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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 allowing for unrestricted use and unlimited exposure 
(UU/UE) remains a significant technical and institutional challenge.  Recent (2004) estimates by 
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 
experienced groundwater impacts. 

One dominant attribute of the nation’s efforts on subsurface remediation 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 achieving 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 regulatory 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 increased 
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 objectives within a reasonable time frame at an increasing number 
of sites.  For example, of the over 1,700 National Priority List sites, the U.S Environmental 
Protection Agency (EPA) has deleted over 360 sites (as of March, 2012), including some that
have reported achieving restoration goals for groundwater, usually defined as drinking water 
standards.  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 DoD to set very aggressive goals for significantly reducing the 
expenditures for the Installation Restoration Program within the next few years.    

There is general agreement among practicing remediation professionals, however, that 
there is a substantial population of sites, where, due to inherent geologic complexities, 
restoration within the next 50-100 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 
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(July, 2011) for these more complex sites, presenting a Road Map for groundwater restoration 
that targets both Superfund and RCRA Corrective Action 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 difficult 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 Regulatory Commission (ITRC).   

In this context, the U.S. Army Environmental Command (AEC) agreed to support a 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 RIP or RC 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 SOT, 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, SERDP; Brian Looney, DOE Environmental Management; John Gillespie, Air 
Force Center for Environmental Excellence; Anna Willett, Interstate Technology and Regulatory 
Council; Alan Robeson, American Water Works Association; Jill Van Dyke, National 
Groundwater Association; Ira May, May Geoenvironmental Services; Roy Herndon, Orange 
County Water District; Milad Taghavi, LADWP; Carol Williams, San Gabriel 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, CA Region 2 Water Board; David Sweeney, New Jersey Department of Environmental 
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 expertise 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 
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all the Committee members who so diligently participated 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 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 International 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, Pennsylvania 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 comments 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 contaminants 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 transitioned 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 focusing 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 contaminant mass 
removal?  
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Correlating Source Removal with Risks.  How can progress of source remediation be 
measured to best correlate 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?

The Future of Treatment Technologies. The intractable nature of subsurface 
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 sustainably.  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 consideration the concerns of stakeholders?  
Should life cycle assessment become a standard component of the decision process?  How can a 
greater understanding 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 regulatory programs under 
which hazardous waste is cleaned up to determine the size and scope of these programs.  The 
Committee sought to determine (1) the number of sites that have not yet reached closure, (2) 
principal chemicals 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 
Storage 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 programs).  The metrics and milestones across all these programs 
differ, making 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 closure.  This number is likely to be 
an underestimate of the extent of contamination 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 dismiss the conclusion that the total number of 126,000 is an 
underestimate.
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No information is available on the total number of sites with contamination 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 exposure.  
Depending on state closure requirements, USTs are often closed with contamination remaining
due to the biodegradability of petroleum hydrocarbons.  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 unrestricted 
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 hydrogeological 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.

Approximately ten 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 drinking 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 inconsistencies, 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 programs 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 drinking 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 remediation 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 traditional 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) determining the 
beneficial uses of groundwater; (b) deciding whether a regulatory 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) 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 appropriate circumstances.

To fully account for risks that may change over time, risk assessment at contaminated 
groundwater sites should compare the risks from taking “no action” to the risks associated 
with the implementation of each remedial 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 assessments 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 concerning 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 
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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 providing 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 like chlorinated 
solvents and/or large down-gradient dissolved plumes.  This includes surfactant flushing, 
cosolvent flushing, in situ chemical oxidation, pump and treat for hydraulic containment, 
physical containment, in situ bioremediation, 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 current 
knowledge regarding performance and limitations of the technologies, identify remaining gaps in 
knowledge, and provide case studies supporting 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.  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 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 demonstration) 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 reduction, 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 database, a standardized technical protocol would be needed, although it goes beyond the 
scope of this report to provide the details of such a protocol.  
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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 in situ chemical oxidation technologies 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, 
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. 

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 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 considered 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, leaving 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 contamination outright.  The following conclusions and 
recommendations are made.

Implementing institutional controls at complex sites is likely to be difficult.  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 relationships 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.  
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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 potential exposure pathway of concern, a full 
understanding of the risks over 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 developments that can aid in the transition from active remediation to more passive 
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 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 
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 distribution 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. Management 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 other 
remediation technologies should be expanded to integrate compound-specific isotope 
analysis and molecular biological methods with more conventional biogeochemical 
characterization and groundwater dating methods.  The development of molecular and 
isotopic diagnostic tools has significantly enhanced the ability to evaluate the performance of 
degradation technologies and monitored natural attenuation at complex sites.   
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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): 

Remediation Technology Development.  Additional work is needed to advance the 
development of emerging and novel remediation technologies, improve their performance, 
and understand any potential broader environmental impacts. A few developing remediation 
techniques 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. 

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.

Modeling.  Additional targeted modeling research and software development that will 
benefit the transition of sites from active remediation 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 modeling 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 pertinent federal agencies will be capable of providing the funding and other 
support for the fundamental research and development that is necessary to meet the challenges 
facing complex sites. A comprehensive assessment of future research needs, undertaken at the 
federal level and involving coordination 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 standards 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 monitoring, 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 
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end states is premised on using remedies that are fully protective 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 levels 
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 concentrations 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 performed. The
transition assessment evaluates each of the relevant alternatives (remedy modification or 
replacement, passive or active long-term management) based on the statutory and regulatory 
remedy selection criteria.  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.  The following conclusions and 
recommendations about this alternative approach are made.

At many complex sites, contaminant concentrations in the plume remain stalled at levels 
above cleanup goals despite continued operation of remedial systems.  There is no clear path 
forward to a final end state embodied in the current cleanup programs, such that money 
continues to be spent, with no concomitant reduction in risks.  If the effectiveness of site
remediation 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 implemented at CERCLA facilities and could 
be improved.  To increase transparency 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 implemented 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 parties 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, Internet 
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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 management, 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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BOX 1-1  Complex Contaminated Sites

complex

homogeneous
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REGULATORY RESPONSE TO GROUNDWATER CONTAMINATION

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

CERCLA

RCRA Corrective Action:

UST: 
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Federal Facilities Programs

Maximum Contaminant Level Goals

Maximum Contaminant Levels

Applicable or Relevant and Appropriate Requirements 
Applicable Requirements

Relevant and Appropriate Requirements
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THE LIFE CYCLE OF A CONTAMINATED SITE
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THE REMEDIATION CHALLENGE

construction completion
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BOX 1-3  Select NRC Studies Relevant to Groundwater 
Remediation at Sites with Persistent Contamination

Alternatives for Groundwater Cleanup

Groundwater and Soil Cleanup: Improving Management of Persistent Contaminants

Natural Attenuation for Groundwater Remediation 

Environmental Cleanup of Navy Facilities: Adaptive Site Management 

Contaminants in the Subsurface (
in situ

remediation
cleanup Remediation

Cleanup
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Key Challenges for Subsurface Remediation at DoD Facilities
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accelerated site completion

STATEMENT OF TASK AND REPORT ROADMAP
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1.  Size of the Problem 

2.  Current Capabilities to Remove Contamination 

3. Correlating Source Removal with Risks

4. The Future of Treatment Technologies

5. Better Decision Making
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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.

rough

Department of Defense

remedy in place response complete
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remedy in place

remedy-in-place
response complete

IRP # Installations # Sites Costs through 
FY10 (1000s)

Cost to complete 
(1000s)

Active 1,622 21,528 $19,693,452 $7,230,071
Base Reallignment and 
Closure(BRAC)

228 5,127 $8,085,265 $2,706,374

Formerly Used Defense Site 
(FUDS)

1,636 2,921 $3,136,362 $2,820,145

Total 3,486 29,576 $30,915,079** $12,756,590
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IRP Cleanup planned 
or underway Remedy in place Response 

complete

Long-term 
management 

underway
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

CERCLA
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controlled 
potential or actual exposure risk to humans controlled the 
migration of contaminated groundwater 

ready for anticipated reuse
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PA/SI

NPL Listing

RI/FS

ROD

RD/RA

Construction 
Completion

Post 
Construction 
Completion

NPL Deletion

Reuse
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Status Non-Federal Federal Total

Milestones Non-Federal Federal Total

RCRA Corrective Action Program

human exposures environmental indicator
groundwater 

environmental indicator

final remedy construction
construction complete
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RCRA Milestone Number of Facilities

Underground Storage Tank Program

leaking



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

36  Alternatives for Managing the Nation’s Complex Contaminated Groundwater Sites 

Department of Energy



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Magnitude of the Problem 37

Other Federal Sites

State Sites
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BOX 2-1  Wyckoff/Eagle Harbor Orphan Superfund Site, Washington State
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Dry Cleaner Sites

active 
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inactive 

estimated

COST ESTIMATES

Department of Defense
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CERCLA

RCRA Corrective Action Program

Underground Storage Tank Program 
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Department of Energy

Other Federal Sites

States

IMPACTS TO GROUNDWATER
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Program-Specific Reports of Groundwater Impacts

DoD

CERCLA

RCRA
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UST

Other Evidence That Hazardous Waste Sites Affect Water Supplies
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THE PARADOX OF “CLOSED” SITES
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14

4

19

14

2

4

12

6
5

MCL Characterization

MCLs Achieved: Active Remedy: No LTM

MCLs Achieved: Active Remedy: LTM

MCLs Not Achieved: LTM

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

MCLs Not Achieved: Deleted 
Based on Risk Assessment: LTM

Remedial Objective other than 
Meeting MCLs (such as TI zone, 
pathway interruption like 
containment or provision of 
alternative drinking water supply, 
prevent migration of contamination 
offsite or to another aquifer, etc.)

MCL Achievement Unknown

Not a Ground Water Site

MCLs Achieved: No Active Remedy: No LTM
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BOX 2-2  Schofield Barracks, HI, Case Study

remedy in place response complete
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CONCLUSIONS AND RECOMMENDATIONS

Program/Agency
Number of 

Contaminated Facilities 
Number of 

Contaminated Sites
Estimated Cost to 

Completea

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 billionb

Total >126,000 $110–127 billionc

At least 126,000 sites across the country have been documented that have residual 
contamination at levels preventing them from reaching closure.  
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remedy-in-place response complete

No information is available on the total number of sites with contamination 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.

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 hydrogeologic and contaminant 
perspective.

Approximately ten percent of CERCLA facilities affect or significantly threaten 
public water supply systems, but similar information from other programs is largely 
unavailable.  

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 underestimate of future liabilities.
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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.  

More consistent and transparent terminology that simply and clearly differentiates 
the discrete phases of remediation and facilitates logical tracking of progress would 
improve communication with the public.

REFERENCES
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THE CLEANUP PROCESS AND ASSOCIATED OBJECTIVES

CERCLA

Initial Phases 
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Setting of Cleanup Goals and Selection of Remedies 

Threshold Criteria.  threshold

capable
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all

Balancing Criteria.  

Ohio v. EPA
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BOX 3-1  State/Federal Differences in Goals for Groundwater Restoration

cis cis

to the maximum extent 
practicable 
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BOX 3-2  Guidance on Definition and Application of “Maximum Extent Practicable” 

not practicable

State of Ohio v. 
U.S. Env’l’t Prot. Agency U.S. v. Ottati & Goss, Inc.

practicable
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Modifying Criteria.  

modifying
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After Remedy Selection

Construction Complete

RCRA Corrective Action
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human exposures environmental 
indicator groundwater environmental indicator

Federal Facilities



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

68 Alternatives for Managing the Nation’s Complex Contaminated Groundwater Sites

lead agency

Lessons Learned
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Interim and Emergency Responses 

Protracted Study 
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The Limits of Aquifer Restoration
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THE FUTURE OF CLEANUP OBJECTIVES

 

A More Central Role for Risk Assessment
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More Comprehensive Consideration of Time 

Population Impacts and Risks to Remediation Workers and Surrounding Residents 
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Uncertainty and Variability in Risk Analyses 

variability

Uncertainty

Additional Strategies for Goal Setting 
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Parameter Source of Uncertainty Source of Variability

remedy-in-
place response complete

ARAR Waivers

applicable9

Id

relevant and 
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appropriate

Alternate Concentration Limits

Id
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Groundwater Management and Reclassification of Groundwater 

before
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Sustainability as a Cleanup Objective
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Environmental Social Economic
1. Impacts on air (including 

climate change)
2. Impacts on soil and ground 

condition
3. Impacts on groundwater 

and surface water
4. Impacts on ecology
5. Use of natural resources 

and waste

1. Impacts on human health 
and safety

2. Ethics and Equality
3. Impacts on neighborhood 

and locality
4. Communities and 

community involvement
5. Uncertainty and evidence

1. Direct economic costs and 
benefits

2. Indirect economic costs and 
benefits

3. Employment and 
employment capital

4. Induced economic costs 
and benefits

5. Project lifespan and 
flexibility
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BOX 3-3  Examples of Sustainability in Hazardous Waste Remediation

   

A Method for Estimating Sustainability 
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Legal Basis for Considering Sustainability 
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CONCLUSIONS AND RECOMMENDATIONS

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 appropriate circumstances.

risk assessment at contaminated 
groundwater sites should compare the risks from taking “no action” to the risks associated 
with the implementation of each remedial alternative over the life of the remedy.  

