slow pace (only a few new chemicals are regulated under the SDWA
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every five years), this continuous evolution of drinking water standards
poses a challenge for wellhead treatment system configuration. For ex-
ample, at sites in the San Fernando Valley, treatment systems were initially
designed to remove TCE and PCE, using either air stripping or granular
activated carbon (GAC). However, subsequent testing revealed the pres-
ence of less volatile and less adsorbable chemicals at the Glendale NPL site
(e.g., 1,2,3-trichoropropane), which required modifications to the existing
groundwater treatment systems and caused an increase in operating costs.
In addition to future changes in the drinking water standards for indi-
vidual chemicals, EPA is also considering alternative regulatory strategies
that may affect both remedial objectives as well as well-head treatment
standards. For example, in early 2010 EPA administrator Lisa Jackson an-
nounced a new drinking water strategy to expand public health protection
more cost effectively by addressing contaminants with similar modes of ac-
tion in groups (EPA, 2010e). The first group proposed for regulation under
this strategy focuses on carcinogenic VOCs, including eight that have been
previously regulated by EPA and up to eight more VOCs that were on the
CCL. The most recent information from EPA indicates that the drinking
water standards for the previously regulated compounds may be made more
strict within the new regulatory strategy to recognize improved analytical
methods (e.g., the TCE standard as discussed earlier) (EPA, 2011j).

State Policies for Wellhead Treatment for Vulnerable
or Impacted Water Supply Aquifers

In the context of groundwater contamination from a wide range of
anthropogenic sources, various states have developed policies to establish
appropriate methods to protect aquifers so they can continue to be used
as water supplies. For example, in 1997 California developed an effective
policy for use of groundwater resources considered to be “extremely im-
paired,” defined as having levels of chemical contaminants several times
higher than established drinking water standards (California Policy Memo
97-005, Policy Guidance for Direct Domestic Use of Extremely Impaired
Sources). The general philosophy of this guidance is that the best quality
sources of water reasonably available to a water utility should be used for
drinking, and wherever possible lower quality water source waters should
be used for non-consumptive uses that pose lower health risks such as ir-
rigation, recreation, or industrial uses. If a permit for the use of a severely
impaired source is to be approved by the California Department of Public
Health, the source of the contamination must be controlled to prevent
contaminant concentrations from rising, and dependence upon treatment
should be minimized. Water treatment facilities should be designed and
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operated to meet the MCLG (when lower than the MCL) where this can
be achieved in a cost-effective manner.

Shortly after this policy was created, California adopted a program to
assess and protect sources of drinking water (called Policy Memo 97-005,
CDHS, 1997). In the drinking water source assessment, an area around
a drinking water source is delineated through which contaminants could
move and reach the drinking water supply. In addition, the drinking wa-
ter source assessment includes an inventory within the delineated area of
activities that could lead to the release of contaminants. In California, less
than a dozen permits have been approved since the initiation of the 97-005
policy, and the approval process can be lengthy (Collins, 2011). It should
be noted that California recently (2012) declared that the 97-005 policy is
no longer considered obligatory, and is considered as guidance only, since
the policy was not subjected to legislative review and approval. Nonethe-
less, the risk analysis components of the 97-005 process provide the state
with some assurance that the well-head treatment system will consistently
remove all chemicals of concern to appropriate drinking water standards or
below, and that the approved treatment system is capable of dealing with
chemicals likely to be present in the aquifer, in addition to the chemicals
designated for removal in the permit.

Impacts of Groundwater Contamination on Aqueduct
Storage and Recovery or Conjunctive Use Programs

In the more arid areas of the country, groundwater aquifers are increas-
ingly being considered as potential sites for storage of excess water that may
become available during wet periods or transportable from wetter areas
for subsequent use during periods of shortage (so-called water banking or
conjunctive use). Traditionally, water agencies have built percolation ponds
to divert spring stream runoff for groundwater recharge. More recently mu-
nicipal wastewater that has been treated sufficiently can be used to recharge
aquifers, although the increased mineral concentrations of wastewater can
limit the future use of the groundwater. Although expensive and energy
intensive, aquifer storage and recovery (ASR) is an increasingly attractive
strategy for many areas. In 2005 there were over 70 active ASR projects
in 15 states (NRC, 2008). Various forms of ASR are being practiced in
the Kern, San Gabriel, and San Fernando basins of California; Texas and
Arizona have similar programs.

Conjunctive use can expose the stored water to potential contamina-
tion from anthropogenic chemicals that are present in the unsaturated zone
above the aquifer, posing additional treatment challenges and disputes on
liability for cleanup when the water is withdrawn from the aquifer by the
utility. Extraction wells must have wellhead treatment if the groundwater
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is contaminated, and such treatment strategies must be considered at the
time a basin is planned for such use. Even if the water extracted is used for
non-potable purposes, current state and federal laws support the objective
of cleanup to drinking water standards.

It is highly likely that a growing number of groundwater basins
throughout the United States with detectable amounts of contaminants will
be considered for ASR. It is in the public interest to develop an approach
to managing these aquifers that can establish the human health risk across
the whole range of potential uses of the groundwater.

Wellhead Treatment

The objective of wellhead treatment is to remove natural and anthro-
pogenic contaminants to levels consistent with standards established for the
intended use. If the intended use is human consumption, the water must be
rendered safe as defined by the SDWA (i.e., meet all federal MCLs or other
state drinking water standards). The permitting process for the treatment
system by the local authorities is expected to ensure that the treatment
system is capable of complying with all the applicable regulations under
SDWA. In this type of application of wellhead treatment, the water also
needs to be acceptable to the consuming public and thereby may require the
removal of chemicals to levels below MCLs. The burden is on the treatment
system owner to obtain such regulatory approval for the design, construc-
tion and operation of a groundwater treatment system.

The Current State of Technologies for Groundwater Treatment

Above-ground treatment of contaminated groundwater is often carried
out at the well head or at a location where several wells are pumped into a
central treatment facility. The latter option, often utilized to achieve econo-
mies of scale, is more typical for treatment systems where the intended
end use is human consumption. Many different treatment technologies are
available depending on the target contaminant. Removal of organic pollut-
ants is often accomplished through volatilization, adsorption, or oxidation
whereas the removal of inorganic contaminants is accomplished through
ion exchange, adsorption, or precipitation followed by solids separation.
The following is a list of commonly applied treatment technologies used for
cleanup of groundwater impacted with organic chemicals and toxic metals:

e Packed Tower Aeration

e Diffused Bubble Aeration

e Tray Aeration

e Granular Activated Carbon Adsorption

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/14668

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites

IMPLICATIONS OF CONTAMINATION REMAINING IN PLACE 197

e Ton Exchange
e Advanced Oxidation using Ozone
e Advanced Oxidation using Ultraviolet Light

Table 5-2 lists commonly applied groundwater treatment technologies
along with some limitations to their use. Among the listed technologies,
packed tower aeration and granular activated carbon are most often used
for ex situ groundwater treatment for the most common chlorinated sol-
vents, including TCE and PCE. Anion exchange, advanced oxidation, and
biological processes are becoming more common as the treatment objectives
for groundwater are being expanded to include multiple contaminants as
well as due to the reduction in drinking water standards for treated water.