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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.
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:
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INTRODUCTION

in situ
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Conceptual Model

Source Zone Plume

Phase/Zone
Low 

Permeability Transmissive Transmissive
Low 

Permeability

Vapor

DNAPL
NA NA

Aqueous

Sorbed
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in situ
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TECHNOLOGY APPLICATION

THERMAL TREATMENT

In situ
in situ

in situ
in situ



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Current Capabilities to Remove or Contain Contamination 91

in situ

in situ

  

in situ
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In Situ
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CHEMICAL TRANSFORMATION PROCESSES

in situ

in situ 

In Situ Chemical Oxidation
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Specific ISCO Principal Oxidant Pathway Advantages Disadvantages
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Perman-
ganate

CHP or 
Fenton’s 
reagent Ozone Persulfate Peroxone

16 27
  

50 0 50

0 2 31 0 50

78 57 27 50 nd

nd nd nd nd 51 56 96 24 nd
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Field Site ISCO Treatment Contaminant Mass Reduced References

EXTRACTION TECHNOLOGIES

in situ

Surfactant Flushing
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Field Site Surfactant Formulation NAPL

Amount Recovered
(Estimated Mass 

Recovery)1 References

estimates
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Cosolvent Flushing



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Current Capabilities to Remove or Contain Contamination 99

Field Site Co-Solvent DNAPL

Amount Recovered
(Estimated Mass

Recovery) References
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PUMP AND TREAT

hydraulic containment
mass removal

in situ
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PHYSICAL CONTAINMENT

Treatment Technologies for Site Cleanup: Annual Status Report (Twelfth Edition

not

in situ
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BOX 4-1  Physical Containment at Former Koppers Company Wood Treating Plant, Salisbury, MD 

 

in situ

BIOREMEDIATION

biostimulation bioaugmentation
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Enhanced In Situ Bioremediation

in situ

Geobacter sp.
Dehalococcoides

Dehalococcoides

in situ
in situ

in situ

in situ

in situ
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In Situ

Field Site ISB Treatment Contaminant(s)
Concentration 

Reduction Reference(s)

in situ
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PERMEABLE REACTIVE BARRIERS

.  

in situ
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Barrier Media
Type of Site

Superfund Industrial U.S. Gov. International Total
Zero-Valent Iron
Non-Iron reactive materials
Bio-Barrier
Combination/Sequenced*

MONITORED NATURAL ATTENUATION

in situ
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BOX 4-2  MNA at the Twin Cities Army Ammunition Plant (TCAAP)
New Brighton/Arden Hills, Minnesota
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Superfund Remedy 
Report Thirteenth Edition 

faster

COMBINED REMEDIES

in situ

in situ
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in situ

in situ

in situ
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BOX 4-3  Combined Remedies at the Bachman Road Dry Cleaner Site 
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CONCLUSIONS AND RECOMMENDATIONS

Technology Performance Comments

In Situ

In Situ

That is, significant technical 
limitations persist that make achievement of MCLs throughout the aquifer unlikely at most 
complex groundwater sites for many decades.
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Technology Performance Comments

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.  

Additional independent reviews of source zone technologies are needed to summarize 
their performance under a wide range of site characteristics.
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Research is needed on how to better combine existing or new remediation technologies to 
address complex contaminated sites.  

in situ

REFERENCES

In 
Situ

In Situ
.

in
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.

In
.

In Situ

In situ
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. In Situ

In Situ

cis

In
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In Situ

In:

In Situ
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In Situ

In situ

In Situ

of In Situ

 In Situ 

In-Situ

In Situ



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Current Capabilities to Remove or Contain Contamination 119

In Situ 

In Situ

In In Situ
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POTENTIAL FOR FAILURE OF REMEDIES AND ENGINEERED CONTROLS
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permeable reactive barrier

Hydraulic Containment

Remedial System Evaluation
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Physical Containment 
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Permeable Reactive Barriers

Monitored Natural Attenuation 
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enhanced attenuation

***
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IMPLICATIONS OF THE LONG-TERM NEED FOR INSTITUTIONAL CONTROLS

Types of Institutional Controls 

proprietary controls

direct governmental controls

components of enforcement instruments

informational devices
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Past Experience with Institutional Controls

The New Emphasis and Direction on Institutional Controls
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BOX 5-1  Examples of the Failure of Institutional Controls

Costs 
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States

not
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EMERGENCE OF UNREGULATED AND UNANTICIPATED CONTAMINANTS
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BOX 5-2  Contaminants of Emerging Concern in Groundwater

1,4-Dioxane

in situ

Naphthalene.  

N-nitrosodimethylamine (NDMA)

in situ
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Perchlorate

in situ

Perfluoroalkyl substances (PFAS)

Pharmaceuticals and Personal Care Products (PPCP)
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Nanomaterials.  

Siloxanes.  
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.

versus
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NEW PATHWAYS/RECEPTORS 

Vapor Intrusion 
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BOX 5-3 Consideration of Vapor Intrusion in Federal and State Regulatory Programs 

Denver Post

Post Draft Guidance for 
Evaluation the Vapor Intrusion to Indoor Air Pathway from Groundwater and Soils
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LITIGATION RISKS

Environmental Liability Disclosure Requirements
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Potential Personal Injury and Property Damage Liability 
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BOX 5-4  Select Examples of Litigation Involving Contaminated Groundwater Sites

Love Canal

Woburn, MA

Hinkey, California (the Erin Brockavitch case)

MTBE Groundwater Class Action

Sunburst, Montana
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Tuscon Airport TCE Plume

Potential Liability for Natural Resource Damage Claims 

Ohio v. United States Department of 
the Interior, 
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Site Impacts NRD Action and Amount
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CONSEQUENCES FOR WATER UTILITIES

BOX 5-5  Comparison of Southern California Groundwater Contamination Cases 
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State Policies for Well-Head Treatment for Vulnerable 
or Impacted Water Supply Aquifers 
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Impacts of Groundwater Contamination on Aqueduct Storage and 
Recovery or Conjunctive Use Programs
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Well-head Treatment

The Current State of Technologies for Groundwater Treatment 

ex situ
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Technology
Relative 

Cost Technology Applicability Technology Limitations
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Challenges for Wellhead Treatment
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ECONOMIC IMPACTS

“Services under baseline”
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Recovery Path

Recovery Path with 
Remedial Action

Potentially Responsible Party Costs
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Affected Parties

Site Development Impacts
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CONCLUSIONS AND RECOMMENDATIONS

Research is needed to build a more robust understanding of the potential for failure 
in hydraulic and physical containment systems

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.

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.
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Careful consideration of the vapor intrusion pathway is needed at all sites where 
VOCs are present in the soil or groundwater aquifer.  

Improved and efficient water treatment technologies should be 
developed both for more cost-effectively destroying VOCs and recalcitrant organic 
compounds as well as for removing toxic metals.  An emphasis should be placed on 
technologies that treat a broad spectrum of chemicals.

REFERENCES

n
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In situ
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. 
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Toxicological Review of 
Trichloroethylene

In situ
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In Situ 

Pseudonocardia
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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 assuring that any active or passive engineered containment 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 passive containment, 
and improving long-term management can be achieved through (1) better understanding of the 
spatial distribution of contaminants, 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 
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 recommendations 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 distribution 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 management 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 
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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 
transition to long-term management. 

The current cleanup paradigm distinguishes the source zone from the downgradient 
plume, in terms of treating each region differently with respect to characterization and 
remediation, and it acknowledges the dominant role of geologic heterogeneity in controlling 
contaminant removal from both regions.  In NRC (2005), hydrogeologic heterogeneity was 
conceptually 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 contaminant 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.   

The 14-compartment framework highlights characterization challenges that significantly 
influence optimization of remedial actions and the transition 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 controlled by volatilization into the vapor phase (if 
applicable) and transport 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 conceptualizations of the plume have focused on 
three potential sources of contaminant mass influx in the groundwater, including: (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 



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Technology Development to Support Long-Term Management of complex Sites 169 

PREPUBLICATION COPY 

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 assess 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 of the source and plume 
migration, and are not easily measurable.  In particular, 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 processes 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-diffusion, 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 
configure 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 compartments.  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.  
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Representing Complex Geologic Environments 
 

The 14-compartment model of Sale and Newell (2011) assigns “low permeability” 
compartments to both the source and plume domains, highlighting 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 “immobile” 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” understood 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, accounting 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 groundwater 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 strategies.  
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 heterogeneity (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 pathways 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 
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the presence of the necessary 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 different 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 composition 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 effectiveness 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(II), 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 terminal electron acceptor) to 
produce potentially reactive iron sulfide minerals (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 acting 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 abundant levels of both sulfate and Fe(III) (Kennedy et 
al., 2006).  Microbial metabolic activity at this site produced potent reactive reductants such as 
reduced sulfur compounds, Fe(II), and iron sulfide minerals, which were capable of abiotically 
transforming TCE and its derivatives.  These investigators 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 byproducts, 
suggesting that MNA was occurring. 

While much is known about the biological/abiotic conditions necessary 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 towards the 
development of such a protocol. 
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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 
intrusion 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6-1  Vapor intrusion pathways. 
 
 

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 the sources.  The migration pathway from source to building is significantly 
affected by changes in soil moisture, temperature, wind, and ambient pressure, 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 approach based on multiple-lines-of-evidence that involves sampling of 
indoor air, sub-slab 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 evidence at some sites, recognition that there will 
likely be spatial variability in pathway sampling results, low confidence in our ability to  
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correctly interpret 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 neighborhood, 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 buildings overlying dissolved chlorinated solvent 
groundwater concentrations as low as 10 μg/L, and no impacts have been observed in other 
buildings overlying 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 chlorinated solvent groundwater plumes originating from Hill Air Force Base, 
although monitoring has indicated that a very small percentage of the residences 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—leading 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 require indoor 
sampling and what sampling frequency and duration are appropriate, both over the short term 
(i.e., daily) and long term (i.e., seasonal).  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 chemical 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., 2012).  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 intelligently design sampling plans. 

Because the costs and complexity of vapor intrusion assessment have been increasing 
without a commensurate increase in the mechanistic understanding 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 completed, especially when monitoring extends over multiple 
decades.  Traditionally, the monitoring of temporal changes in groundwater contamination relied 
on conventional well sampling, which is labor-intensive and requires costly laboratory analyses.  
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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 contaminants, 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 
conventional 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 monitoring systems can lead to more streamlined and 
accurate remedial investigations 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 (LTMO).  
These applications are in a relatively early stage of development and a variety of approaches are 
available 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) 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 potentially 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 
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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 material 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 promising recent 
developments in source zone management is the development of tools for measuring 
contaminant mass flux, either at localized monitoring 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 groundwater 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 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 various 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, including a better definition of the 
necessary preliminary site characterization, and (3) new measurement techniques. 
 
 

Sensor Technology 
 

Because existing monitoring and performance assessment tools are expensive, 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, 
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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 sensing 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 multiparameter 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 advances in detection capabilities, the 
relatively large costs (thousands of dollars 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 concern), (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 operational 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 periods of time and reliably quantify 
vapor contaminant concentrations in the 0.1–100 ppbv 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 transition from active 
source zone remediation to more passive strategies such as MNA or natural attenuation without 
monitoring.  Critical needs in implementing MNA are verification that contaminant 
transformation is occurring and that the required bacteria are present and active (if 
biodegradation is the principal attenuation mechanism). 
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Verification of contaminant transformation can be accomplished by direct groundwater 
monitoring for the contaminants of concern or alternatively via geophysical techniques, which 
provide a noninvasive means of identifying changes in biogeochemical conditions in 
groundwater.  Several 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 microbial 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.  Determining if site-specific bacteria are capable of degrading the 
target contaminants 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.  Transcriptomics 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 biotransformation (Singh, 2006).  For example, metabolic biomarkers 
for BTEX and PAH include benzylsuccinate for toluene and napthoic acid for naphthalene 
(Bombach et al, 2010).  The use of metabolomics, however, requires knowledge of potential 
metabolites of the organism under different conditions.  One tool to evaluate biodegradation 
potential and possible metabolites is a database of transformation pathways (e.g., Singh, 2006; 
Gao et al., 2010), but substantial effort is required to build the appropriate databases of metabolic 
profiles for contaminant-degrading organisms. 
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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 occurring.  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 compound degradation 
could be used to assess the potential for relevant microbial activity at a site and to verify that bacteria are 
actively degrading site contaminants.  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 different if the bacteria are grown on benzene vs. benzoate (Benndorf et al., 
2009). 

Proteomics can also be used to evaluate the bioremediation of metal contaminated 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 success of 
biostimulation efforts at metal contaminated sites and to monitor changes over time in the microbial 
consortia responsible for the metal reduction. 
 
 
 
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/1H) 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 contaminant containing the lighter isotope 
(e.g., 12C) will usually react more quickly than the molecule with the heavier one (e.g., 13C) if 
this atom is included in the bond being broken (i.e., it is at the reactive center).  Thus, the 
remaining parent compound is depleted in the light isotope (and enriched in the heavy isotope) 
and the reverse is true for reaction products.  The change is quantified via the isotope 
fractionation factor ( ), the isotope enrichment factor ( ), and/or the apparent kinetic isotope 
effect.  Most studies on contaminant transformation report enrichment factors (in ‰), which can 
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be related to the extent of contaminant transformation.  In contrast non-transformative processes 
such as sorption or dilution result in no fractionation (Pooley et al., 2009; Beller et al., 2008; 
McKelvie et al., 2007; Amaral et al., 2009).   

A guide for the use of CSIA in the assessment of biodegradation of contaminants in 
groundwater is available from EPA (Hunkeler et al., 2008).  Starting with the recommendations 
of Sherwood Lollar et al. (1999), the EPA report lays out six criteria that must be met to provide 
evidence for biodegradation of contaminants in groundwater, which would also presumably 
apply to abiotic reactions.  Aelion et al. (2010) also provides detailed information about CSIA 
and its utility in evaluating biodegradation of contaminants.  Several field studies have shown the 
potential utility of CSIA, particularly in the verification of contaminant degradation during 
MNA.  A summary is given in Box 6-2.   

While CSIA is a powerful tool, it has several limitations.  As outlined by Blessing et al. 
(2008), care must be taken in choosing sampling locations and in preserving samples prior to 
analysis.  CSIA is also currently limited to pollutants that have sufficient volatility to be analyzed 
using gas chromatography, and the isotope ratio mass spectrometer itself often has a limited 
linear response range and is not particularly sensitive, requiring either large sample sizes or 
sample preconcentration techniques (Amaral et al., 2009).  Furthermore, the relative 
bioavailability of the contaminant may affect several “masking” processes that alter measured 
enrichment factors (Elsner et al., 2005; Thullner et al., 2008; Kampara et al., 2008; Aeppli et al. 
2009).  As outlined in the recommendations, additional research is needed to advance the use of 
CSIA as a robust and routine measurement for groundwater sampling to support MNA. 
 
 

MODELING FOR LONG-TERM MANAGEMENT 
 

The implementation of mathematical models to simulate subsurface flow and transport 
has become an increasingly important component of long-term management.  Models can 
provide insight into the relative importance of the processes that control remediation, although 
the prediction of the time to meet remediation goals remains an ongoing challenge.  Recent 
advances in computing hardware and computational methods have significantly broadened the 
scope of available models, including models capable of simulating very complex biogeochemical 
processes at high resolution, as well as screening models that utilize a simplified representation 
of site geometry and/or secondary transport processes to provide an approximate representation 
of processes believed to control remediation and/or attenuation. 
 
 

Predicting Source Zone Mass Removal during Remediation 
 

Although active source removal typically occurs prior to the transition to long-term 
management, new developments in remedial technology and/or site characterization might result 
in scenarios where additional source zone activity is undertaken.  Modeling of source zone 
processes remains challenged by a number of technical constraints, including the need to 
represent second-order processes such as pore clogging by biofilms and/or precipitated reaction 
products, reactions with natural organic matter and other non-target compounds, gas production, 
and other changes in aquifer properties (e.g., Heiderscheidt et al., 2008; Glover et al., 2007). 
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BOX 6-2  Field Implementation of CSIA Techniques 

 
Biological reductive dechlorination of PCE and TCE was deduced in contaminated groundwater 

at Dover Air Force base by determining the isotopic enrichment of PCE and TCE in wells downgradient 
from the source zone and by identifying reaction products (Sherwood Lollar et al., 2001).  Imfeld et al. 
(2008) showed that changes in isotope fractionation of DCEs in a treatment wetland could be related to 
changes in the hydrogeochemistry of a wetland.  Under oxic conditions, the enrichment factor was -1.7 ‰ 
but reached -32.6 ‰ once the wetland became methanogenic.  In an aerobic fractured bedrock aquifer 
contaminated with chlorinated ethenes, Pooley et al. (2009) used a combination of CSIA and reactive 
transport modeling to verify aerobic biodegradation of TCE and cis-DCE and demonstrated the 
recalcitrance of PCE.  

Using two-dimensional CSIA (carbon and hydrogen), Fisher et al. (2007) demonstrated that the 
degradation process at a BTEX-contaminated site was anaerobic biodegradation.  As shown in Figure 6-2, 
the enrichment factors clearly fall in the region of anaerobic biodegradation.  In a controlled field study, 
Beller et al. (2008) used a combination of CSIA, genomic analysis (qPCR), and metabolite identification 
to study natural attenuation of BTEX, including the effects of ethanol.  Amaral et al. (2010) used CSIA to 
demonstrate a lack of natural attenuation of TNT and DNT in an oxic contaminated aquifer.  
 

 
 
FIGURE 6-2  Concurrent carbon and hydrogen isotope ratios of benzene measure at various sampling 
depths (B through E) together with isotope patterns for aerobic and anaerobic benzene degradation 
calculated from published enrichment factors for carbon and hydrogen as well as the isotope signature of 
the contaminant source using the Rayleigh equation.  SOURCE: Reprinted, with permission from Fisher 
et al. (2007).  © 2007 by American Chemical Society. 
 

CSIA is also applicable to sites undergoing active groundwater remediation.  Song et al. (2002) 
used isotope effects to verify effectiveness of enhanced in situ bioremediation of chlorinated ethenes.  
After determining the carbon isotope patterns of the reaction of chlorinated ethenes with nano-zero valent 
iron (nZVI) in the laboratory (Elsner et al., 2008), it was possible to assess the effectiveness of nZVI in 
the field (Elsner et al., 2010).  In the Elsner et al. (2010) study, natural attenuation via biodegradation of 
TCE and 1,1,1-TCA in the groundwater were confirmed by the extent of isotopic fractionation between 
the source zone and downgradient wells.  After injection of nZVI, an increase of the magnitude of the 
enrichment factor (and the detection of dechlorination products) was used to confirm the nZVI was 
reacting with the target contaminants. 
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Furthermore, practical applications are almost always constrained by incomplete knowledge of 
site-specific conditions needed to appropriately assign geologic heterogeneity, NAPL 
architecture, and/or other contaminant initial conditions (e.g., Illangasekare et al., 1995; 
Fagerland et al., 2007 a,b).  In some cases, advanced DNAPL characterization technologies such 
as PITT could provide the desired initial conditions for modeling (e.g., Basu et al., 2008) and 
better support the performance assessment of source remediation. 

In light of the inherent challenges of modeling source zone processes at field sites, 
sophisticated process-oriented models have been more commonly applied in the interpretation of 
laboratory studies, where the relevant input parameters are more straightforward to obtain and 
assess (e.g., EPA, 2009), and not in the field.  In reviewing the current state of remediation 
technology (Chapter 4), the Committee observed that for many complex sites, the engineering 
design for source zone remediation is frequently accomplished without the use of available 
process-oriented models, in part because of their mathematical and computational complexity, 
but in large measure because of the substantial amount of characterization and parameter 
information required to implement such models with confidence.  Indeed, Siegrest et al. (2011), 
recognizing the potential cost and complexity associated with applying detailed models such as 
the in situ chemical oxidation (ISCO) simulator CORT3D (Heiderscheidt, 2005; Illangasekare et 
al., 2007), highlighted the need for “medium range” models that could be applied to address 
basic design questions applicable to most source zone technologies.  While research targeting 
such “intermediate complexity” models could support more effective remedial designs, it is 
important that model developers work closely with practitioners to develop tools that balance 
theoretical rigor, mathematical complexity, data requirements, and user-friendliness.  
 
 

Modeling Plume Processes 
 

Except for the special case of vapor intrusion, modeling for long-term management is 
primarily concerned with the transport and reaction of dissolved contaminants in groundwater.  
The most commonly utilized tools for this purpose are numerical models that couple a solution to 
the groundwater flow equation in saturated media (e.g., MODFLOW, McDonald and Harbaugh, 
1988) with a solution to the advective-dispersive-reactive equation (e.g., MT3DMS, Zheng and 
Wang, 1999).  Modern groundwater flow models are capable of representing considerable detail 
in the flow field, utilizing millions of computational nodes to represent spatially variable aquifer 
properties, typically over horizontal scales of meters to kilometers (e.g., DOE, 2009) although 
finer resolution is increasingly feasible.  In conjunction with the finer spatial resolution of flow 
models, reactive transport models are increasingly able to incorporate a wide variety of 
biogeochemical reactions.  Of particular relevance to long-term management, a considerable 
body of work has addressed the simulation of natural attenuation processes for both petroleum 
and halogenated organic contaminants, including sequential parent/daughter reactions and 
multiple electron acceptor/donors.  In particular, the modular code structure employed by 
MT3DMS has facilitated a number of extensions that address reaction scenarios typical of those 
found at complex sites, including SEAM3D (Waddill and Widdowson, 2003), BioRedox (Carey 
et al., 1999), and RT3D (Clement, 1997). 

Despite the above advances, the prediction of time-to-complete remediation for dissolved 
plumes remains an elusive goal.  The primary reason for this disconnect is that most commonly 
employed aqueous-phase simulation models lack the capability to represent the various nonideal 
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processes that release contaminants from immobile phases, particularly nonideal desorption and 
back-diffusion (note: NAPL dissolution is typically not associated with the “plume” 
compartment).  Furthermore, although it would be conceptually straightforward to incorporate 
such features in reactive transport models, full implementation would require detailed knowledge 
of the spatial distribution of localized sources, as well as the governing mass transfer processes 
(e.g., diffusion path lengths, desorption rates).  One possible approach is the dual porosity or 
dual domain formulation of the advective–dispersive equation (e.g., as in MT3D, Zheng and 
Wang, 1999; AFCEE, 2007), which can be configured to represent back-diffusion, although this 
approach has not been widely utilized and would require further refinement to represent highly 
localized zones of low permeability. 

In the short term, credible predictions of time-to-complete remediation based on current 
modeling tools would be expected only for sites where back-diffusion and desorption are not 
expected to be significant factors.  Such sites, if they exist, would probably be associated with 
relatively recent contaminant releases.  For example, Rivett et al. (2006) generated reasonable 
modeling predictions of a pump-and-treat field experiment associated with a relatively short (less 
than two year) plume history.  In contrast, Parker et al. (2008) identified back-diffusion as the 
primary factor responsible for the inability of aqueous transport models to simulate a controlled 
pump-and-treat study of a more typical (decades-old) plume.   
 
 

Modeling Hydraulic Containment 
 
 While the prediction of time-to-complete remediation remains an elusive goal for mass 
removal technologies, the common application of pump-and-treat for hydraulic containment has 
been supported by ongoing developments to apply groundwater flow/transport models in an 
optimization framework.  A variety of software packages are now available to identify well 
configurations that provide hydraulic containment while minimizing the overall extraction rates 
and/or treatment costs, including tools based on the MODFLOW/MT3D simulators.  Recent 
applications of simulation/optimization to P&T design at several DoD facilities were 
summarized in Chapter 4 (EPA, 1999a,b, 2005).  In general, the optimized designs were 
expected to yield an approximate average life-cycle savings of 10 to 20 percent over trial-and-
error designs.  However, the models used in these studies were based on conventional advective-
dispersive-sorptive transport and did not include the various nonideal processes described above.  
Thus, while providing design guidance for efficient hydraulic containment, predictions of the 
time to achieve remedial objectives were likely optimistic. 

Although the use of simulation/optimization techniques for hydraulic containment design 
is relatively mature, continuing developments will provide more realistic cost functions for 
scenarios in which expected costs are not proportional to the volume of extracted water.  Also, 
because one goal of optimization is to find the least-cost solution to achieve hydraulic 
containment, optimized designs typically reflect a reduced margin of safety for plume capture, 
particular if the underlying flow model treats the aquifer as relatively homogeneous.  Thus, it is 
important to account for uncertainty and spatial variability in a robust manner, and there are a 
number of promising techniques under development that have not yet been widely embraced by 
practitioners (e.g., Aly and Peralta, 1999; Gopalakrishnan et al., 2003; Guan and Aral, 2004; Bau 
and Mayer, 2007; Peralta, 2011).   
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Modeling Natural Attenuation 
 

The decision to switch from an aggressive remediation strategy to MNA or natural 
attenuation without monitoring requires an estimate of post-remediation plume development, 
including (1) the amount of plume expansion (if any) that would occur under MNA, (2) the 
“steady state” plume dimensions, and (3) the rate at which the resulting plume would be 
depleted.  Although complex groundwater flow fields can affect plume development under 
MNA, for many sites the dominant concerns are biogeochemical reaction processes, which 
depend on the aquifer transformation capacity and reaction rates for the contaminants of interest.  
Thus, a simplified one-dimensional steady flow field can often be assumed, which facilitates a 
closed-form analytical solution to the governing equations for an idealized plane source coupled 
with multi-solute transport and biodegradation (e.g., BIOCHLOR, Aziz et al., 2000).  Although 
widely used, the success of such screening models is dependent on accurate information 
concerning reaction rates, appropriate handling of the scale-dependent dispersion process, and 
accurate assessment of the source term, which is usually represented in terms of known 
contaminant concentrations or fluxes distributed over a vertical plane source.  Recently, the 
plane source concept has been extended to include the time-dependent mass flux from a DNAPL 
source zone based on a power function approach, as implemented in the REMCHLOR software.   

Screening models such as REMCHLOR represents a significant step forward in the 
practical application of the 14-compartment model, but its implementation emphasizes mass 
transfer from the source area to the transmissive plume.  The release of contaminants from other 
potentially problematic compartments, such as low-permeability zones and the sorbed phase, has 
not yet been studied sufficiently to support implementation of these processes in a screening 
mode.  In particular, the process of back-diffusion from the downgradient plume region is more 
difficult to conceptualize and approximate mathematically relative to source-zone release, as the 
geometry and history of the matrix diffusion process is more complex.  Furthermore, for both 
source and plume regions, the potential influence of nonlinear and/or rate-limited desorption has 
received less attention, although researchers have long recognized the potential influence of 
nonideal sorption processes (e.g., Brusseau and Rao, 1989; Ball and Roberts, 1991; Rabideau 
and Miller, 1994; Allen-King et al., 2002; Rivett et al., 2006).   
 

*** 
 

Predicting the trajectory of any remediation activity at complex sites (not just MNA) will 
require further research to clarify the conditions for which back diffusion and desorption are 
likely to be contributing factors in the plume zone, development of better characterization tools 
to establish the necessary initial conditions for modeling, efficient computational power to 
incorporate the limiting nonideal processes into contaminant transport models, and the careful 
design of field studies to evaluate the resulting predictive capability of the models. 
 
 

EMERGING REMEDIATION TECHNOLOGIES 
 

Although the pace of remediation technology development has slowed considerably since 
the most recent NRC evaluation of source zone strategies (NRC, 2005), a few emerging 
technologies are in various stages of testing and could eventually provide additional cost-
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effective tools for managing complex sites.  This section provides a snapshot of several emerging 
technologies, none of which, with exception of nanotechnologies, have received extensive field 
testing. 
 

The preponderance of research on nanoparticles used in groundwater remediation has 
focused on nanoscale zero-valent iron (nZVI) and zero-valent iron doped with a catalytic metal 
(such as palladium).  Contaminants amenable to treatment with nZVI include chlorinated 
methanes, ethanes, and ethenes (Lien and Zhang, 1999, 2005; Liu et al., 2005; Song and 
Carraway, 2005, 2006, 2008; Liu and Lowry, 2006), chlorinated phenols (Cheng et al., 2007), 
PCBs (Wang and Zhang, 1997), hexachlorocyclohexanes (Elliott et al., 2008), TNT (Welch and 
Riefler, 2008), nitrate (Sohn et al., 2006), perchlorate (Cao et al., 2005), chromate (Xu and Zhao, 
2007; Hoch et al., 2008), arsenic (Ramos et al., 2009), and heavy metals (ZnII, CdII, PbII, NiII, 
CuII, and AgI; Li and Zhang, 2007).  While the high surface area leads to high reaction rates, the 
nZVI particles tend to aggregate (Phenrat et al., 2007) when injected into the subsurface, which 
limits their transport in porous media (Hong et al., 2009).  For this reasons, much effort has 
focused on the development of surface coatings that allow the nZVI to be injected into the 
subsurface and reach the contaminated area.  

An EPA compilation of pilot- and full-scale tests with nZVI1

 

 shows concentration 
reductions in the target zone of 50 to 90 percent (but sometimes lower), and there was evidence 
of contaminant rebound once the nZVI is exhausted.  The location and amount of nZVI, flow 
rate, and DNAPL dissolution rate are all critical design parameters, such that emplacement of 
nZVI downstream of the DNAPL zone provides the best performance (Taghavy et al., 2010; 
Fagerlund et al., 2012).  This latter finding suggests that use of larger sized iron particles would 
be more cost effective unless the selectivity/lifetime of nZVI can be improved (Fagerlund et al., 
2012).  Overall, it appears that nZVI is best applied in limited situations to treat zones where the 
most contaminant could be removed in a short period of time.  It should be kept in mind that 
while nanoparticles show some promise for remediation of groundwater pollutants, nanoparticles 
may also present a future environmental risk (Wiesner et al., 2006) and require additional 
research regarding their fate, transport, and toxicity. 

For source zones that contain contaminants amenable to treatment with zero-valent iron, 
the in situ mixing of contaminated soil with zero-valent iron and clay (ZVI-clay) could afford 
two advantages: (1) the iron may accelerate the destruction of source zone contaminants, and (2) 
the clay may reduce contaminant transport from the source zone and redirect upgradient 
groundwater away from the source zone.  While conceptually straightforward, ZVI-clay has 
received limited field testing (Shackelford et al., 2005; Bozzini et al., 2006; Olson et al., 2012).  
However, if proven successful, the general approach could be tailored to other contaminants 
using different reactive media. 
 