TABLE 5-2 List of Commonly Used Groundwater Treatment

Technologies
Relative Technology Technology
Technology Cost Applicability Limitations
Packed Tower Low Moderately to e Tower height usually
Aeration highly volatile limited to 20 or 30 ft
compounds e Air-to-water ratio
characterized with usually limited to
high Henry’s Law 150:1
Constant (e.g., e Scaling control (acid
TCE and PCE) addition) needed for
highly alkaline and
hard waters
Multi Stage Bubble  Low Highly volatile e High degree of
Aeration compounds only removal is more
difficult to achieve
Tray Aeration Low Highly volatile e High degree of
compounds only removal is more
difficult to achieve
Granular Activated ~ High Moderately e Natural organic
Carbon Adsorption to strongly matter reduces
(GACQ) adsorbable removal efficiency
compounds e Cost is high
characterized e High degree of
with favorable removal may
Freunlich not be achieved
Constant (e.g., at low influent
PCE) concentrations
continued
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TABLE 5-2 Continued

Relative
Technology Cost

Technology
Applicability

Technology
Limitations

Advanced Oxidation High
with Ozone (O,-AOP)

Advanced Oxidation High
with Ultra Violet
Light (UV-AOP)

Biological Treatment Low to
Moderate

Strong Base Anion Moderate to
Exchange High

Weak Base Anion Moderate to
Exchange High

Reduction High
Coagulation
Filtration

Electrodialysis/ High
Electrodialysis
Reversal

Smaller organic
molecules (e.g.,
1,4-dioxane)

Smaller organic
molecules (e.g.,
1,4-dioxane)

Anaerobic
processes can be
used to remove
perchlorate

Charged anions
(e.g., chromate,
arsenate, or
perchlorate)

Charged anions
(e.g., chromate,
arsenate, or
perchlorate)

Chromate

Moderate degree
of removal for a
large variety of
contaminants

Presence of bromide
in the water results in
bromate formation
Excess peroxide must
be quenched

Higher dosages
required compared to
UV disinfection
Excess peroxide must
be quenched

Complex treatment
process

Requires substrate
(e.g., ethanol)
addition

Requires polishing
treatment

Generates
concentrated brine
stream that may be
hazardous
Interference from
other anions (e.g.,
sulfate)

May require pH
adjustment
Generates
concentrated brine
stream that may be
hazardous
Exhausted resins

in single pass
applications may be
hazardous

Significant residual
stream

Significant
concentrate stream
(up to 25%)

May require pH
adjustment
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Treatment facilities targeted for the production of potable water from a
contaminated groundwater source are generally designed with technologies
capable of removing contaminants well below drinking water standards
and are thus designed conservatively. For example, some water utilities
target non-detect levels of TCE in the treated water even though the ap-
plicable federal standard in 2012 is 5 pg/L; current analytical methods are
routinely capable of measuring concentrations below 1.0 pg/L. In some
instances, water utilities will attempt to the remove contaminants that are
not currently regulated, but where state standards or compliance levels have
been established or are likely in the future. For example, at a groundwater
treatment facility located near the Tucson Airport where TCE-contaminated
groundwater has been treated for several years using packed tower aera-
tion, operators are installing a UV-AOP treatment process for removal of
1,4-dioxane, which has been recently detected at low levels. Similarly, the
groundwater treatment facilities located in the San Fernando Valley in
California (Box 5-5) may be upgraded to include treatment for perchlorate
and hexavalent chromium.

Challenges for Wellbead Treatment

Wellhead treatment for removal of chemicals typically present at haz-
ardous waste sites is not a new challenge for water utilities. Treatment
systems have been in place for more than 30 years in locations where VOCs
impact groundwater sources (e.g., New Jersey, California, Arizona). Despite
a long history of using specific treatment technologies (such as packed
tower aeration or GAC) for removing organic chemicals from groundwater,
the presence of multiple organic chemicals in groundwater resources poses
a number of treatment challenges. First, the design of water treatment
systems must be based on estimates of the number of chemicals of concern
present and their likely maximum concentrations. Accurate estimates of
these design values are sometimes difficult to come by, given limited site
characterization data or limited knowledge of the nature and extent of the
contamination present in the aquifer and within the capture zone of the
water supply well. Groundwater fate and transport modeling is inherently
limited in terms of accurate predictions, but is currently the best tool avail-
able to estimate these design parameters.

Each of the individual treatment systems now in use are subject to
operational upsets. For example, an air stripping tower may be effective
at removing TCE but should a less volatile organic chemical occur, such
as 1,2-DCA, the removal efficiency of the system may not be sufficient to
meet the treatment objectives. For GAC, the appearance of compounds less
strongly adsorbed may result in more rapid breakthrough of the chemical
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and thus increase the usage rate for GAC, leading to more frequent replace-
ment and increased costs.

More recently, some organic chemicals have been found in ground-
water that are not efficiently removed by either air stripping or GAC. For
example, 1,4-dioxane has become a very prevalent contaminant due to its
widespread use as a solvent stabilizer (Mohr, 2010). For those utilities who
have already installed GAC, this chemical will not be removed effectively,
and an additional treatment process is needed. The most widely adopted
technology for removing 1,4-dioxane is advanced oxidation, using either
the UV/hydrogen peroxide or the ozone/hydrogen peroxide technology.
AOP is a more recent addition to the suite of wellhead treatment options
for organics, and limited operational experience is available. An additional
issue with the use of AOP technologies is the formation of oxidation
byproducts that can be problematic. For example, the ozone/hydrogen
peroxide technology will convert bromine ion to bromate, which has a
10 pg/LL MCL. Other byproducts could also be problematic. Finally, the
excess hydrogen peroxide must be destroyed prior to transfer to the water
distribution system.

The reliability of any wellhead treatment system to meet treatment
goals (usually below MCLs) on a consistent basis is uncertain. Water
treatment plants are usually monitored at intervals that reflect the rela-
tive constant influent water quality. Often, for VOCs and other regulated
contaminants, a running average based on quarterly sampling frequency is
used to assess performance. Given the potential variability in influent water
quality characteristics, greater frequency of sampling may be appropriate
until the reliability of the treatment systems can be confirmed.

The decision of whether to perform wellhead treatment versus conduct-
ing more conventional groundwater remediation goes beyond the ability of
technologies to remove contaminants at the point of use. Indeed, there are
significant economic considerations, as wellhead treatment can be roughly
as expensive as source or plume remediation, depending on the contami-
nants involved and the site hydrogeology. Second, it is not yet clear that
wellhead treatment is a reliable, long-term strategy for accomplishing expo-
sure cutoff (and it certainly cannot prevent exposure via vapor intrusion).
These tensions are illustrated at the Northrop-Grumman/Navy facility in
Bethpage, Long Island, New York (see Appendix B). In this case, wellhead
treatment of a groundwater plume used as a primary water supply was
deemed necessary because full containment of the groundwater plume was
thought to be technically infeasible and not cost effective. Nonetheless, af-
fected water districts have lobbied for plume remediation because the plume
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is spreading and there is the chance that MCLs for the contaminants of con-
cern will be lowered in the near future. This will make wellhead treatment,
currently estimated by one water utility to be $128 million, significantly
more expensive than plume remediation (estimated to be about $91 mil-
lion, by the same utility) (Massapequa Water District, 2011). State regula-
tory authorities have come up with different cost estimates and continue
to recommend wellhead treatment over plume remediation because some
wells are already contaminated and will have to be treated in perpetuity. It
is too soon to tell how the dispute over the proper remediation strategy at
the Navy/Northrop-Grumman plume will be resolved.

ECONOMIC IMPACTS

Sites with subsurface contamination by hazardous materials present
economic challenges to responsible parties and people and businesses af-
fected by the contamination. When contamination remains in place above
unrestricted use levels, there are direct, out-of-pocket costs of controlling
contamination. There are also opportunity costs such as forgone revenue
from not being able to use the contaminated site and nearby areas for other
endeavors.

Figure 5-1 provides a stylized example of costs associated with a con-
taminated groundwater site. “Services under baseline” represents water
quality in an aquifer absent of contamination. Suppose a release of a haz-
ardous substance occurs at time T,. In this example, it is assumed that 25
percent of the groundwater remains accessible for use with contaminant
levels below MCLs, i.e., pumping can continue in some parts of the aquifer.
Once contamination occurs, the Recovery Path represents improvements in
groundwater quality due to natural attenuation of the hazardous substance.

A treatment program will enhance recovery and is indicated by the
Recovery Path with Remedial Action in Figure 5-1. For simplicity, the re-
covery path begins at time T, although this would only be the case where
a contaminant release was instantaneously known and remediation efforts
were initiated immediately to control damages. Losses in groundwater ser-
vices after remediation are shown by the shaded area and can only be fully
revealed over time. Potentially responsible parties can compensate affected
parties for residual losses (shaded area) or they can provide equivalent
services known as compensatory restoration (dotted area). Compensatory
restoration is typically designed so that the benefits of the compensatory
restoration just offset the loss (the dotted area just equals the shaded area).
Note, the hatched area constitutes losses that occurred prior to the imple-
mentation of CERCLA; some trustees submit claims for these losses and
others just submit claims for losses subsequent to the implementation of
CERCLA.
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FIGURE 5-1 Stylized diagram of economic losses.