The self-sustaining treatment for active remediation (STAR) technique has been 
proposed for treatment of creosote, petroleum hydrocarbons, and other combustible NAPLs.  
STAR is a controlled burning reaction (self-sustaining smoldering) that can be performed ex situ 
or in situ, even under fully saturated conditions.  A heating element is introduced to the NAPL 
and heated to the NAPL ignition temperature.  Air is then injected to initiate ignition.  The heat 
released then serves to heat NAPL farther away, and the combustion process continues as long as 
                                                 
1http://www.clu-in.org/download/remed/nano-site-list.pdf 
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sufficient air is supplied.  Although the approach is best suited to readily combustible 
contaminants, laboratory studies have shown up to 99.9 percent removal of coal tar or crude oil 
(Switzer et al., 2009; Pironi et al., 2011), with pilot scale tests ongoing2

 
. 

An alternative to traditional in situ chemical oxidation (ISCO) is the encapsulation of 
reactive agents in a permeable reactive ISCO barrier.  This allows the slow release of the 
oxidant over time, supporting nearly continuous treatment of the plume until the oxidant is 
exhausted (Ross et al., 2005; Luster-Teasley et al., 2010; Liang et al., 2011).  The release rate is 
dependent upon whether the design is based upon oxidant diffusion or erosion of the 
encapsulating polymer.  In some cases, both processes control the release rate.  The amount of 
oxidant added to the polymer matrix coupled with the release rate will both dictate its life cycle 
and effectiveness as an oxidant.  The major challenge in utilizing this technology is optimizing 
the dose of oxidant needed to degrade the target contaminant with a slow enough release rate to 
minimize frequent media replacement. 
 

In situ electrodes can be deployed for the sequential reduction and oxidation of 
contaminants (Wani et al., 2005, 2006) or for the generation of ozone (Vera et al., 2009).  The 
electrode approach allows one to change the potentials of a cathode and anode such that that the 
process responsible for the degradation of the contaminant of concern can be set to either 
reduction (e.g., production of hydrogen) or oxidation (e.g., generation of ozone or other reactive 
species).  The mode of operation is dependent upon the target contaminants; many halogenated 
substances are more amenable to reduction processes, while BTEX and PAHs are better suited 
for oxidation.  This approach was shown to be effective for the reduction of both RDX and TNT 
(Wani et al., 2006) and does not require the use of chemical additives.  The use of electrodes to 
produce ozone in situ (Vera et al., 2009) has an advantage over on-site ex situ ozone generators 
in that it is passive in nature, which circumvents the logistical difficulties of pumping ozone 
saturated water into the contaminated zone, and it can continuously generate ozone at the site, 
which maintains a constant level of oxidant.  None of these in situ electrode methods, however, 
has been tested at field sites, and both cost and scaling issues may be important. 
 
 

RESEARCH FUNDING 
 

As the focus at complex sites shifts from active remediation to long-term management, 
the development and effective deployment of appropriate concepts and tools may require a 
redirection of research efforts.  The majority of support for research applicable to groundwater 
remediation has been provided by federal agencies, particularly EPA, the DoD, the National 
Science Foundation (NSF), the Department of Energy (DOE), and the National Institute for 
Environmental Health Sciences (NIEHS).  The funding estimates shown in Table 6-1 were 
obtained primarily by searching public databases using appropriate keywords (e.g., groundwater, 
remediation, etc.) but, in some cases, considerable judgment was required to distinguish relevant 
remediation research from more general environmental programs.  Furthermore, some relevant 
projects were primarily focused on non-groundwater issues such as sediment remediation.  It 
should be noted that other federal agencies not shown in Table 6-1, such as the U.S. Geological 
Survey (USGS), occasionally fund projects that have relevance to groundwater remediation (e.g., 
                                                 
2http://star.siremlab.com 
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the USGS Water Resources Institutes).  Although the Committee found it difficult to quantify 
historic research funding specifically applicable to groundwater remediation, its opinion is that 
such funding has generally declined over the past decade, with the single exception of the DoD.  
Additional details related to the primary agencies are given below.   
 
 
TABLE 6-1  Federal Research Funding for Groundwater Remediation. 

Federal Program Estimated Cumulative 
Funding ($M) 
(1996–2011)a 

Number of Projects 
(1996–2011)a 

Department of Defense 315 250–300 
National Science Foundation (HS) 2–4 < 10 
National Science Foundation 
(CBET) 

25 80–110 

Department of Energy  
(including actinide research) 

138 200 

Environmental Protection Agency 
(including ten Hazardous 
Substance Research Centers) 

14 85 projects plus centers 

National Institute for 
Environmental Health Sciences 

500–800b Unknown 

a Estimated by the Committee through searches of public databases. 
b The $500-800 million in research funding for NIEHS was primarily for research on human health impacts of 
contaminant exposure.  Although relevant to groundwater remediation, the funding was not specifically directed to 
groundwater-specific contamination issues, and is thus not directly comparable to the other federal programs. 
 
 

DoD’s primary research mechanism is its Strategic Environmental Research and 
Development Program (SERDP) and Environmental Security and Technology Certification 
Program (ESTCP).  SERDP, in partnership with EPA, supports a wide range of projects related 
to DoD-generated environmental issues, including diverse topics such as ecosystem effects to 
innovative subsurface remediation strategies.  ESTCP constitutes DoD’s environmental 
technology demonstration program and involves no other federal partners. 

Relevant NSF programs include the Division of Geosciences program in Hydrologic 
Sciences (HS), and several programs within the Division of Chemical Bioengineering, 
Environmental, and Transport Systems (CBET).  Much of the Hydrologic Sciences research is 
focused on nano- to global-scale hydrologic and/or chemical processes.  A review of this 
database yielded only a handful of projects that deal directly or indirectly with groundwater 
remediation over the past decade.  Significantly more projects related to subsurface 
remediation/characterization have been funded through the NSF Division of Chemical 
Bioengineering, Environmental, and Transport Systems to address the development of tools for 
understanding contaminant behavior in the subsurface and remediation strategies.  While the 
cumulative funding is significantly more than for the Hydrologic Sciences, the annual average is 
on the order of $1.4 million/year for remediation-focused research, with some projects 
addressing contaminants that are not the primary drivers for complex hazardous sites. 

DOE funding for research on subsurface contamination is currently administered through 
the Office of Biological and Environmental Research.  While a large number of proposals have 
been funded through this office, many of the projects are focused on actinide and inorganic 
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contaminants, with fewer projects focused on chlorinated solvents and hydrocarbons, although a 
large number of funded projects have addressed microbial activity in the subsurface.  Most of the 
sponsored research is conducted at the National Labs (e.g., Oak Ridge, Pacific Northwest), often 
in conjunction with academic partnerships.   
 EPA has funded research on groundwater remediation through a variety of mechanisms, 
including its Science to Achieve Results (STAR) basic research program, several agency 
research laboratories, and externally funded Hazardous Substance Research Centers (which have 
been discontinued).  The available database records were insufficient to provide more than an 
approximate estimate of overall funding levels across the external programs and it was difficult 
to distinguish in-house research from those projects awarded to universities. 

Since 1987, NIEHS has operated the Superfund (Basic) Research Program, which is 
similar to the EPA Hazardous Substance Research Centers program in that it supports the 
operation of stand-alone research centers.  Remediation-oriented projects have received a very 
small fraction of the overall funding, which has been largely directed toward human health rather 
than technology research.   

In addition to federal agencies, some research funding for subsurface science and 
technology has been provided by State agencies and the private sector.  In general, individual 
corporations fund both internal and external programs to address specific challenges important to 
fulfilling their obligations to protect human health and the environment via remediation.  
Contracting strategies vary from site-specific feasibility experiments to university contracts of 
sufficient duration to support full Ph.D. programs, often targeting basic “first-principles” 
research.  As U.S. government research funding has declined, corporate research programs have 
sought international partners to provide matching funds, such as the Source Area in situ 
BioREmediation (SABRE) program centered in the United Kingdom. 

It is important to note that research investments by government agencies and the private 
sector have yielded several innovative approaches to site remediation such as ZVI, ISCO, and 
thermal methods.  Nonetheless, given budget constraints facing both government agencies and 
companies that fund remediation research, the development of more effective treatment 
technologies is likely to occur at a much reduced pace.  Some private sector organizations are 
working with universities to pursue targeted and applied research on new solutions to legacy site 
issues.  In addition, companies selling products and services in the remediation business continue 
to develop innovative technical strategies and products to improve all components of 
groundwater remediation.  Whether this level of funding and other market-driven technical 
innovations will be sufficient to address the challenges of long-term management is uncertain.  
Other consequences of the lack of government funding are a reduction in support of graduate 
programs and the migration of students away from the remediation field.  This may lead to a 
shortage of qualified personnel over the next decade to respond to the long-term management 
issues of these complex sites. 
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

Many complex federal and private industrial facilities with contaminated groundwater 
will require long-term management actions that could extend for decades or longer.  
Technological developments can aid in the transition from active remediation to more passive 
strategies and provide more cost-effective and protective long-term management of complex 
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sites.  Further improvements in long-term site management are likely to emphasize more cost-
effective containment, new diagnostic tools for performance and compliance monitoring, and 
modeling strategies that can be used for decision making.  The following conclusions and 
recommendations are offered.  
 

Long-term management of complex sites requires an appropriately detailed 
understanding of geologic complexity and the potential distribution of contaminants among 
the aqueous, vapor, sorbed, and NAPL phases, as well as the unique biogeochemical 
dynamics associated with both the source area and the 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 the 
distribution of contaminants between different subsurface zones or compartments (as described 
by the recently proposed conceptual 14-compartment model).  Management 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 other 
remediation technologies should be expanded to integrate compound-specific isotope 
analysis and molecular biological methods with more conventional biogeochemical 
characterization and groundwater dating methods.  The development of molecular and 
isotopic diagnostic tools has significantly enhanced the ability to evaluate the performance of 
degradation technologies and monitored natural attenuation at complex sites. 
 

Mathematical models are increasingly important tools for key decision points in the 
management of complex sites, despite the inherent difficulty in predicting the time-to-
complete remediation.  In particular, the use of more realistic models that can account for 
processes that significantly decrease the rate of mass removal during remediation is critical for 
deciding whether to transition to active or passive long-term management.  The implementation 
of site-specific models is often constrained by the lack of spatially detailed information about 
contaminant distributions and/or reaction processes.  While modeling predictions will always be 
subject to uncertainty due to the inherent limitations in site characterization and the high degree 
of heterogeneity, accurate models can bound the likely time frames for restoration and provide 
another line of evidence needed to make decisions on the ultimate disposition of 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: 
 
 Remediation Technology Development.  Additional work is needed to advance the 

development of emerging and novel remediation technologies, improve their performance, 
and understand any potential broader environmental impacts.  A few developing remediation 
techniques 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. 
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 Tools for Characterizing Complex Subsurface Conditions.  More refined concepts and 
tools are needed to better delineate and manage localized contamination associated with the 
processes of back-diffusion and desorption, complex geologic environments, and aquifer 
transformation capacity.  These include better characterization of subsurface media to assess 
the magnitude of back diffusion and desorption processes and to identify the type and 
abundances of naturally occurring reactive chemical species and microorganisms that are 
involved in natural biodegradation processes.   

 
 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. 

 
 Molecular Biological Tools and Databases.  Robust databases are necessary to conduct 

molecular biological analyses for various contaminant degradation pathways, in conjunction 
with further refinement of field sampling protocols.  There is also a need for better methods 
of protein extraction from environmental matrices, as well as more cost effective methods to 
detect specific peptides that do not require knowledge of the exact gene sequence.  For CSIA, 
data analysis tools for enrichment factors should be expanded to address a wider range of 
groundwater pollutants at low concentrations and should consider the effects of 
bioavailability and mass transfer limitations.   

 
 Modeling.  Additional targeted modeling research and software development that will 

benefit the transition of sites from active remediation 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 modeling 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 pertinent federal agencies will be capable of providing the funding and other 
support for the fundamental research and development that is necessary to meet the challenges 
facing complex sites.  A comprehensive assessment of future research needs, undertaken at the 
federal level and involving coordination between federal agencies, would allow research funding 
to be allocated in an efficient and targeted manner. 
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7 
 
 

Better Decision Making During the Long-term Management 
of Complex Groundwater Contamination Sites 

 
 
 

This chapter builds on the lessons learned in the earlier chapters of this report and focuses 
on recommendations that encourage better decision making during the post-remedy-selection 
phase of remediation at complex groundwater sites (as opposed to Chapter 3, which focuses 
primarily on the original remedy selection process).  This focus is critical because the Committee 
has concluded that regardless of the remedial technologies applied at complex sites, removal of 
sufficient mass to reduce contaminant concentrations in groundwater to levels that allow for 
unlimited use/unrestricted exposure is unlikely for many decades.  Furthermore, no 
transformational remedial technology or combination of technologies appears capable of 
overcoming the inherent technical challenges to restoration at these complex sites.  Rather, the 
nation’s cleanup programs are transitioning from remedy selection into remedy operation and 
long-term management (LTM), potentially over long timeframes.  The implications of the 
limitations of existing technologies to attain unlimited use/unrestricted exposure levels 
throughout the impacted aquifer should be more fully reflected in the decision-making process 
used in existing cleanup programs and should be recognized earlier in the regulatory cycle of 
these complex sites.  

Better decision making is needed at key points in the life cycle of a complex groundwater 
contamination site to address issues that frequently arise, including (1) what is a “reasonable 
time frame;” (2) what is the definition of contaminant removal “to the maximum extent 
practicable;” (3) when should active remediation at a complex groundwater site be transitioned 
to a passive remedy, such as monitored natural attenuation (MNA) or natural attenuation (NA); 
and (4) can consensus be reached on a “diminishing returns” concept applied to the performance 
of active remedies for groundwater cleanup at complex sites? 

This chapter provides a series of recommendations that, in the judgment of the 
Committee, will accelerate the transition of a site to one of three possible “end states,” where this 
term simply means a state where long-term management will be implemented if required.  These 
“end states” are (1) closure in which unlimited use/unrestricted exposure levels have been 
attained (presumably no long-term management will be required at such sites, although even 
these sites can be subject to reopeners should conditions change); (2) long-term passive 
management (e.g., using MNA, NA, physical containment, PRBs, institutional controls, or some 
combination thereof), and (3) long-term active management (e.g., indefinite hydraulic 
containment using pump and treat or other active remedies requiring continuous operation).  
Complex sites under both passive and active long-term management could eventually transition 
to the closure end state, but the time frame extends many decades into the future.   