A key issue at sites that have recalcitrant and/or poorly accessible con-
taminants that prevent site closure is that costs to the potentially respon-
sible party and affected parties can continue indefinitely, indicated by the
arrows on the right side of Figure 5-1. Even with a remedial action plan,
groundwater quality may not be returned to baseline conditions for a very
long time. This residual and recalcitrant contamination increases the cost
uncertainties faced by all parties associated with such a site.

Potentially Responsible Party Costs

The costs faced by a potentially responsible party are the costs of reme-
dial actions and litigation expenses (discussed in a previous section). Reme-
dial action costs are influenced by available cleanup technologies, the extent
of contamination, and the health effect pathways of the contaminants. The
cost of conducting remediation is closely tied to the cost of energy and to
the cost of landfill space. As the cost of energy rises, more energy-intensive
remediation methods like excavation and thermal treatment will become
less competitive with methods that use or enhance natural processes.

The time it takes from the initiation of the first cleanup action until con-
struction completion has varied since the initiation of Superfund in 1980,
but was typically about nine years for NPL facilities in the late 1990s (EPA,
2002b), while the average economic cycle in the United States from 1945 to
2001 has been about 67 months or about 5.6 years (NBER, 2010). Thus, a
typical cleanup at a Superfund facility can bridge two or three cycles of the
national economy, during which annual cleanup and monitoring costs can
increase or decrease. One factor that could induce such variation is energy
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costs. For example, energy costs to operate a pump-and-treat system could
have started out high, then dropped, then increased substantially toward
the end of the treatment project (EPA, 2001b).

New information about the site can arise after a ROD has been ap-
proved, which can affect cleanup costs. This new information can take a
number of forms, such as a reduction in the MCL in the face of new toxic-
ity values, the identification of an additional contaminant due to enhanced
detection technology, or a new arm of the contamination plume could be
discovered. These occurrences could increase cleanup and management
costs beyond what the PRP expected at the time a ROD is approved.

Costs are only one of the nine criteria of the NCP, and the cost crite-
rion does not require any consideration of incremental or marginal costs
for additional cleanup or risk reduction. Thus, at complex sites where UU/
UE levels cannot be attained, costs may increase over time with little or no
reduction in risks. It is proposed in Chapter 7 that when a site reaches the
point where the marginal cost of additional cleanup actions increases but
there is no corresponding reduction in contaminant concentrations and
hence risk, then the cleanup expenditures could be better spent elsewhere
in the economy (such as investing in developing more effective remediation
technologies or to improve conditions and reduce risks at other sites).

Measurement of the costs discussed above is hampered by limitations
in available data. Barth and McNichols (1994) note that “actual cleanup
costs generally are not known; at most sites cleanup is incomplete and there
is no central tracking of cleanup costs” (p. 177). Hamilton and Viscusi
(1999) reported cleanup costs for a sample of 19 NPL facilities and found
the average cost per site with soil and or groundwater contamination was
$25.7 million (in 1993 dollars). These cleanup costs may be lower-bound
costs because Hamilton and Viscusi (1999) did not include legal and man-
agement expenses incurred by the responsible parties and regulators in
securing acceptance of the ROD. For comparison, in 2009 GAO reported
that, based on EPA data, the average expenditure for Superfund facilities
through 2007 was $9.9 million per ROD (note that there can be multiple
RODs at one Superfund facility) (GAO, 2009). These are total costs and
not the key cost information—marginal costs—which indicate how costs
vary with the amount of remediation accomplished.

In addition to the paucity of peer-reviewed literature on the cost of
cleaning up NPL sites, firm-specific and site-specific cleanup costs are dif-
ficult to obtain. Barth and McNichols (1994) reported that 44 percent of
Superfund facilities have more than one potentially responsible party and
52 percent of potentially responsible parties have more than one site where
they have responsibility. These conditions make it difficult to obtain site-
specific cost data for individual firms from public records and it is also
difficult to aggregate cost data across firms for specific sites.
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Despite the limited number of empirical cost studies, the available
literature does present a few insights. First, Hamilton and Viscusi (1999)
found that 20 percent of the sites account for 50 percent of the cleanup
costs. Gupta et al. (1996) suggest that the higher cost sites may be associ-
ated with greater risks to human health and the environment. Overall, these
results suggest cost uncertainties may be more important for complex sites
that are likely to incur large cleanup costs or with large risks to human
health and the environment. The number of studies, however, is too few to
draw any firm conclusions.

Affected Parties

Costs to affected parties, be they businesses or individuals, can arise
during cleanup activities and from residual contamination that is left af-
ter completion of active cleanup activities. These costs include claims for
health effects, property damage, and lost business income. Furthermore,
because complete protection from the contaminants might not occur in-
stantaneously and compensation paid by responsible parties may not occur
for years, affected parties can be faced with interim, out-of-pocket costs of
providing self-protection from the contamination.

Costs for dealing with health effects can, if the concentrations of a con-
taminant are of sufficient magnitude, potentially be incurred where firms
or households use groundwater that is contaminated by a site and/or if the
subsurface contamination results in vapor intrusion into nearby buildings
where people work or live. Immediate costs may include protective actions
such as buying bottled water or installing ventilation systems in buildings,
while long-term costs may arise from health care expenses as a consequence
of past exposure to contaminants.

Property costs occur because nearby property values may be diminished
by the contamination at a site. Note that if health risks are even a perceived
concern, this might serve to diminish property values. Conversely, if the
potentially responsible parties’ protection efforts are effective, or effective
self-protection was installed in a property, this may remove some of the
property value diminution (Boyle et al., 2010; Kiel, 1995). However, prop-
erty values still may be diminished due to a price stigma from the nearby
contamination site (McCluskey and Rausser, 2003; Messer et al., 2006).
This price diminution due to the stigma can be in addition to any associ-
ated health costs.

As with the costs to potentially responsible parties, the costs of residual
contamination to affected parties described above are challenging to ad-
dress. The goal of any damage claim is to measure these costs as accurately
as possible and to seek compensation as quickly as possible. However, ac-
curate measurement is a topic of considerable academic debate.
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Site Development Impacts

The link between future economic development on a site and residual
groundwater and soil contamination was dramatically illustrated when the
local banks refused to lend money to Love Canal home owners and com-
mercial entities (Niagara Gazette, 1979). Similarly, in 1991 widespread
contamination of groundwater by chlorinated solvents was discovered in
Wichita, Kansas, encompassing approximately 5% square miles and 8,000
parcels of land and affecting more than 550 businesses and hundreds
of residential properties (ICMA, 2006). This contamination undercut the
City’s tax base, and banks were reluctant to finance transactions within
the site (Weinfield, 2007). At El Toro Marine Corps Air Station in Irvine,
CA, the Navy was able to commence transferring the closing base to the
public only after carving out the more contaminated areas and precluding
them from sale.

Some of these risks have been lessened by federal legislation. For exam-
ple, CERCLA was explicitly amended to exempt banks that hold mortgages
on property as secured lenders from CERCLA cleanup liability, if they do
not exercise decision-making control over a property’s environmental com-
pliance (EPA, 2009c¢). In addition, the Small Business Liability Relief and
Brownfields Revitalization Act exempts from liability bona fide prospective
purchasers who purchase property with knowledge of existing contamina-
tion if they (1) are not responsible parties; (2) acquire the property after
January 11, 2002; (3) establish that all disposal of hazardous substances
occurred before they acquired the facility; (4) make all appropriate inquiries
into previous ownership and prior uses of the property; and (5) are not af-
filiated with a responsible party (EPA, 2009¢).

It should be noted that environmental due diligence prior to property
acquisition is now standard practice in everyday transactions and when
mergers and acquisitions are contemplated (ASTM, 2006). Typically, the
acquiring company and lenders seek certainty concerning the magnitude
of future liabilities from the selling company. As a result, mergers and
acquisitions may trigger action to obtain regulatory certainty concerning
cleanup efforts, the adoption of indemnification allocating future liability
among the purchaser and seller, renegotiation of the sales price, or set asides
of funds for cleanup or other activities. Furthermore, in 2011 six federal
financial institution regulatory agencies proposed credit risk retention rules
for commercial real estate property where environmental hazards, such as
groundwater contamination, may potentially jeopardize the value of com-
mercial real estate as well as the borrower’s ability to repay a loan (OCC
et al., 2011). Thus, even though there is no longer the extreme avoidance
of lending for contaminated properties that existed when hazardous waste
issues first arose, the continuing presence of chemicals above unrestricted
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use levels is considered in transactions and may impact future economic
development.

Fortunately, the liabilities discussed above that arise from having re-
sidual contamination in place can be offset by benefits that may result from
redevelopment of contaminated land (EPA, 2011k). Regulators tend to use
residential land use assumptions at sites because the goal of groundwater
cleanup is often to return groundwater to beneficial uses (EPA, 1990,
2009d). Reuse of contaminated properties (so-called Brownfields redevel-
opment) or for some other use that does not require residential land use is
becoming more common and is supported by federal policies (EPA, 2011L;
ASTM, 2010). At Brownfields, regulatory policies and financial grants are
often complemented by state and local incentives for property use or even
employment.” Indeed, some states promote Brownfields redevelopment even
in the absence of significant environmental problems.

CONCLUSIONS AND RECOMMENDATIONS

This chapter has focused on the implications of leaving contamina-
tion in place at hazardous waste sites at levels above those allowing for
unlimited use and unrestricted exposure. All of the risks discussed in this
chapter should be considered carefully before choosing a remedy that leaves
contamination in place.

Research is needed to build a more robust understanding of the poten-
tial for failure in hydraulic and physical containment systems. Two types of
studies are recommended: (1) a “data mining” study in which site-specific
evaluations such as RSEs and five-year reviews are analyzed to provide a
general characterization of the frequency, mechanisms, responses, and costs
associated with the failure of hydraulic and physical containment, perme-
able reactive barriers, and MNA, and (2) consistent with previous NRC
recommendations (2007), establish field experimental stations at operating
waste sites to assess the long-term performance of physical containment
systems.

Implementing institutional controls at complex sites is likely to be
difficult because it requires long-term monitoring of site conditions and
potential exposures and maintenance of land use restrictions that may be
in tension with the development preferences of local authorities. Although
EPA has developed a number of measures to improve the reliability, en-
forceability, and funding of institutional controls, their long-term efficacy
has yet to be definitely determined. The public who live and work near a

7See http://epa.gov/superfund/programs/recycle.
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given site have a direct and enduring interest in ensuring that institutional
controls are followed and are more likely than others to know whether
institutional controls are working.

Regulators and federal responsible parties should incorporate a more
significant role for local citizens in the long-term oversight (i.e., monitor-
ing and enforcement) of institutional controls. At a minimum, those who
live, work, study, play, or otherwise occupy residences, commercial build-
ings, or industrial facilities near hazardous waste sites should be notified of
institutional controls, including the specific reasons for them. A national,
searchable, geo-referenced institutional control database covering as many
regulatory programs as practical as well as all federal sites would ensure
that the public is notified of institutional controls. Methods can also be
developed to encourage citizens to report to regulators any developments
that might undermine the protectiveness of such institutional controls and
thus improve oversight (see Chapter 7).

New toxicological understanding and revisions to dose-response rela-
tionships will continue to be developed for existing chemicals, such as TCE
and PCE, and for new chemicals of concern, such as perchlorate and per-
fluorinated compounds. The implications of such evolving understanding
are multi-fold, including identification of new or revised MCLs (either more
or less restrictive than existing ones), potentially leading to a determination
that the existing remedy at some hazardous waste sites is no longer protec-
tive of human health and the environment.

Modification of EPA’s existing CERCLA five-year review guidance
would allow for more expeditious assessment of the protectiveness of
the remedy based on any changes in EPA toxicity factors, drinking water
standards, or other risk-based standards. Although EPA’s existing five-year
review guidance provides that cleanup levels will be evaluated when a new
ARAR for drinking water has been developed and/or new or revised toxi-
cological information is available, the existing process is slow. Furthermore,
as EPA accelerates its national toxicity assessment process, there will be a
large number of chemicals at hazardous waste sites whose protectiveness
will need to be reassessed. EPA should ensure that it has adequate resources
dedicated to this process.

Careful consideration of the vapor intrusion pathway is needed at all
sites where VOCs are present in the soil or groundwater aquifer. Although
it has been recognized for more than a decade that vapor intrusion of
volatile chemicals is a potential exposure pathway of concern, a full under-
standing of the risks over time and appropriate methods for characterizing
them are still evolving.

Mitigation strategies such as subslab depressurization can prevent va-
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por intrusion exposure. In most cases, the cost of building mitigation into
new construction is significantly less than the cost of repetitive sampling.
Furthermore, such systems reduce exposure to naturally occurring radon.
As a precautionary measure, vapor mitigation could be built into all new
construction on or near known VOC groundwater plumes; this could be
imposed proactively as part of local or state building codes or other re-
quirements or imposed as institutional controls at regulated sites. In either
situation, vapor mitigation systems require monitoring over the long-term
to ensure that they are operating properly.

As populations increase and industrial demands for high-quality water
also increase, the demands placed on groundwater supplies will increase.
Contaminated aquifers have been and may well be used more extensively
in the future to augment supplies of uncontaminated water. Wellhead treat-
ment may be an optimal remedy for low concentrations of contaminants in
potential water supplies. Current wellhead treatment technologies are ma-
terials intensive and are not energy efficient. Improved and efficient water
treatment technologies should be developed both for more cost-effectively
destroying VOCs and recalcitrant organic compounds as well as for remov-
ing toxic metals. An emphasis should be placed on technologies that treat
a broad spectrum of chemicals.
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6

Technology Development to
Support Long-Term Management
of Complex Sites

Despite years of characterization and implementation of remedial
technologies, many complex federal and private industrial facilities with
contaminated groundwater will require long-term management actions
that could extend for decades or longer. As discussed in Chapter 2, the
Department of Defense (DoD) manages a substantial number of such sites.
Chapter 4 concluded that the further application of existing remediation
technologies is likely to provide only incremental progress in achieving
restoration at the most complex sites. Thus, for these sites the management
challenges include optimization of active remedies, reducing mass flux/mass
discharge of contaminants from source areas such that natural attenuation
may be effective, or ensuring that any active or passive engineered contain-
ment system will remain effective over the long term. This chapter discusses
technological developments that can aid in addressing these management
challenges—in particular, providing the scientific and technical bases for
transitioning from active remediation to more passive strategies where
applicable.

Optimization of remedial technologies, transitioning to active or pas-
sive containment, and improving long-term management can be achieved
through (1) better understanding of the spatial distribution of contami-
nants, exposure pathways, and processes controlling contaminant mass flux
and attenuation along exposure pathways; (2) improved spatio-temporal
monitoring of groundwater contamination through better application of
conventional monitoring techniques, the use of proxy measurements, and
development of sensor-based monitoring technologies; and (3) application
of emerging diagnostic and modeling tools. In addition to these topics, the
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chapter explores emerging remediation technologies that have yet to receive
extensive field testing and evaluation, and it reviews the state of federal
funding for relevant research and development and provides recommenda-
tions on research topics relevant to the future management of complex sites
where groundwater restoration is unlikely.

SITE CONCEPTUALIZATION

The decision to transition a site from active remediation to long-term
management requires a thorough understanding of the geologic framework,
history of contamination events, the current location and phase distribu-
tion of contaminants, temporal processes that affect groundwater flow
and chemical migration, and interactions at hydrogeologic and compliance
boundaries. The combined understanding of these factors, referred to here
as site conceptualization, supports the development of specific manage-
ment tools such as the conceptual site model (CSM, see Chapter 4) and
mathematical models. Typically, the site conceptualization and associated
tools are updated as the project progresses from discovery of contamination
through closure or transition to long-term management, with the degree
of detail dependent on the nature of the contamination and the physical
dimensions of the site. The development and enhancement of an accurate
and suitably detailed site conceptualization is an important component of
addressing future management challenges at these sites including the transi-
tion to long-term management.