The acceleration of this transition to one of three end states is premised on using 
remedies that are fully protective of human health and the environment in combination with 
more rapid acceptance of alternative end states other than clean closure, taking risk reduction, 
life cycle costs, and technical feasibility into account.  The transition of a site to either passive or 
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active long-term management must be accomplished in a manner that is transparent, reduces 
long-term risks to an acceptable level, and is practical and cost-effective, among other goals. 
 
 

SETTING THE STAGE 
 

All complex contaminated groundwater sites will ultimately transition from investigation, 
through remedy selection, implementation and operations, to long-term management and 
ultimately (without any time frame constraint) to attainment of unlimited use/unrestricted 
exposure goals.  If these concentration levels have not been achieved after some reasonable time 
period, a site will require long-term monitoring and management under either passive remedies 
such as MNA or an active remedy such as pump and treat.  The number of complex sites where 
achieving unlimited use/unrestricted exposure goals within a reasonable time frame is unlikely is 
not known precisely, but as discussed in Chapter 2 is estimated to be in the range of 12,000 sites 
and may be much higher. 

Over more than 30 years of remediation experience at contaminated groundwater sites 
following the passage of federal statutes (CERCLA and RCRA) and state regulations have 
shown that the duration of the cleanup process—from initial discovery of contamination to 
installation of “final” remedies (as opposed to interim actions designed to eliminate imminent 
threats)—can take 10 to 25 years at complex sites.  If during this time interim actions have not 
halted or substantially slowed the migration of contamination, contaminants can spread both 
laterally and vertically, making the site even more difficult and costly to address.  A desire to 
transition more quickly from remedy operation to some final end state was expressed frequently 
to the Committee over the last two years.  In particular, many of the DoD personnel expressed 
frustration over the long time frames and financial demands resulting from continued delays in 
decision making at key points in the remedial process.  A reduction in these time frames is 
desired during many phases of cleanup, not just between remedy operation and the transition to 
long-term management or actual closure, but also between initial site characterization and 
remedy selection and in the period subsequent to remedy implementation during which the 
effectiveness of the remedy is assessed. 

Accelerating decisions throughout the cleanup process is difficult for a number of 
reasons, as many initiatives undertaken in the past have made clear (Clean Sites, 1990; DOE, 
1998; EPA, 2011a; various ITRC documents).  First, the investigatory process is inherently 
difficult, expensive, and may not result in an accurate conceptual model of the site, at least 
initially.  There are uncertainties and subjectivity in selecting the appropriate technologies for 
site characterization and remediation, including differing perspectives over the intensity of data 
collection and its timing and cost-effectiveness.  Second, there can be disagreements among 
potentially responsible parties, the States and even within the ten EPA Regional offices over the 
appropriate risk management approach to take at an individual site (i.e., how much aggressive 
source removal is warranted when considering the time to reach groundwater cleanup goals and 
the high costs of such actions).  Third, when residual contamination is left in place, stakeholders 
have increasingly argued for remedy modification to accelerate risk reduction, to consider more 
recently developed sustainability metrics, or to address previously unknown risks such as 
exposure to volatile chemicals via vapor intrusion (see Chapters 5 and 6). 

In addition to reducing the time to reach cleanup goals, potentially responsible parties 
(PRPs) such as the DoD strive to minimize life-cycle costs at these complex sites.  Some 
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estimates of future costs for site cleanup exceed $300 billion (in 2004 U.S. dollars) (EPA, 2004).  
As discussed in Chapter 2, the Committee’s upper estimate of $127 billion (see Chapter 2) is 
likely an underestimate of future liabilities.  At the same time, severe budget constraints at the 
federal and state levels have led to the need for prioritization of resource expenditures to ensure 
that the greatest risks at contaminated sites are mitigated and that long-term containment of 
contamination is achieved to ensure no unacceptable risks to human health and the environment.  
In this context, the DoD in particular has established aggressive goals to reduce costs at the 
majority of their sites (Conger, 2011; Yonkers, 2011).  Based on the experience of some 
Committee members, private sector PRPs with large portfolios of complex groundwater sites 
have also established strategies to accelerate cleanup, with a goal of reducing life-cycle costs.  
Strategies have included setting up separate companies responsible for remediation of legacy 
sites, or outsourcing the management of complex sites through the use of experienced program 
management companies that oversee remediation. 

Innovation would be particularly helpful in three areas of decision making.  The first is 
making decisions in a more prompt manner, as delays result in higher transaction costs and 
increase the risks of ineffective interim remedies.  Second, better decision-making requires better 
metrics for demonstrating progress—based not upon regulatory milestones, but upon 
quantifiable, transparent metrics of remedial performance and human health risk reduction.  
Third, the decision on when to transition to long-term management should be formally 
recognized as the point where further active remediation results in little or no decreases in 
contaminant concentration, and the unit cost of the remedy increases much faster than the 
reduction in contaminant concentrations.  The benefits of improved decision making at complex 
sites may include (1) reduction in the duration between decisions in the cleanup process, (2) cost 
savings at particular sites; (3) more rapid restoration of impaired groundwater resources, thereby 
allowing unrestricted use of at least some portions of a site; (4) more rapid mitigation of 
exposure pathways while long-term strategies are being considered; and (5) minimizing the long-
term risks and financial burdens, to the public and PRPs, associated with groundwater sites 
where residual contamination is likely to persist for long time frames.  Of course, not all of these 
benefits can be simultaneously realized. 
 
 

EPA’s Existing Site Remediation Process for Groundwater 
 

EPA recently summarized its existing guidance for restoring contaminated groundwater 
(EPA, 2011b).  While its groundwater restoration Road Map focuses on CERCLA, EPA has 
stated elsewhere that the methodology also applies to groundwater remediation under the RCRA 
Corrective Action program (see Chapter 3).  Figure 7-1 shows the current EPA decision 
framework, which includes five key decision points (diamonds in the figure): (1) determine if 
selected remedy is viable, (2) post operations, determine if operational data are sufficient to 
evaluate performance of the remedy, (3) determine if achievement of the remedial action 
objectives (RAOs) in the record of decision (ROD)—usually defined as restoration where 
groundwater is a potential source of drinking water—can be achieved or not, (4) if restoration is 
likely, determine whether in fact RAOs have been achieved, and (5) if restoration is unlikely, 
evaluate whether alternative technologies can overcome the restoration limitations of the 
technologies included in the ROD.  In the event that available and demonstrated technologies 
cannot meet RAOs, a Technical Impracticability (TI) waiver can be granted.  The transition to 
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site completion thus requires modification of the RAOs, possibly modification to the remedy, 
and continued evaluation and assessment of an active remedy.  There is, however, no discussion 
of a transition to passive or active long-term management.  In the opinion of the Committee, lack 
of guidance on this transition is unfortunate given the likelihood that many contaminated 
groundwater sites pose technical challenges that will not allow for achievement of unlimited 
use/unrestricted exposure throughout the entire contaminated aquifer for many decades. 
 

 
FIGURE 7-1  EPA recommended process for restoring contaminated groundwater at Superfund 
Sites.  SOURCE: EPA (2011b). 
 
 
 
AN ALTERNATIVE DECISION PROCESS FOR CONTAMINATED GROUNDWATER 
 
 The EPA Road Map includes a process to monitor performance of the remedy and 
conduct regular (every five years) reviews of the adequacy and protectiveness of the remedy, 
considering new information if available.  Similarly, under the RCRA corrective action program 
continued operation of the industrial facility requires approval of a permit that will include 
necessary monitoring and reporting requirements where contamination remains on site, as well 
as verification that remedies are meeting such requirements as eliminating off-site contaminant 
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migration1.  Many Superfund facilities have now been through multiple five-year reviews, 
although statistics on the average number of five-year reviews or the number of non-Superfund 
sites that have received similar regulatory reviews are not readily available.  Given the lengthy 
life-cycle of these complex sites (and associated costs), the development of an alternative process 
for addressing groundwater contamination is warranted that accounts more explicitly for the 
likelihood of residual contamination and provides sufficient engineering and legal controls to 
ensure that exposure risks are below acceptable limits.  An alternative decision process is shown 
in Figure 7-2. 

 

 
FIGURE 7-2  Key decisions for complex sites with groundwater contamination. 
 
 

Initial Steps of the Alternative Decision Process 
 

Figure 7-2 includes the processes currently followed at all sites regulated under CERCLA 
and at many complex sites regulated under other federal or state programs (RCRA Corrective 
Action or state Superfund sites), but it provides more detailed guidance for sites where 
recalcitrant contamination remains in place at levels above those allowing for unlimited use and 
unrestricted exposure.  The first two decisions in Figure 7-2, shown as diamonds, come after a 
remedy is in place as directed in the ROD.  These diamonds represent two key questions that  
  
                                                          
1http://www.epa.gov/epawaste/hazard/correctiveaction/index.htm. 
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must be answered (usually during the five-year review): (1) is the remedy protective of human 
health and the environment (considering all exposure pathways, including vapor intrusion), and 
(2) have maximum contaminant levels (MCLs) or other RAOs been met at the designated 
point(s) of compliance (POCs).   

With respect to remedy protectiveness, EPA’s five-year review guidance (EPA, 2001a) 
states that “if the risk associated with the cleanup levels currently being achieved by the remedy 
are within EPA’s acceptable risk range, the remedy generally should be considered protective.”  
Protectiveness may be demonstrated through a variety of means including a human health risk 
assessment that demonstrates site risks for all exposure pathways fall within EPA’s acceptable 
risk range of 10-6 to 10-4, interruption of exposure pathways, and other measures.  Based on the 
experience of the Committee, designation of a CERCLA remedy as “not protective” during the 
five-year review is relatively infrequent and when it does occur, action is eventually taken.  The 
MEW Superfund facility in Mountain View, California, is an example of a site that was 
considered “protective” through one five-year review cycle until 2009, when the remedy was no 
longer considered protective because of newly identified human health risks from vapor 
intrusion.  Similar cases may arise elsewhere as the potential risks from vapor intrusion become 
better understood.   

With respect to the second decision, there are certainly instances where sites regulated 
under CERCLA have reached the level of unlimited use/unrestricted exposure at the points of 
compliance, but as discussed in Chapter 2 many of these sites were listed early in the program’s 
history and likely did not have significant contamination to begin with.  A larger number of these 
delisted sites have persistent groundwater contamination (see Chapter 2).  For complex DoD 
sites, few have achieved unlimited use/unrestricted exposure levels in groundwater.  Thus, at 
many groundwater sites the answer to this second question will be “no,” leading to the third 
decision. 
 
 

Has an Asymptote been Reached? 
 

Figure 7-2 begins to diverge from the EPA Road Map for remediating groundwater at 
complex sites at the third decision point, which asks whether an asymptote, or a point of 
diminishing returns, has been reached in the benefits gained by applying the current remedy, 
considering both time and cost.  The benefits metrics considered here are derived from the 
cleanup objectives for the site and might include reductions in groundwater or indoor air 
concentrations, shrinking of the dissolved plume footprint, reductions in source zone mass, or an 
increase in the potential beneficial uses of the site and any affected resources (e.g., aquifers and 
surface water bodies). 

Remedy performance is typically reported on a quarterly schedule and may include data 
collected at daily or weekly intervals.  This provides sufficient data to adjust and optimize 
systems on monthly to quarterly time frames and to assess, on annual time frames, if operation of 
the remedy continues to provide significant benefits.  Given this context of typical data 
monitoring and reporting cycles, the question of whether an asymptote has been reached can be 
rewritten as “given their current trends, will there be significant changes in the benefits metrics 
(e.g., groundwater concentrations) over the next 12 months and after another five years of 
remedy operation?”  The 12-month and five-year periods are relevant and practical because they 
represent a reasonable minimum future projection period given typical data sets and the 
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mandated CERCLA five-year review cycle, respectively.  The Committee’s experience with 
complex sites suggests that there will be few cases where optimal remedy implementation 
reaches asymptotic conditions in less than 12 months. 

Answering the question of “will there be significant changes in the benefits metrics over 
the next 12 months and after another five years” will involve professional technical judgment, 
input from all stakeholders, and consideration of the legal framework.  Discussion will likely 
center on the definition of “significant changes” for the benefits metrics.  It should be noted that 
this question is only relevant in cases where there is groundwater contamination above levels 
allowing for unlimited use and unrestricted exposure and only in cases for which remedy 
optimization has already occurred. 

Some of the monitoring tools mentioned in Chapter 6 could be particularly useful for 
determining whether a site has reached an asymptote, such as compound specific isotope 
analysis.  For example, if contaminant concentrations were found to be steady (or even 
decreasing), and isotopic signatures were not changing along the treatment gradient, it would 
suggest that no further degradation is occurring (i.e., concentrations are too low for 
biodegradation to operate or the transformation capacity of the aquifer has been exhausted).  In 
that case, it would suggest that the remedy is no longer having an effect and that the point of 
diminishing returns had been reached.  Other examples discussed in Chapter 6 include the 
application of diagnostic tools to measure reductions in mass flux/mass discharge from source 
areas, which could also be used to assess whether asymptotic limits have been reached. 
 It should be noted that while a clear, purely technical trigger for determining when the 
asymptote has been reached would be desirable, this decision must be made in the context of the 
legal framework within which the site is managed and the sometimes competing stakeholder 
interests.  Regulators and impacted communities are often unwilling to accept that a remedy will 
not reach its objectives in a certain time frame.  However, it is generally the experience of the 
Committee that stakeholders will understand the technical limitations of the remedy provided 
that such discussions are conducted in a transparent manner (see further discussion of 
stakeholder interactions later in this chapter).  Furthermore, the Committee has observed that 
members of affected communities do not support the indefinite expenditure of resources on 
activities that do little or nothing to reduce risk.  Thus, the asymptote analysis is not just a 
valuable decision-making tool, it is also a vital part of communicating the challenge of 
groundwater remediation to the public. 

The paradigm embodied in Figure 7-2 strikes a balance between deciding not to 
undertake any risk reduction efforts as part of the original remedy because of the impracticability 
of attaining drinking water standards at complex sites versus continuing to expend extensive 
resources when further remedial work provides no substantial incremental risk reduction (as 
measured by decreases in contaminant concentration or other appropriate benefits metrics). 
 