The current cleanup paradigm distinguishes the source zone from the
downgradient plume, in terms of treating each region differently with re-
spect to characterization and remediation, and it acknowledges the domi-
nant role of geologic heterogeneity in controlling contaminant removal
from both regions. In NRC (2005), hydrogeologic heterogeneity was con-
ceptually captured by identifying five generic geologic environments ranging
from nearly uniformly homogeneous, unconsolidated porous media (Type I)
to fractured rock and carbonate aquifers (Types IV and V). More recently,
a 14-compartment model has been proposed (Figure 4-1; Sale and Newell,
2011; ITRC, 2011), in which contaminants can reside in groundwater,
sorbed, and vapor phases, either within the source zone or the plume,
and which are further subdivided into high- and low-permeability regions.
In the high-permeability regions, advective transport will control con-
taminant migration, while in the low-permeability regions, the dominant
transport mechanism is molecular diffusion. The advantage of such multi-
compartment conceptual models is the ability to focus on the exchange of
contaminant mass between specific compartments that can limit the rate
and extent of remediation, recognizing that the controlling processes can
change over time.
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The 14-compartment framework highlights characterization challenges
that significantly influence optimization of remedial actions and the tran-
sition to long-term management, including the source/plume distinction,
spatial heterogeneity in hydraulic conductivity, and the potential role of the
vapor pathway when volatile organic compounds (VOCs) are present. A
more comprehensive application of the framework that fully accounts for
the relative magnitudes of contaminant mass in each of the compartments
and the rates of mass transfer between compartments will require further
development to better understand (1) the potential roles of desorption and
of back-diffusion from low-permeability compartments to advective zones,
(2) the variety of aquifer materials and conditions that comprise the “less
transmissive” compartments, (3) the reactive characteristics of the aquifer
that control the potential success of long-term strategies such as monitored
natural attenuation, and (4) the complex factors that control the fate
of volatile contaminants, which can exhibit markedly different behavior
at seemingly similar sites because of variability in subsurface conditions,
building characteristics at the soil interface, and climate conditions. Each
of these issues is further explored below.

Back-Diffusion and Desorption

For many complex sites that have been subject to partial or complete
source removal, the transition to long-term management is largely con-
trolled by volatilization into the vapor phase (if applicable) and trans-
port into the aqueous phase plume, as these two phases are the primary
media for both off-site contaminant migration and the biotic and abiotic
transformation processes associated with natural attenuation. Current con-
ceptualizations of the plume have focused on three potential sources of
contaminant mass influx in the groundwater: (1) discharge from undetected
mass remaining in the upgradient source zone, (2) aqueous back-diffusion
from aquifer materials to the pore water within low-permeability plume
material and subsequent diffusive transport to advective zones, and (3)
mass transfer (desorption) from aquifer sediments within both transmissive
and low-permeability plume materials. For successful transition to long-
term management, the contaminant influx from these three processes must
be balanced by natural attenuation processes or controlled by physical/
hydraulic containment.

The potential loading of dissolved mass from the source zone to the
plume has received considerable attention and is straightforward to as-
sess because the mass discharge occurs at the boundary of, rather than
within, the plume compartment. However, back-diffusion and desorption
of contaminants from materials within the plume are much more difficult
to analyze because they are spatially nonuniform, dependent on the history
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of the source and plume migration, and are not easily measurable. In par-
ticular, measured groundwater concentrations provide only limited insight
into the processes responsible for the persistence of dissolved contaminant
plumes because it is difficult to distinguish the relative influence of flow field
heterogeneity, back-diffusion, and desorption.

The potential importance of back-diffusion is supported by conceptual
and modeling analysis (e.g., MacKay and Cherry, 1989; Wilson, 1997;
Parker et al., 2008) and a limited number of field investigations that have
directly sampled aquitard material (Ball et al., 1997; Chapman and Parker,
2005). Sorption processes are typically included in contaminant transport
models and estimates of time to remediate, although the common use of the
retardation factor reflects the optimistic assumptions of a single sorbent and
rapid linear partitioning. A considerable body of research over the past two
decades has demonstrated that, for many aquifer materials, sorption pro-
cesses are in fact spatially heterogeneous, nonlinear, and potentially limited
by solute diffusion to sorbent material located within the interior of soil
particles (e.g., as reviewed by Allen-King et al., 2002). As with back-diffu-
sion, conceptual and modeling analyses have shown that nonlinear and/or
rate-limited desorption can potentially contribute to plume persistence over
decades (e.g., Ball and Roberts, 1991; Rabideau and Miller, 1994; Rivett
et al., 2006). However, at the time of this writing, there is a lack of field
data and characterization techniques to distinguish desorption processes
from other nonideal effects. A modest step toward better understanding
the potential role of sorption processes would be to routinely characterize
the organic content of collected soil samples (Simpkin and Norris, 2010),
a task that could be accomplished at relatively low cost.

Understanding whether back-diffusion and desorption are occurring at
a site is challenging because the relative importance of each process is highly
dependent on the site-specific contamination history and the presence and
distribution of low-permeability and/or strongly sorbing materials. And
yet, current site characterization techniques typically do not fully delineate
the structure of these materials, particularly when they are distributed
over small spatial scales within the plume interior. Furthermore, there are
no proven remedial techniques to preferentially target and accelerate the
removal of contaminants from localized sites that are desorption/diffusion
limited. Finally, currently used mathematical models are difficult to config-
ure to provide realistic predictions of time to remediation when desorption/
diffusion processes are the limiting factor because of the need to assign
initial conditions that properly represent the mass located in immobile com-
partments. Additional research is needed to develop strategies for long-term
management that focus on plume zone processes that contribute to plume
longevity rather than the processes that occur in the source zone.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/14668

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites

TECHNOLOGY DEVELOPMENT 223

Representing Complex Geologic Environments

The 14-compartment model of Sale and Newell (2011) assigns “low-
permeability” compartments to both the source and plume domains, high-
lighting the potential role of back-diffusion in both domains. Such an
approach is conceptually similar to the classification scheme proposed by
NRC (2005), which included a hierarchy of five geologic environments
ranging from nearly uniformly homogeneous, unconsolidated porous media
(Type I) to fractured rock and carbonate aquifers (Types IV and V). While
both schemes distinguish between contaminants in “mobile” and “im-
mobile” groundwater, the five-region classification recognizes two subtle
but potentially significant differences not captured by the 14-compartment
model. First, the diffusion rate and storage capacity of contaminants in
low-permeability geologic materials can differ substantially among clays,
fractures, and/or intrinsic porosity of indurated rock. Second, in addition
to providing potential sinks for diffusive exchange of contaminants, some
complex domains (highly heterogeneous unconsolidated porous media,
fractured rock, karst) are often characterized by large variations in the
groundwater velocity. Hence efforts to characterize “complexity” under-
stood in terms of spatial variability must consider both groundwater flow
and contaminant transport within and between discrete compartments,
regardless of how such compartments are delineated.

Differences in the diffusion process are relatively straightforward to
account for, but require appropriate specification of the geometry and
diffusion characteristics of the low-permeability material. In some cases,
the necessary information is provided by field characterization, but for
many problems of interest, such as diffusion out of thin clay lenses, the
relevant diffusion path length is difficult to determine. Similarly, account-
ing for variation in advective transport pathways typically requires a very
detailed conceptualization of the groundwater flow field, particularly the
low-permeability features. For example, spatial variations in the hydraulic
conductivity of unconsolidated media can lead to preferential pathways in
aquifers over significant distances, similar to characteristics associated with
fractured rock and karst formations. Such paths of preferential ground-
water flow often control the distribution of contaminant mass in both
source areas and downgradient plumes, and must be properly considered
in the design and implementation of containment and remediation strate-
gies. Chapman et al. (2010) present an example of how information from
detailed site characterization can be incorporated into a remedial design
that yields good performance despite the presence of preferential flow
paths. However, while available modeling tools are increasingly capable of
incorporating detailed descriptions of hydraulic conductivity heterogene-
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ity (e.g., see Guilbeault et al., 2005), the requirements for additional site
characterization can represent a considerable burden on site management.

Transformation Capacity

As discussed in Chapter 7, monitored natural attenuation (MNA) is
the dominant process during long-term management at sites not relying
on physical or hydraulic containment. Knowledge of the biogeochemical
environment and the identification of potentially important reactive path-
ways for the target contaminants are necessary prerequisites for initiating
MNA after the transition to long-term management has occurred. Relevant
considerations include bulk aquifer properties such as mineral composition
and pore water chemical constituents, as well as the presence of the neces-
sary microbial consortia. Contaminant transformation during MNA can
occur through microbial pathways, abiotic mechanisms, or in many cases
a combination of both.

Of critical importance to the aquifer “transformation capacity” for
MNA is the spatial pattern of redox zonation. Redox zonation occurs as
a result of microbial metabolism where in a homogeneous system terminal
electron acceptors with the most favorable free energies are preferably used
before the next one can be utilized (termed the “redox ladder” by Borch
et al., 2010). Complex sites, however, may have areas of overlapping or
patchy redox zonation whereby microbial communities that utilize differ-
ent terminal electron acceptors can co-exist. Determining whether the site
is fully oxic, has extensive zones of anoxia, or is comprised of these patchy
suboxic/anoxic regions in conjunction with the target contaminant compo-
sition is critical to determining the appropriateness of MNA (Rugge et al.,
1998; Hofstetter et al., 1999).

Another important parameter in contaminant transformation is the
presence of reactive minerals associated with aquifer solids, such that
characterizing these chemical factors can yield clues about the potential ef-
fectiveness of MNA. A variety of naturally occurring iron and manganese
oxides, iron sulfide minerals, and clays with iron moieties have been shown
to be highly reactive and can act as respective reductants and oxidants in
abiotic attenuation pathways (Kappler and Straub, 2005; Hofstetter et
al., 2003; Neumann et al., 2009; He et al., 2009). Microorganisms play
an important role in the controlling both the type and stability of these
minerals since many organisms are capable of utilizing mineral oxides as
terminal electron acceptors (Lovley, 1993; Tebo et al., 2004). Under some
circumstances the microbial population can convert iron oxides to reactive
media useful for MNA by producing Fe(Il), which can either be chelated by
natural ligands, be adsorbed to the remaining iron oxides to create highly
potent reductants, or react with sulfides (if sulfate is in abundance as a ter-
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minal electron acceptor) to produce potentially reactive iron sulfide miner-
als (Hakala et al., 2007; Hakala and Chin, 2010). In other cases, however,
reduction of manganese oxides (which can mediate oxidation reactions)
may result in a decrease in potential MNA. In aquifer pore waters, reactive
species such as natural organic matter and reduced sulfur species (bisulfide,
polysulfides, and organic thiols) play an important role in MNA by act-
ing as reductants and electron mediators (Kappler and Haderlein, 2003;
Hakala and Chin, 2010). Natural organic matter significantly increases the
reactivity of reduced sulfur species by acting as an electron mediator, and
is an important reductant in sulfur-rich aquifers (Dunnivant et al., 1992).

An example of a well-characterized site with high transformation
capacity amenable to MNA is Altus Air Force Base, which has abun-
dant levels of both sulfate and Fe(Ill) (Kennedy et al., 2006). Microbial
metabolic activity at this site produced potent reactive reductants such as
reduced sulfur compounds, Fe(Il), and iron sulfide minerals, which were
capable of abiotically transforming TCE and its derivatives. These inves-
tigators reported the absence of sulfate in the area of the TCE plume and
the existence of abundant iron sulfide minerals. Further they found no TCE
in the area where iron sulfides are abundant and only trace levels of by-
products, suggesting that MNA was occurring.

While much is known about the biological/abiotic conditions neces-
sary to effect contaminant transformation during MNA, there is not yet
a complete protocol to determine the extent to which such conditions are
present at a site and whether contaminants are being degraded. The tools
discussed later in this chapter represent important initial steps toward the
development of such a protocol.

Vapor Intrusion Issues

As described in Chapter 5, the vapor intrusion pathway is increasingly
considered at complex sites with DNAPL contamination. This pathway can
be conceptualized as three distinct zones (Figure 6-1): (1) the source zone
where contaminant is immobilized, (2) the subsurface migration pathway,
and (3) the influence zone of the building. The management of vapor in-
trusion requires expanded site characterization, an interpretation of the
several types of vapor concentration measurements in the context of site-
specific conditions, and, if necessary, development of appropriate mitigation
strategies if source removal measures are insufficient to reduce exposure to
acceptable levels.

Characterization of the vapor pathway is challenged by the fact that
each component is subject to considerable spatial and temporal variability.
Fluctuating water table conditions controlled by recharge, pumping, and
stream—aquifer interactions can result in transient vapor flux generation at
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FIGURE 6-1 Vapor intrusion pathways.

the sources. The migration pathway from source to building is significantly
affected by changes in soil moisture, temperature, wind, and ambient pres-
sure, and in some cases, biogeochemical transformation processes. Vertical
migration is also influenced by changes in building ventilation and heating,
ventilation, and air conditioning systems operation. Finally, attempts to
characterize the pathway via indoor air sampling can be confounded by
indoor sources of contamination.

Among the available guidance for assessing vapor intrusion (e.g.,
Johnson et al., 1999; Hay-Wilson et al., 2005; McAlary et al., 2005;
NYSDOH, 2006; ITRC, 2007), federal guidance is evolving toward an ap-
proach based on multiple lines of evidence that involves sampling of indoor
air, subslab soil gas, deeper soil gas, groundwater, and soil—in combination
with screening-level modeling and empirical assessment (e.g., EPA, 2002,
2011a,b, 2012a,b,c). This reflects experiences with conflicting lines of evi-
dence at some sites, recognition that there will likely be spatial variability
in pathway sampling results, low confidence in our ability to correctly in-
terpret the data, and a limited peer-reviewed knowledge base to rely upon.
This also suggests that assessment paradigms that rely on too few samples
(in space and time) are limited.

Vapor intrusion from groundwater plumes with chlorinated solvents
is especially challenging to characterize, partly because such plumes can
vary widely in size. Where large plumes encompass an entire neighbor-
hood, assessment of all potentially affected buildings may be impracticable.
Furthermore, it is not always the case that the greatest indoor air impacts
are found in buildings overlying the highest groundwater concentrations.
Groundwater-related vapor intrusion has been documented in some build-
ings overlying dissolved chlorinated solvent groundwater concentrations as
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low as 10 pg/L, and no impacts have been observed in other buildings over-
lying groundwater concentrations as great as 10-100 mg/L (EPA, 2012b).

A number of commercial products can serve as indoor sources of
chlorinated solvent vapors, so that interpreting indoor air quality and sub-
slab soil gas data is not always straightforward (Gorder and Dettemmaier,
2011). As a case in point, approximately 3,000 residences overlie chlori-
nated solvent groundwater plumes originating from Hill Air Force Base,
although monitoring has indicated that a very small percentage of the resi-
dences have indoor air impacts attributable to groundwater contamination.
Detailed study beyond typical pathway assessment monitoring identified
numerous indoor air sources of contaminants, including household cleaning
products, craft supplies, gun cleaners, and holiday ornaments—Ileading to
a list of 72 household products known to contain TCE and almost another
2,000 products known or suspected of containing chlorinated solvents.

A solid technical basis is lacking for determining which scenarios re-
quire indoor sampling and what sampling frequency and duration are
appropriate, both over the short term (i.e., daily) and long term (i.e., sea-
sonal). Studies suggest that vapor intrusion emissions into buildings can
fluctuate on time scales ranging from days to weeks (Luo, 2009; Luo et al.,
2010; Johnson et al., 2012). Research by McHugh et al. (2010) suggests
that changes in indoor air concentrations may be different for chemicals
emanating from groundwater than those emanating from indoor chemi-
cal sources, such that temporal data might be used to distinguish between
indoor air impacts from these two sources. However, even with detailed
indoor air monitoring data, the issue of temporal variability is further
complicated by the dynamics of volatilization from the groundwater plume,
which is affected by groundwater table elevation, moisture infiltration rates,
moisture profiles, and other climate factors (Sakaki et al., 2013). In general,
the temporal changes in the vapor emission rates from groundwater have
yet to be studied in great detail and further study is needed to more intel-
ligently design sampling plans.