 

The Transition Assessment 
 

For sites that have reached an asymptote, Figure 7-2 leads to a transition assessment.  The 
transition assessment is envisioned as an analysis similar to a focused feasibility study that 
considers alternatives for site management—choosing a new remedy or transitioning to long-
term management (such as monitored natural attenuation) or the other alternative approaches 
outlined in Chapter 3 and ESTCP (2011).  For each of the possible alternatives, the transition 
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assessment considers the nine remedy selection criteria of CERCLA or similar criteria 
established under other regulatory regimes, particularly the risk of any residual contamination 
expected to remain in aquifers that are not likely to be restored; costs such as life-cycle costs and 
the marginal costs of remediation compared to the level of risk reduction achieved; and state and 
community acceptance.  Although the actual decision making occurs at the same time through 
comparison of the alternatives, for simplicity we begin first with a discussion of whether a new 
remedy is warranted, followed by the transition to long-term management.  Risk and cost 
considerations are also detailed here, while stakeholder concerns are presented in a subsequent 
section. 

The transition assessment is partly a response to the ongoing debates regarding the cost 
effectiveness of remedies at complex sites that have been operating for several years.  Although 
some additional costs will be incurred to conduct the transition assessment, it is anticipated that 
if the paradigm in Figure 7-2 is followed, overall life-cycle costs will be reduced while 
maintaining the goal of protecting human health. 
 
 
Is a New Remedy Warranted? 
 
 When asymptotic conditions have occurred and concentrations remain above MCLs or 
other restoration goals, an evaluation is required of whether modifications to or replacement of 
the existing remedy are warranted.  This decision must be consistent with the legal requirements 
in existing consent orders or settlements (as well as existing remedy selection criteria).  Where a 
non-federal PRP has entered into a legally binding agreement, this agreement generally provides 
a legal release from future cleanup liability if the PRP implements the original remedy selected 
for the site and the remedy remains protective.  Thus, at such sites the decision would proceed to 
the question about passive management without consideration of whether a new remedy is 
warranted. 

Regulators and PRPs may agree to modify the mandates in existing regulatory 
instruments (e.g., an administrative order or settlement) to include consideration of alternative 
remedies.  This may be desirable where a private company is trying to follow a new internal 
policy (e.g., a sustainability policy), or where the application of a new remedy is likely to attain 
drinking water standards and the incremental cost is less than the existing remedy.  Similarly, if 
attaining drinking water standards will contribute to making the area more likely to be 
redeveloped, a company may agree to perform a new remedy even if the cost of implementing 
the new remedy exceeds the cost of the existing remedy.  There is no legal release provided in 
the federal facilities agreements that govern cleanup at DoD sites.  Governmental PRPs may 
decide as a matter of agency policy, or be ordered by States, to perform additional remedial work 
in the appropriate circumstances.   

In cases where the site does not have a legal release, one question to be asked is, “is a 
new remedy warranted based on the original CERCLA or State remedy selection criteria?”  The 
answer to this question could be “yes” if a new technology has been recently developed that 
could address the contamination more effectively (i.e., significantly reduces the time frame to 
achieve restoration compared to the remedies considered during the initial feasibility study), and 
is cost-effective and practical (see Chapter 3 for a more complete discussion of remedy selection 
criteria).  The Committee expects that a new remedy might be warranted where its 
implementation would achieve drinking water standards in a significantly shorter period of time, 
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the technology is clearly feasible, and the total incremental life-cycle costs of a new remedy are 
less than the continued costs of the existing remedy.   

The answer to the question could be “no” if it is determined, based on balancing all the 
remedy selection criteria, that aquifer restoration using an active remedy is unlikely within a 
certain time frame (say 100 years).  For example, if a new remedy were predicted to reduce 
contaminant concentrations in groundwater to drinking water standards in 1,000 years versus 
10,000 years, the answer to the question would be “no.”  Predictive numerical models of the type 
described in Chapter 6 are critical to answering such questions.  Furthermore, this approach must 
be tailored by the relevant regulatory agencies to conform to existing statutes and regulations.  If 
no new remedy is warranted, the transition assessment for such a site would then determine 
which of the two long-term management end states would be preferable. 

The Southeast Industrial Area (SIA) on the Anniston Army Depot is an example of a site 
where the questions in Figure 7-2 have been variously tackled, but the physical complexities in 
the subsurface at the SIA and disagreements over the applicability of a TI waiver have resulted in 
lengthy delays in agreeing on a final remedy for the site.  As discussed in Box 7-1, human health 
exposure due to TCE releases from the site has been eliminated by the use of well-head treatment 
at the point of exposure (water supply source), and yet migration of the TCE in groundwater is 
not under control and thus the remedy is not fully protective as noted in a recent five-year review 
(EPA, 2010a).  A focused feasibility study was recently conducted to compare alternative 
remedies, including combinations of enhanced groundwater extraction, additional use of in situ 
oxidation technologies, enhanced bioremediation, and land use controls, among others.  
Modeling of the potential performance of the alternatives predicted time frames for reaching 
groundwater cleanup goals ranging from 1,233 to 10,000 years (neither end of which is likely to 
be considered “reasonable”).  Furthermore, attempts to negotiate a TI waiver for TCE in a 
portion of the site were rejected by regulators.  The current status of the site following 
completion of the focused feasibility study appears to be preparation of an interim ROD, which 
will require implementation of an in situ bioremediation remedy to achieve revised remedial 
action objectives for the site.  The path to a final ROD is uncertain at this time (Laurie Haines-
Eklund, AEC, personal communication, 2012). 
 
 
Consideration of Costs during the Transition Assessment 
 

The issues discussed in Chapter 3 concerning the consideration of cost in the remedy 
selection phase are likely to arise during the transition assessment, particularly the question of 
whether to use a broader range of discount rates in calculating costs.  For example, the current 
present value of costs could be recomputed using the opportunity cost of capital discount rate 
that is appropriate at that time.  (As in Chapter 3, the Committee is not advocating for any 
particular discount rate; the choice of discount rate is based on balancing various policy 
considerations including statutory requirements).  Costs for the various future alternatives—
MNA, other passive management, continued or new active management—could then be 
compared to one another on a common economic basis. 

With respect to the methods used to estimate the costs of the various alternatives, 
probabilistic cost models could be considered for estimating remedial and operation/maintenance 
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Box 7-1  Anniston Army Depot, Anniston, Alabama 

 
The Anniston Army Depot (ANAD) is an active military facility that occupies 15,200 acres in 

northeastern Alabama.  The storage, maintenance, and industrial functions of ANAD have generated solid 
and liquid wastes including metals, pesticides and herbicides, chlorinated and petroleum hydrocarbons, 
and solvents, among others.  From the 1940s through the late 1970s, wastes were disposed of on-site in 
trenches, lagoons, landfills, and other surface impoundments.  Since 1976, investigations have focused on 
contamination of shallow groundwater at the facility and off-site groundwater by chlorinated solvents and 
metals.  The contaminant source areas are the Landfill Area, Trench Area, Northeast Area, and Southeast 
Industrial Area (OU1), which are underlain by a residuum layer and bedrock.  The total mass of TCE in 
groundwater is estimated to range from 3.6 to 27.1 million pounds, 87 percent of which is in the residuum 
lithologic unit (Malcolm Pirnie, 2006; SAIC, 2005).  In addition, over 99 percent of the total TCE mass is 
present as DNAPL.  TCE and other contaminants continue to migrate vertically and horizontally from the 
source areas, impacting groundwater.  The primary receptor is Coldwater Springs, a prolific natural spring 
supplying potable water to the City of Anniston, Alabama.  

The 1991 interim ROD required a groundwater extraction and treatment system known as the 
Groundwater Interceptor System (GWIS).  An air stripping system is removing TCE to levels below 
drinking water standards (i.e., less than 5 g/L) at the springs.  However, in the most recent five-year 
review (EPA, 2010a), EPA determined that the interim remedy at OU1 is not protective because the on-
site pump and treat system is not significantly reducing the extent or mobility of TCE contamination in 
the groundwater.  Possible exposure to contaminants in Coldwater Springs water is unlikely if the 
treatment system is operating, and regular monitoring continues to show that TCE is effectively removed 
by the air stripper (EPA, 2010a). 
 Given the large amount of TCE DNAPL present at this site, the inability to locate the 
contaminant transport pathways between OU1 and Coldwater Springs, the technical difficulties in 
restoring the groundwater quality beneath the site, and the complex lithology in the subsurface, the Army 
applied for a TI waiver to replace the RAO of achieving the TCE MCL throughout the aquifer system.  
However, because the current interim remedy is considered “not protective”, the waiver was denied and 
additional efforts have been made by the Army, under direction from EPA and the State of Alabama, to 
remove greater quantities of TCE and other compounds from the subsurface.  
 The Army’s 2011 Focused Feasibility Study (Tetra Tech, 2011) evaluated enhanced pump and 
treat and bioremediation for their estimated time to achieve RAOs in the groundwater compared to the 
present remedy, using solute flow and transport models (Modflow, Remchlor, and MT3D).  The predicted 
time for the TCE to reach the MCL ranged from 1,233 years to over 10,000 years for the various 
alternatives.  Estimated net present values costs for applying the two alternative strategies are 
approximately $17 million and $21 million (in 2011 dollars), respectively.  Another interim ROD is 
expected soon. 

ANAD exhibits many characteristics of complex sites—complex hydrogeology, large quantities 
of DNAPL, continued uncertainties in establishing the exact pathways of contaminant transport, and very 
long time frames to achieve restoration.  In addition, the site is affecting a critical water supply, but these 
impacts have been mitigated through the installation of air stripping to meet drinking water standards.  
The continued use of the air stripping system does pose risks to the consumers, but these risks can be 
mitigated through proper monitoring and operation of the treatment system.  Finally, because the interim 
remedy was not protective, alternatives were evaluated that appear to be capable of reducing the mass 
discharge of TCE to the major receptors.  However, the estimated time of remediation greatly exceeded 
100 years, and it is thus difficult to determine the benefits of choosing any alternative compared to 
continued operation of the pump and treat system at Coldwater Springs.  As long as the interim remedy is 
deemed “not protective”, additional remedial efforts will be required to meet revised RAOs for the site. 
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costs and potential environmental liabilities (e.g., see Hayes et al., 1996).  This approach 
identifies a range of statistical probabilities to address the uncertainty of critical issues faced 
during remediation, including not only the extent of contamination, but also construction, 
operation and maintenance, and legal/regulatory risks that may occur.  The approach generates 
ranges for the median costs, fair value, and other parameters as a probability-weighted average 
for several possible scenarios. 

This reevaluation of costs during the transition assessment is relevant for several reasons.  
First, existing costs represent a sunk investment and the relevant questions deal with the best 
path forward from the current point in time.  Second, initial remedy selection is based on 
projected risk reductions and projected costs, both of which could be wrong.  Third, economic 
conditions change and might make remedy implementation more or less costly.  Finally, failing 
to do this assumes that the present value of costs is fixed at the time of the ROD.  Indeed, by 
allowing the cost analyses to adapt through time, one can better inform any remedial actions that 
might be undertaken.  Such updating of costs would occur during a transition assessment or 
during the five-year review if the remedy was found not to be protective.   
 
 
Risk Assessment as Part of the Transition Assessment 
 

The transition assessment provides an opportunity to reevaluate site risks above and 
beyond what would normally occur during a five-year review.  When new information becomes 
available that would indicate the remedy may no longer be protective, such as new toxicity 
information that indicates greater chemical toxicity, the development of new health-based criteria 
(e.g., MCLs), or the identification of new exposure pathways (see Chapter 5 and the MEW case 
study), this is supposed to be reflected in five-year review reports.  Under RCRA corrective 
action, such changes might trigger modifications to the existing Part B permit for operating 
industrial facilities.  Such considerations can indicate the need for additional actions if a remedy 
is no longer protective.  However, because the five-year review focuses primarily (if not solely) 
on lack of protectiveness, the risk analyses that occur during a typical five-year review provide 
an incomplete understanding of risks posed at a site presently and in the future.  A transition 
assessment would instead include more comprehensive risk assessment, including: 

 
 Better understanding of risk reductions as predicted in the ROD compared with actual 

risks reduced from ongoing remedial activities.  Evaluation of both individual risks and 
population risks could be conducted (see Chapter 3). 

 Risks associated with various future alternatives—passive management, MNA, continued 
or new active management.  These risks could be compared to one another, in terms of 
the magnitude of the relative risk reduction and the time scale to achieve the projected 
risk reduction.  

 More explicit consideration of uncertainty that would reveal not only the confidence in 
existing risk estimates, but also the potential impact of other factors (e.g., new dose–
response studies, future groundwater and land uses) on risk estimates in the future. 
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Is Passive Long-Term Management Acceptable? 
 

The transition assessment considers whether or not a passive long-term management 
option (such as MNA, NA, a permeable reactive barrier, or physical containment) is appropriate.  
The current regulatory approach to the use of MNA is to require that the time frame for 
restoration using MNA is “reasonable”, usually considered to be less than 100 years (EPA, 1999, 
2007, 2011c; ITRC, 2010; USGS, 2007).  However, for most non-petroleum-based 
contaminants, MNA will often require longer time frames for restoration, and there have been 
instances where MNA has been allowed even though restoration will likely not occur in 100 
years.  Where site-specific risk analysis indicates that residual contamination will not pose 
unacceptable future risks, the use of a longer time frame criterion for transition to MNA is 
critical to avoid inefficient use of limited resources.  This may require the definition of a zone 
within the aquifer where alternative RAOs would be established (equivalent to a “TI Zone” in 
the current EPA Road Map).   

An example of the transition to passive long-term management is the MEW case study, 
where regional pump-and-treat systems have been operating for about 15 years.  The site will 
likely be transitioning to MNA once a certain target concentration has been met.  Another 
example is the Solvents Recovery Service of New England Superfund facility in Southington, 
Connecticut that had solvents in bedrock (EPA Region 1, 2010).  Modeling indicated that the 
solvent plumes would not reach MCLs for 500 years under baseline conditions.  Even if 95 to 99 
percent of the overburden mass could be removed, it would take approximately 250 years to 
clean up the bedrock.  Thus, the chosen approach is to use pump-and-treat, MNA, and 
institutional controls. 

The end state of long-term passive management (see Figure 7-2) requires that an 
acceptable and cost effective monitoring program be established to assure that the passive 
management alternative is protective of human health and the environment.  The necessary 
engineering and legal controls would be established as part of the management plan.  Finally, 
transparent communication with community representatives would be an essential component of 
the plan for any site in this “end state”.  It should be stressed that sites in this end state may 
eventually achieve restoration throughout the aquifer, but it is expected that the time frame for 
this to occur would exceed many decades (see the dashed lines in Figure 7-2). 