Because the costs and complexity of vapor intrusion assessment have
been increasing without a commensurate increase in the mechanistic under-
standing of the exposure pathway, the resulting response actions reflect a
conservative management approach.

MONITORING

Monitoring of groundwater is conducted over the entire life cycle of a
complex site and can represent a significant percentage of life-cycle costs
if residual contamination remains after active remediation has been com-
pleted, especially when monitoring extends over multiple decades. Tradi-
tionally, the monitoring of temporal changes in groundwater contamination
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relied on conventional well sampling, which is labor intensive and requires
costly laboratory analyses. Given that tens to hundreds of monitoring
wells are present at most sites, and standard quarterly sampling is often
required, estimates of monitoring can exceed $100 million per year at DoD
facilities alone, which represents a significant percentage of the financial
resources dedicated to remediation efforts. Furthermore, the traditional
two-dimensional resolution of monitoring well networks (which produce
vertically averaged concentration values) may be insufficient to support
an accurate site conceptualization, particularly for highly heterogeneous
formations.

Continued development of conventional monitoring techniques has
led to more detailed characterization of the distribution of dissolved con-
taminants, particular in the vertical dimension. However, to support a cost-
effective transition to long-term management, additional tools are needed.
This section addresses ongoing developments in (1) optimization of con-
ventional monitoring systems, (2) techniques for measuring contaminant
flux, (3) sensor technology, and (4) new tools that can be applied to better
understand whether MNA is working.

Improved Application of Conventional Monitoring Tools

The deployment of conventional site characterization tools has evolved
in a manner that has emphasized greater spatial resolution in regions
where contamination is significant. In particular, multi-level monitoring
and nested well systems now enable the collection of hydraulic head data
and groundwater samples over relatively short vertical intervals (ITRC,
2004; Einarson, 2006; Einarson et al., 2010; Kavanaugh and Deeb, 2011).
Although more costly than conventional 2-D monitoring, multi-level moni-
toring systems can lead to more streamlined and accurate remedial investi-
gations and long-term management.

Formal simulation/optimization techniques have been developed to
improve the design of monitoring programs—a process sometimes termed
long-term monitoring optimization (LTMOQO). These applications are in a
relatively early stage of development and a variety of approaches are avail-
able to formulate and solve the optimization problem. For example, one
approach might be to analyze the value of information provided by an
existing monitoring network to identify monitoring wells that are spatially
redundant and could be removed (e.g., Reed et al., 2000, 2001; Babbar-
Sebens and Minsker, 2008). Most work to date has focused on monitoring
frequency and spatial resolution of well networks, with less attention given
to issues such as the number and selection of analytes, sampling analytical
techniques, and data processing. In a pilot study comparing two software-
driven LTMO systems, the U.S. Environmental Protection Agency (EPA)
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suggested that annual savings of a few hundred to tens of thousands of
dollars might be achievable, particular for sites where more than 50 samples
are collected and analyzed annually (EPA, 2004). EPA subsequently issued
a “road map” to assist managers with developing a site-specific LTMO
program (EPA and USACE, 2005), including user-friendly software tools.
Although the underlying concepts are fairly well established, additional
documentation of successful case studies would clarify the range of poten-
tially achievable cost savings.

Monitoring of Source Zone Contamination

The successful design of a source zone remediation program depends
on sufficiently detailed knowledge of the spatial pattern of immobile source
materials. A number of recent reviews have evaluated the variety of tools
available to quantify the magnitude and spatial distribution of DNAPL
(e.g., NRC, 2005; Mercer et al., 2010). These tools range from low-cost
methods to infer the presence of DNAPL (as reviewed by Kram et al., 2001)
to more extensive methods designed to delineate the spatial distribution
of NAPL saturation to guide source zone remediation (e.g., Saenton and
Illangasekare, 2004; Moreno-Barbero and Illangasekare, 2005, 2006). For
the latter purpose, the partitioning interwell tracer test (PITT) has proven
to be relatively effective (e.g., Annable et al., 1998; Brooks et al., 2002),
although its deployment is hindered by high cost and need for relatively
sophisticated interpretive tools.

As it is unlikely that complete removal of contaminant source mate-
rial will be feasible for many complex sites, the transition to long-term
management will depend not only on the amount of source mass removed,
but on the rate at which mass is transferred between the source and plume
compartments during the post-remediation period. One of the most prom-
ising recent developments in source zone management is the development
of tools for measuring contaminant mass flux, either at localized monitor-
ing points or as an integrated mass discharge across a control plane. Such
knowledge of contaminant discharge is particularly useful in evaluating the
potential for downgradient natural attenuation processes.

Conceptually, contaminant discharge is a calculated parameter that
reflects both temporal and spatial averaging of the product of groundwa-
ter discharge (length per area per time) and contaminant concentration
(mass per volume). Field methods include synoptic sampling (e.g., Einarson,
2006), passive flux meters (Annable et al., 2005; Basu et al., 2006), steady-
state pumping (e.g., Buschek, 2002), recirculation flux measurements (Goltz
et al., 2007), integral pumping tests (Bockelmann et al., 2001; Bauer et
al., 2004), and modified integral pumping tests (Brooks et al., 2008). The
use of flux measurements as an alternative to concentration-based metrics

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/14668

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites

230 MANAGING THE NATION’S CONTAMINATED GROUNDWATER SITES

offers several advantages relevant to long-term management, including
less sensitivity to spatial/temporal variability and correspondence with
screening models that attempt to correlate source zone mass removal with
downgradient plume behavior.

Several recent reviews have explored the relative performance of vari-
ous techniques for measuring mass flux, which appear to be highly site-
specific (EPA, 2009; ITRC, 2010; Kavanaugh and Deeb, 2011). Additional
field research is needed to support the more widespread adoption of flux-
based performance metrics, including (1) further clarification of the range
of uncertainty associated with mass flux and mass discharge measurements,
(2) continued refinement of specific aspects of the various techniques, in-
cluding a better definition of the necessary preliminary site characterization,
and (3) new measurement techniques.

Sensor Technology

Because existing monitoring and performance assessment tools are ex-
pensive, slow, and consist of point measurements, real-time measurements
could provide data for management decisions including optimization of
active remedies and assurance that either active or passive containment
is effective. Recent advances in microelectronics, wireless communication
technologies, and information technologies have produced potentially low-
cost techniques to gather and process large amounts of data at very high
spatial and temporal resolution. Such wireless sensor networking could be
applied to a variety of subsurface systems.

Advances in the development of wireless sensor networks have been
successfully applied to problems in infrastructure monitoring, weather and
storms, volcanoes, air quality, agriculture, forestry, and ecology (e.g., Culler
et al., 2004; Haenggi, 2005; Werner-Allen et al., 2006). Much of this work
has highlighted the advantages of deploying a large number of inexpensive
sensors to replace of a few highly accurate, but expensive sensors. While
environmental monitoring has been considered an ideal application since
the field’s inception, only a few projects have combined wireless sens-
ing with subsurface monitoring, largely because of the technical difficulty
and cost associated with monitoring VOCs in groundwater environments.
For example, a study by EPA (2003) concluded that although a sensor
might cost as little as $100 to manufacture, a fully developed multiparam-
eter sensor suitable for long-term management applications would cost
around $7,500. More recently, an ESTCP-sponsored project (Lieberman,
2007) evaluated sensors for monitoring VOCs, including Halogen-Specific
Detector/Membrane Interface Probe systems and laser-induced fluorescence,
based on ROST (rapid optical screening tool). However, despite some ad-
vances in detection capabilities, the relatively large costs (thousands of dol-
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lars per sensor) inhibit deployment in a wireless sensor network setting, and
such developments have not advanced to the stage of commercialization.
In addition to cost, other outstanding issues must be resolved if wireless
sensor network technology is to be adopted for long-term monitoring of
groundwater plumes, including the scope and accuracy of contaminant-
specific sensors, signal transmission issues in subsurface environments, the
mode and frequency of sensor failure, and the availability and efficiency of
power sources.

New developments in sensor technology for vapor monitoring could
contribute to more effective management of the vapor intrusion pathway.
Point-in-time sample collection using Summa Canisters is the standard
indoor-air sampling approach. These are limited to time-integration periods
of a few days at best, which is likely inadequate for pathway assessment
(Luo, 2009; Luo et al., 2010). The ideal vapor intrusion sensing system
would be capable of assessing (1) whether conditions exist that can cause
unacceptable vapor intrusion (i.e., periods of building under-pressurization,
or contaminants present in soil gas at levels above concentrations of con-
cern), (2) the actual impact of vapor intrusion on indoor air quality (i.e.,
indoor air monitoring), (3) the actual exposure of building occupants to
vapor intrusion (i.e., simulated uptake monitoring), and, in the case of
mitigation systems, (4) whether the mitigation system is meeting opera-
tional goals that eliminate the vapor intrusion pathway (i.e., maintaining a
building over-pressurization condition). These sensing systems would need
to measure pressure differentials of 0 to 5 Pa without drift for extended pe-
riods of time and reliably quantify vapor contaminant concentrations in the
0.1-100 ppb, range, under a range of humidity conditions and for sampling
durations of a few minutes to a few days and over periods of many months.
One vision for future sensing systems is something like a household CO
monitor with real-time data communication to a home computer, tablet, or
PDA to increase occupants’ awareness of their indoor air quality.

Evaluating Monitored Natural Attenuation

Chapter 7 discusses the possibility, at many complex sites, of a transi-
tion from active source zone remediation to more passive strategies such as
MNA or natural attenuation without monitoring. Critical needs in imple-
menting MNA are verification that contaminant transformation is occur-
ring and that the required bacteria are present and active (if biodegradation
is the principal attenuation mechanism).

Verification of contaminant transformation can be accomplished by
direct groundwater monitoring for the contaminants of concern or alter-
natively via geophysical techniques, which provide a noninvasive means of
identifying changes in biogeochemical conditions in groundwater. Several
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geophysical parameters are sensitive to redox gradients, microbial activity,
and changes in pore-fluid chemistry. For example, changes in electrical
resistivity can reflect changes in contaminant concentrations, microbial
abundances, and the distribution of amendments that promote contaminant
degradation; electrodic potential is sensitive to the local redox chemistry;
self-potential can measure natural electrical current sources arising from
redox zonation due to contaminant degradation; and induced polarization
provides evidence of processes near fluid-grain boundaries to infer micro-
bial abundances. Although geophysical measurements can be conducted in
existing monitoring wells using removable sensors, the underlying geologic
variability in the aquifer may yield subtle variations that do not provide a
distinct geophysical signal for particular biogeochemical conditions. Thus,
it is usually necessary to monitor geophysical parameters over time and
compare parameter values to background conditions.

The additional new technologies reviewed below could enable a more
immediate and focused observation of transformation processes relevant to
MNA. Not all of these techniques will be required at all sites to document
the occurrence of MNA. Laboratories at research universities are able to
perform such analyses, and commercial laboratories are beginning to offer
such services as well.

Tools from Molecular Biology

New molecular biology tools have facilitated the direct observation of
the relevant microbial processes and have enhanced the discovery of new
enzymes and biochemical pathways that can be applied to MNA. Deter-
mining if site-specific bacteria are capable of degrading the target contami-
nants can be accomplished using genomic tools to detect and quantify gene
copies, such as quantitative polymerase chain reaction (QPCR) and PCR-
denaturing gradient gel electrophoresis (PCR-DGGE). Similarly, proteomics
can be used to identify and quantify protein biomarkers that are produced
as a stress response during the degradation of contaminants (Nesatyy and
Suter, 2007). Box 6-1 describes recent field research using these methods.

Another method for measuring gene expression is transcriptomics,
which creates complementary DNA from extracted mRNA. Transcrip-
tomics is not as representative of microbial activity as proteomics (Belle et
al., 2006), but it does not have the same bias due to database limitations.
If new sequences are discovered via transcriptomics, it is then possible to
detect them using proteomics.

Metabolomics is the study of the small molecules (e.g., metabolites)
produced by cellular processes in response to the environment; monitoring
their changes may be a means to verify groundwater contaminant biotrans-
formation (Singh, 2006). For example, metabolic biomarkers for BTEX and
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BOX 6-1
“Omics” in the Laboratory and Field

Genomics. Microbial communities at contaminated sites often contain the
genes necessary for degradation of BTEX (Hendrickx et al., 2006; Beller et
al., 2008; Kao et al., 2010) and chlorinated solvents (Hendrickson et al., 2002;
Carreon-Diazconti et al., 2009), and resistance to metals (Waldron et al., 2009).
The presence/absence of genes has also been correlated to the rates of reductive
dehalogenation of chlorinated ethenes at sites where natural attenuation (Lu et al.,
2006; Burgmann et al., 2008) and active bioremediation (Lee et al., 2008) were oc-
curring. Changes in microbial communities due to abiotic treatment schemes (e.g.,
zero-valent iron) have also been observed (Da Silva et al., 2007), but it is unclear if
these changes enhance remediation system performance. The techniques are not
foolproof, however, for in studying the biodegradation of RDX, Fuller and Stefan
(2008) were unable to find genes associated with RDX degradation in samples in
which RDX loss was occurring.

Proteomics. Quantification of specific proteins known to be involved in com-
pound degradation could be used to assess the potential for relevant microbial
activity at a site and to verify that bacteria are actively degrading site con-
taminants. This is promising for cis-DCE, which has been shown to lead to the
up-regulation in Polaromonas sp. Strain JS666 of specific proteins important in
cis-DCE transformation (Jennings et al., 2009). The proteins associated with
bacteria responsible for aerobic biodegradation of vinyl chloride have also been
identified (Chuang et al., 2010). Proteomic studies have also focused on bacteria
capable of facilitating reductive dehalogenation of groundwater pollutants, such
Dehalococcoides species that reduce TCE (Werner et al., 2009). Differences in
the proteomics of different strains of Dehalococcoides can allow evaluation of
which dehalogenases are being expressed, which is linked to the capability of
the bacteria to degrade specific contaminants (Morris et al., 2007). The proteins
associated with the biodegradation of MTBE by a specific bacterial strain have
been identified (Eixarch and Constanti, 2010). Similarly, the proteins involved in
anaerobic benzene biodegradation have been characterized, and they are differ-
ent if the bacteria are grown on benzene vs. benzoate (Benndorf et al., 2009).

Proteomics can also be used to evaluate the bioremediation of metal contami-
nated sites. Wilkins et al. (2009) evaluated the proteins produced by Geobacter
strains during a biostimulation effort focused on uranium reduction. The proteins
associated with metal reduction in Shewanella onidensis MR-1 have also been
identified (Elias et al., 2007). Use of proteomics could be used to evaluate the suc-
cess of biostimulation efforts at metal contaminated sites and to monitor changes
over time in the microbial consortia responsible for the metal reduction.
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PAH include benzylsuccinate for toluene and napthoic acid for naphthalene
(Bombach et al, 2010). The use of metabolomics, however, requires knowl-
edge of potential metabolites of the organism under different conditions.
One tool to evaluate biodegradation potential and possible metabo
is a database of transformation pathways (e.g., Singh, 2006; Gao et
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2010), but substantial effort is required to build the appropriate databases
of metabolic profiles for contaminant-degrading organisms.

Isotope Analysis

Another emerging tool for understanding the effectiveness of MNA is
compound-specific isotope analysis (CSIA), which is used to monitor the
changes in stable isotope ratios of elements within molecules (e.g., 13C/12C,
2H/'H) over time. The technique uses isotopes in compounds present at
natural abundance—i.e., isotopically labeled compounds are not used. As
a transformation reaction proceeds, a molecule of a conta