If MNA or passive containment is not appropriate based on a balancing of all of the 
remedy selection factors, a long-term active management program would be developed.  This 
would include a comprehensive outreach program to the affected community, a thorough plan for 
monitoring contaminant concentrations in groundwater, five-year reviews for Superfund 
facilities, and maintenance of institutional and engineering controls. 
 
 

The Role of the Five-Year Review in More Effective Long-Term Management 
 

Many of the above sections have mentioned doing certain tasks as part of the five-year 
review process.  Indeed, although the five-year review is shown as a single box in Figure 7-2, it 
would occur at regular intervals at all sites with residual contamination, under either active or  
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passive long-term management.  Thus, the questions posed in Figure 7-2, including those in the 
transition assessment, could theoretically all occur under the umbrella of an improved five-
review process.  This suggests the need to comment on the current status of five-year reviews.   

In 2011, EPA’s Office of the Inspector General (OIG) found that 84 percent of the five-
year reviews performed since 2006 were overdue as of April 28, 2009 (EPA, 2011d).  Also, the 
EPA OIG noted that EPA regional staff did not consistently follow CERCLA policies for 
updating the Comprehensive Environmental Response, Compensation, and Liability Information 
System (CERCLIS) database on the status and actions taken to address prior review issues.  In 
addition, recommendations from prior reviews were not always followed through.  The report 
concluded that “EPA does not have effective management controls to monitor the completion of 
five-year review recommendations at federal government Superfund sites.” 
 In response to the Inspector General’s report, EPA recently issued priorities for the five-
year review program that would require more stringent management controls to ensure that 
recommendations in the five-year review reports are tracked, monitored, and implemented by 
EPA and the federal agencies (EPA, 2011e).  The Inspector General’s report specifies the actions 
that remedial project managers must undertake to ensure that the reviews are completed on-time 
and are performed in an independent manner, particularly with respect to the protectiveness 
determination.  Most importantly for federal facilities, given the historic disagreements between 
EPA and DoD, it confirms that five-year reviews are enforceable under the Federal Facility 
Agreements (EPA, 2011e).   

This Committee did not perform a review of the adequacy of five-year review reports, 
although it read many such reports as part of its evaluation of groundwater sites removed from 
the National Priority List (see Appendix B).  The Committee also considered other evaluations of 
five-year reviews (EPA, 2011e; GAO, 2009; Pham, 2010; Probst, 1999; Schiller, 2009).  In 
general, these evaluations indicate a need to improve the quality and comprehensiveness of these 
reviews, particularly because of the importance of the “protectiveness” decision.  Given the 
opportunity to improve decision making as outlined above, both revision of the five-year review 
guidance and issuance of separate guidance for non-Superfund sites to incorporate and 
institutionalize the transition assessment is the recommended path forward for implementing the 
process shown in Figure 7-2.  For each new component, the five-year review reports should have 
enough documentation for stakeholders to replicate the calculations and understand the support 
for the conclusions.  This suggests that five-year review reports will need to become much more 
comprehensive than they have been in the past. 

Because EPA guidance argues that cleanups at similar types of sites should follow the 
same process and generally should result in the same or very similar remedial actions (see 
Chapter 3), the transition assessment should apply to RCRA sites undergoing corrective action 
for groundwater cleanup and other cleanup sites.  However, the RCRA corrective action program 
is implemented through corrective action permits while a facility is still in operation.  As a 
practical matter, while a plant is operating the primary focus of the corrective action plan is to 
protect human health and prevent expansion of the plume.  As a result, typically RCRA 
corrective actions early in the process do not involve the selection of a “final” remedy.  Once the 
final RCRA corrective action remedy is selected and implemented, then the transition assessment 
applies and should be used.  It should also be noted that Figure 7-2 applies primarily to complex 
sites.  A transition assessment is not necessary at sites where the remedy is likely to attain 
drinking water standards within a reasonable period of time. 
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THE ROLE OF COMMUNITY INVOLVEMENT IN TRANSITION  
ASSESSMENT AND LONG-TERM MANAGEMENT 

 
At complex groundwater sites that are the focus of Figure 7-2 where achievement of 

long-term remedial objectives is difficult, complex community engagement strategies are 
essential because the potential risk from the contaminated groundwater is likely to persist for 
decades and in some cases many human generations.  Informed community input can improve 
cleanup decisions at these complex sites, and communities that have had the opportunity to 
participate in the decision-making process are more likely to support, rather than challenge, key 
decisions.  Furthermore, tools such as asymptote analysis that give communities a clear sense of 
the options for long-term site management can enable community members to both understand 
and participate in the making of highly technical decisions. 

Three decades of experience at hazardous waste cleanup sites have demonstrated that the 
affected public responds positively when it is viewed as a partner with a stake in the outcome of 
cleanup activities.  This partnership goes beyond simply communicating to the public what 
decision-makers want to do, but it must not go as far as always doing what site neighbors 
propose.  Rather, it involves listening to stakeholder viewpoints in such a way that they feel 
empowered to provide constructive input into the decision-making process.  The trust inherent in 
this interaction is the primary reason the public will support cleanup decisions (EPA, 2001b; 
Siegel, 2007).  At complex groundwater sites where future predictions are inherently uncertain, 
the public tends to trust decision-makers when they believe that a serious effort has been made to 
achieve cleanup goals and that systems are in place to ensure that any residual contamination can 
be effectively and safely managed. 

Most regulatory programs provide for some level of community involvement, but 
CERCLA is the most explicit, with community acceptance being the ninth criterion for remedy 
selection under the National Contingency Plan.  It does not give members of affected 
communities—even if they all agree—direct authority over the selection of remedies, but it 
legally recognizes that they have a significant role to play.  At Superfund facilities and at 
projects addressed under other federal and state authorities, community members are routinely 
invited to comment on proposed plans, in writing and sometimes at public meetings, or to 
indicate their preferences among remedial alternatives.  Federal agencies—notably EPA, DoD, 
and the Department of Energy—have gone further and promoted the formation of site-specific 
advisory boards.  The Defense Department currently sponsors 265 Restoration Advisory Boards 
at active, closed, and former installations, while DOE hosts local boards at eight major cleanup 
sites (DoD, 2011; DOE, 2011).  Similarly, 68 EPA Community Advisory Groups facilitate 
information exchange among the local community, EPA, state regulators, and other federal 
agencies regarding the remediation of Superfund facilities (EPA, 2011f).  Other similar advisory 
groups have been formed under state and local auspices.  These community-based organizations 
are advisory and do not hold statutory decision-making authority.  Yet where they function 
properly, they provide site neighbors with the opportunity to exert real influence over cleanup 
decisions.   

Under the classic model of public input, agencies develop a small number of remedial 
options, selected a preferred alternative, and ask the public what it prefers.  In most cases, key 
decisions, such as the establishment of remedial objectives, have already been made.  Judgments 
on future land uses, which often influence remedial options, have also been developed.  It is 
difficult for the public to do anything more than push for the expenditure of more money.  On the 
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other hand, with advisory groups engaged community members can help make the early 
decisions—about remedial objectives or anticipated land use—that influence future decisions 
(EPA, 2011g).  EPA has long-standing guidance (EPA, 2011g) to encourage community 
involvement at the site-characterization stage of the process even though the statute does not 
include explicit requirements for community involvement activities at this stage. 

For community involvement to be successful, a great deal of effort needs to go into 
building trust among the parties, and community members need to be educated on the technical 
and process aspects of cleanup.  Ideally, they have access to their own, independent technical 
consultants.  The most effective of these consultants not only translate official documents and the 
underlying science into a form more easily understood by the public, but they are in a position to 
focus public concerns on decisions where they can make a difference.  A number of programs 
provide independent technical assistance to community groups, the largest and oldest of which is 
EPA’s Technical Assistance Grant program.  Since 1988, 323 TAGs have been awarded (205 
providing $50,000 or less and 15 providing more than $250,000) (Catalogue of Federal Domestic 
Assistance, 2011). 

Once initial remedial decisions are made, advisory board members are likely to show less 
interest in meetings, and agencies may be unwilling to support regular meetings with no clear 
agenda.  There are few examples of effective public participation in the re-opening of remedial 
decisions.  All this may suggest a reduced role for the public once a site has reached the stages 
found in Figure 7-2.  The Committee believes that just the opposite is needed, because at these 
complex sites if remedies fail to achieve objectives or become unprotective many important 
decisions will have to be made.  Re-convening dormant advisory groups just prior to the initial 
five-year review would allow the public to gather and digest new information about the remedy, 
understand site complexities that are preventing the attainment of remedial objectives, and frame 
sophisticated responses to the questions posed in Figure 7-2. 

This reengagement of the public is supported by CERCLA, which states that EPA must 
provide an opportunity for a public meeting prior to the “adoption of any plan for remedial 
action” (underlining added) (42 U.S.C. § 9617(a)).  EPA policy supports “going beyond the letter 
of the law” and recommends the implementation of additional community involvement activities 
not required by the NCP (EPA, 2005).  In light of this policy and the benefits, it is reasonable to 
interpret the statute as allowing, if not requiring, a public meeting whenever there is a major 
change to the remedial plan, e.g., a decision that additional work is needed to ensure the 
protectiveness of the remedy as a result of a five-year review, or a decision to transition to more 
passive long-term management. 

One example of where a community advisory body has been engaged over the long-term 
is at the Moffett-MEW Regional Groundwater Plume in Mountain View, California (see 
Appendix C).  At this site, EPA is leading a focused feasibility study to consider ways to 
accelerate groundwater remediation in response to a five-year review that found a long-standing 
pump-and-treat remedy to be unprotective.  The local Community Advisory Board developed a 
list of remedial priorities and offered its own screening of remedial technologies, and EPA has 
incorporated the community’s ideas into its study.  One of the reasons that community 
involvement was sustained long after the 1998 installation of the regional groundwater remedy is 
that other issues became pressing, such as wetlands cleanup, the emergence of vapor intrusion 
from the regional plume into an adjacent residential area, and the preservation of historic Hangar 
One at Moffett Field. 
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Another very important aspect of community involvement in the process found in Figure 
7-2 is that communities should have a role to play in establishing and overseeing institutional 
controls.  Because institutional controls may impede a community’s future groundwater, 
building, and land uses, EPA Regions are already directed to “ensure communities have 
meaningful opportunity to review proposals for site remedies and provide adequate information 
to allow informed public comment regarding the choices between cleanup alternatives that either 
achieves levels that allow for unrestricted use, or leave levels that lead to restricted uses and rely 
on institutional controls” (EPA, 2010b, p. 9).  Once engineering and institutional controls are in 
place, informed neighbors can be in a position to provide valuable information on possible 
failures that might otherwise go unnoticed by regulators who seldom visit the site (EPA, 2010b).  
In fact, EPA already supports a larger role for local residents, community associations, and 
interested organizations (representing those who live or work near the site and thus have a vested 
interest in ensuring compliance with institutional controls) (EPA, 2010b). 

EPA’s five-year review guidance (EPA, 2001a) recognizes the need for some level of 
community notification at the beginning and end of the five-year review process, with optional 
additional engagement at high-profile sites.  The guidance suggests contacting local health and 
other government officials, community organizations, members of advisory groups, and 
technical assistance grant recipients at these stages.  Historically, there have been few instances 
where the public has played an active role in the five-year review process, particularly at sites or 
facilities where remedies are all in place.  The challenge is to devise mechanisms for long-term 
public involvement at sites where people think they are “done.”  First, it is essential that PRPs or 
regulators retain and regularly update lists of interested members of the public, and local media 
should be encouraged to publish annual site updates.  Where advisory boards have been meeting, 
it may be useful to convene annual reunions to review site progress.  At sites where most 
engaged community members frequently use the Internet or social networks, discussion forums 
should be encouraged.  At some sites, it may prove helpful to move the locus of public 
involvement to permanent local institutions such as public health departments.  All of these 
vehicles could be “re-activated” at the beginning of each five-year review cycle. 
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

At many complex sites, contaminant concentrations in the plume remain stalled at levels 
above cleanup goals despite continued operation of remedial systems.  At such sites, which may 
number in the tens of thousands, there is no clear path forward to a final end state, such that 
money continues to be spent with no concomitant reduction in the risks posed by the sites.  If the 
effectiveness of site remediation reaches a point of diminishing returns prior to reaching 
cleanup goals and optimization has been exhausted, the transition to MNA or some other 
active or passive management should be considered using a formal evaluation.  This 
transition assessment, which is akin to a focused feasibility study, would determine whether a 
new remedy is warranted at the site or whether long-term management is appropriate (see Figure 
7-2).  This analysis, particularly the graphical demonstration that contaminant concentrations at a 
site have reached an asymptote, is likely to enhance public involvement in long-term decision-
making and thus strengthen public confidence in the decisions made. 

As part of the transition assessment, the costs of remedial options should be updated, 
ideally using probabilistic methods, to reflect the current present value of costs in order to more 
effectively compare the costs of various future alternatives.  To the extent possible, the marginal 
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cost of remediation through time should be quantified.  Also as part of the transition assessment, 
formal post-remedy risk assessment should be conducted to compare alternatives, including 
long-term active or passive management.  This risk analysis should explicitly consider 
uncertainty and take into account both individual and population risks, where appropriate, such 
that the relative risk reduction of the alternatives can be determined. 
 

Five-year reviews are an extremely valuable source of field data for evaluating the 
performance of remedial strategies that have been implemented at CERCLA facilities and could 
be improved.  To increase transparency 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 implemented 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. 
 

Informed public involvement characterized by two-way communications and that builds 
trust is a key element of good remedial decision-making, particularly at complex sites.  Federal 
agencies generally go beyond the minimum level of public involvement by forming or 
recognizing advisory groups and providing technical assistance, such that members of affected 
communities have the opportunity to influence remedial decision-making.  Nonetheless, 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 parties 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, Internet 
communications, or the shifting of the locus of public involvement to permanent local 
institutions such as public health departments.  Such involvement is critical to the success of the 
processes found in Figure 7-2. 
 

The cost of new remedial actions may decrease at complex sites if more of them 
undergo a transition to passive long-term management.  However, long-term management 
at complex sites will still demand 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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Appendix B

Analysis of 80 Facilities with Contaminated Groundwater 
Deleted from the National Priorities List

80 Superfund facilities with groundwater contamination were identified by EPA 
personnel as having met cleanup goals and being delisted from the National Priorities List 
(NPL).  Information on the 80 facilities found in this appendix was compiled by the Committee 
based on Site Deletion documents, Records of Decision, EPA Fact Sheets, and other information 
available from the CERCLIS website (http://cumulis.epa.gov/supercpad/cursites/srchsites.cfm).  
The Committee strongly advises anyone using these data to review the primary documents 
concerning these sites.  

For the 80 facilities, Tables B-1 through B-4 provide information on the site types, the 
contaminants of concern (COCs) present, the remedial action objectives (RAOs), and the extent 
to which contaminant concentrations in groundwater met maximum contaminant levels (MCLs) 
prior to facility delisting, respectively.  Contaminants were divided into categories of volatile 
organic compounds (VOCs), semivolatile organic compounds (SVOCs) and metals.  Figures B-1 
through B-4 provide the same information in graphical form.  Further explanation of these tables 
and graphs can be found in Chapter 2. 

FACILITY INDEX

REGION 1 
1. Cheshire Groundwater Contamination 
2. Pinette’s Salvage Yard
3. SACO Tannery Waste Pits
4. Tansitor Electronics, Inc.

REGION 2 
5. Anchor Chemicals
6. Jones Sanitation
7. Katonah Municipal Well 
8. Krysowaty Farm
9. Love Canal
10. Mannheim Avenue Dump 
11. Pfohl Brothers Landfill 
12. Pijak Farm
13. Spence Farm
14. Suffern Village Well Field
15. Tabernacle Drum Dump
16. Tronic Plating Co., Inc 
17. Upper Deerfield Township Sanitary Landfill 
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18. V&M/Albaladejo
19. Vestal Water Supply Well 4-2 

REGION 3 
20. Aladdin Plating
21. Berks Landfill
22. Brodhead Creek 
23. Matthews Electroplating
24. Mid-Atlantic Wood Preservers, Inc. 
25. New Castle Spill
26. Southern Maryland Wood Treating 
27. Sussex County Landfill No. 5 

REGION 4 
28. BMI-Textron
29. Cedartown Industries, Inc.
30. Cedartown Municipal Landfill 
31. Davie Landfill
32. Dubose Oil Products Co. 
33. Gold Coast Oil Corp. 
34. Independent Nail Co. 
35. Lee’s Lane Landfill
36. Lewisburg Dump 
37. Palmetto Recycling, Inc. 
38. Rochester Property 
39. Sixty-Second Street Dump
40. Standard Auto Bumper Corp. 
41. Woodbury Chemical Co. (Princeton Plant) 

REGION 5 
42. Agate Lake Scrapyard
43. Alsco Anaconda 
44. Avenue “E” Groundwater Contamination 
45. Berlin & Farro
46. Dakhue Sanitary Landfill 
47. Fadrowski Drum Disposal 
48. Laskin/Poplar Oil Co. 
49. Northern Engraving Co. 
50. Southside Sanitary Landfill
51. Tri-State Plating
52. University of Minnesota (Rosemount Research Center) OU1 
53. Waste, Inc., Landfill
54. Windom Dump 

REGION 6 
55. Bailey Waste Disposal
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56. Cleveland Mill
57. Double Eagle Refinery Co.
58. Dutchtown Treatment Plant 
59. Fourth Street Abandoned Refinery 
60. Gurley Pit
61. Industrial Waste Control 
62. Mallard Bay Landing Bulk Plant 
63. Odessa Chromium #2 (Andrews Highway) 
64. Old Inger Oil Refinery
65. South 8th Street Landfill

REGION 7 
66. Farmers’ Mutual Cooperative 
67. Kem-Pest Laboratories
68. Labounty 
69. Waverly Ground Water Contamination 
70. White Farm Equipment Co. Dump 

REGION 8 
71. Rose Park Sludge Pit 
72. Whitewood Creek 

REGION 9 
73. Del Norte Pesticide Storage
74. Firestone Tire & Rubber Co. (Salinas Plant) 
75. Schofield Barracks 
76. Southern California Edison Co. (Visalia Poleyard) 
77. Western Pacific Railroad Co.

REGION 10 
78. Bonneville Power Administration Ross Complex 
79. Northwest Transformer
80. Union Pacific Railroad Company 
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1.  Cheshire Groundwater Contamination

State: CT

Site Lead: State

Date Deleted from NPL: July 2, 1997 

Date of Last Five-Year Review: N/A

COCs: Many VOCs including trichloroethane (TCA), dichloroethene (DCE), tetrachloroethene (PCE),
and xylenes

RAOs: Protection of human health and the environment; risk assessment results found risk was 
acceptable, between 1:10,000 and 1:1 million, and the hazard quotient was sufficiently low.

Technologies Applied: Soil excavation

Reported Results: Trichloroethane 3 ug/L, dichloroethane 14 ug/L, dichloroethene 0.9 ug/L, bis(2-
ethylhexyl)phthalate 15 ug/L, bromodichloromethane 0.6 ug/L, dichlorobenzene 1 ug/L, 
dibromochloromethane 0.6 ug/L, tetrahydrofuran 5.2 ug/L, and toluene 1.4 ug/L.  Concentrations greater 
than 10,000 ug/L for PCE, 3,500 ug/L for trichloroethene (TCE), and 5,000 ug/L for chloroform have 
been found in groundwater from location OW-1 at various times from June 1989 to February 1991.

MCLs Achieved? Yes

ICs in Place? None listed

Vapor Intrusion: Unclear.  Soil vapor sampling was performed by a third party but results were 
inconclusive.  Risk assessment for inhalation pathway of some contaminants found negligible risk.

Long-Term Monitoring? No
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2.  Pinette’s Salvage Yard

State: ME

Site Lead: EPA/State

Date Deleted from NPL: September 30, 2002 

Date of Last Five-Year Review: September 28, 2010 

COCs: Base neutral acids, polychlorinated biphenyls (PCBs), VOCs

RAOs: Reduce the following contaminants in groundwater to below the designated MCL: benzene 5 ug/l, 
chlorobenzene 47 ug/l, 1-4-dichlorobenzene 27 ug/L, and PCBs 0.5 ug/L. 

Technologies Applied: Soil excavation and pump and treat

Reported Results: In October 2009, all wells tested had contaminant concentrations in groundwater 
below the MCL except DMW-5 (PCB 2.1 ug/L).

MCLs Achieved? No, PCB concentrations in DMW-5 are still above the MCL. 

ICs in Place? Yes, they are restricting site and aquifer use through a restrictive covenant.

Vapor Intrusion: Not a concern because: “(1) the remaining levels of VOCs in the groundwater at the 
Site have been measured to be very low; (2) there are no occupied buildings currently within the 
Restricted Area; and (3) the Restrictive Covenant prohibits the construction or placement of any buildings 
within the Restricted Area without prior written permission of the Maine DEP.”
(http://www.epa.gov/superfund/sites/fiveyear/f05-01016.pdf)

Long-Term Monitoring? Yes
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3.  SACO Tannery Waste Pits

State: ME

Site Lead: EPA

Date Deleted from NPL: September 29, 1999 

Date of Last Five-Year Review: December 30, 2008 

COCs: Arsenic and monochlorobenzene

RAOs: Arsenic concentrations less than 10 ug/L and monochlorobenzene concentrations less than 100 
ug/L. MCLs were set as the action levels, or standards, for all groundwater contaminants, except for 
arsenic at four locations. EPA established Alternate Concentration Limits (ACLs) for four site 
monitoring wells [MW-l0l (70 ug/L), MW-103 (123 ug/L), MW-111B (64 ug/L), and MW-114B 
(77ug/L)] based on the maximum concentrations observed in the four wells during the RI.

Technologies Applied: GW monitoring, source control, excavation

Reported Results: Arsenic concentrations continue to exceed the ACL of 123 ug/L in one of four 
locations (MW-103) and the 2001 MCL in four of the other five wells in the long-term monitoring 
program.  There does not appear to be a consistent trend in concentrations, with arsenic concentrations at 
some wells stable over the past twelve years and others fluctuating. 

Following the 2005 hydraulic assessment, ME DEP discontinued monitoring for monochlorobenzene 
except at MW-114A.  This was done because for the other eight wells in long-term monitoring, six never 
exceeded the MCL 100 ug/L and the other two only once each.  The MCL has been exceeded slightly at 
MW-l14A seven times (100-130 ug/L), all since April 2000. 

MCLs Achieved? No, arsenic and monochlorobenzene concentrations are still above the MCL, but the 
restriction on use of site groundwater prevents any exposures.

ICs in Place? Yes, there is restricted site access through state legislation converting it into a wildlife 
preserve.

Vapor Intrusion: Not a concern because the COCs are primarily metals and monochlorobenzene is 
essentially limited to one area of the site, and institutional controls that prevent development are in place.

Long-Term Monitoring? Yes
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4.  Tansitor Electronics, Inc.

State: VT

Site Lead: State

Date Deleted from NPL: September 29, 1999 

Date of Last Five-Year Review: September 23, 2009 

COCs: VOCs

RAOs: 1,1,1-TCA less than 200 ug/L, 1,1-DCE less than 7 ug/L, TCE less than 5 ug/L, PCE less than 5 
ug/L, which are the federal MCLs. A technical impracticability (TI) waiver was granted for a 10-acre 
area where MCLs do not have to be met. 

Technologies Applied: Groundwater monitoring and monitored natural attenuation

Reported Results: Groundwater monitoring within the TI Zone has shown gradual reductions in 
concentrations of contaminants.  Groundwater monitoring beneath and outside the TI Zone has 
demonstrated that there continues to be no migration beyond the TI Zone or the Site.

MCLs Achieved? No, because a TI zone was established.

ICs in Place? Yes, the use of groundwater is prevented through deed restrictions  

Vapor Intrusion: With respect to potential vapor intrusion within the manufacturing building, 
information provided by the facility indicates that the HVAC systems create an ongoing air exchange of 
8–24 times per workday to address the use of solvents within the manufacturing process and soil vapor 
data levels were below OSHA time weighted average levels. As the contaminated groundwater is a 
potential vapor intrusion source, EPA will continue to evaluate this pathway in future reviews, 
particularly if land use of the Site changes.

Long-Term Monitoring? Yes
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5.  Anchor Chemicals

State: NY

Site Lead: State

Date Deleted from NPL: September 30, 1999 

Date of Last Five-Year Review: September 29, 1995 

COCs: Lead, chromium, and VOCs

RAOs: Protection of human health and the environment; risk assessment showed that the current risk via 
multiple pathways was within the acceptable range

Technologies Applied: Excavation of drywell sediments

Reported Results: Highest detected concentrations: 1,1,1-tricholoroethane 10 ug/L, chromium 1440 
ug/L, lead 240 ug/L

MCLs Achieved? No, but risk assessment found the risk to fall within an acceptable range.
“Groundwater samples were collected in April 1996 to assess the effectiveness of the removal action. No 
contaminants were detected above drinking water maximum contaminant levels (MCLs). A second round 
of groundwater samples were taken in July 1997.  Nickel and chromium were detected in the second 
round; however, the levels do not justify a change in EPA’s no-further-action decision for the site.”
(http://www.epa.gov/region02/superfund/npl/0201324c.pdf).

ICs in Place? None listed  

Vapor Intrusion: “All drywell clean-outs should be performed using the requirements for potential 
vapor emissions which are outlined in a New York State Department of Health (NYSDOH) procedures 
manual. EPA has reviewed the referenced requirements for responding to potentially harmful vapor 
emissions and will require that they be followed during the drywell removals.”
(http://www.epa.gov/superfund/sites/rods/fulltext/r0295254.pdf).

Long-Term Monitoring? No
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6.  Jones Sanitation

State: NY

Site Lead: EPA

Date Deleted from NPL: September 23, 2005 

Date of Last Five-Year Review: June 27, 2011

COCs: VOCs and metals

RAOs: Onsite: provide additional data on the chemical composition, especially VOCs and metals, of 
groundwater on-site; evaluate whether the landfill closure has substantially changed groundwater flow 
patterns and chemistry; and observe the natural attenuation of contaminants in the groundwater.
Offsite: ensure no site-related contaminants are impacting local drinking water sources. 

Technologies Applied: Excavation/capping, groundwater monitoring, and MNA

Reported Results: Onsite: 2006 – benzene 2.8 ug/L (RAO 0.7), chlorobenzene 19 ug/L, TCE 1.4 ug/L, 
PCE 5.4 ug/L (MCL 5), vinyl chloride 0.35 ug/L, cis -1 ,2-DCE 5.5 ug/L, 1,2-DCE 0.52 ug/L, 1,2-
Dichlorobenzene 1.8 ug/L, 1,3-Dichlorobenzene 0.68 ug/L, 1,3-Dichlorobenzene 0.96 ug/L, manganese 
1830 ug/L (RAO 300), iron 43100 ug/L (MCL 300), and lead 29 ug/L (MCL 15).

2005-2011: Benzene has decreased and exhibited concentrations less than the cleanup goal/RAO 
of 0.7 ug/l, the current NYSDEC standard of 1.0 ug/l, and EPA's MCL of 5 ug/l.  Chlorobenzene 
concentrations have been increasing during the last three rounds of sampling but have been found to be 
decreasing when compared to the concentrations detected between 2002 and 2005.  The concentrations 
continue to exceed the NYSDEC standard of 5 ug/l but are below EPA's MCL of 100 ug/l. Benzene and 
chlorobenzene concentrations have only been detected in monitoring well JSMW -3B located 
downgradient of the original excavated trench areas and directly upgradient of the capped area. This well 
also exhibits concentrations of iron and manganese that are not consistent with background.  In addition, 
several other VOCs have been detected in the monitoring wells within the past five years above their 
respective NYSDEC WQS and MCLs; however, the concentrations have decreased and are currently 
(2011) below their MCLs and NYSDEC WQS.

Offsite: No site-related contaminants were detected in any of the groundwater wells tested. A review of 
the sampling results from the residential potable groundwater wells demonstrate that off-site groundwater 
has not been impacted by the site.  

MCLs Achieved? No, concentrations of some VOCs and metals are still above standards.

ICs in Place? Yes, there are deed restrictions and/or well permitting restrictions to prevent human contact 
with contaminated groundwater at the site.

Vapor Intrusion: Vapor intrusion was not previously evaluated as a potential future exposure pathway 
based on the (health protective) assumption that buildings are not located above the contaminants of 
concern in the groundwater.

Long-Term Monitoring? Yes
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7.  Katonah Municipal Well

State: NY

Site Lead: EPA

Date Deleted from NPL: March 20, 2000 

Date of Last Five-Year Review: September 25, 2007 

COCs: PCE

RAOs: Achieve PCE concentration less than 5 ug/L

Technologies Applied: Pump and treat

Reported Results: 2007 monitoring well results show PCE concentrations at 0.2 and 0.4 ug/L

MCLs Achieved? Yes

ICs in Place? No. EPA believes actions identified in the Record of Decision (ROD) along with NYC 
programs protecting its reservoirs and water supplies are sufficient. 

Vapor Intrusion: 2006 GW monitoring showed likelihood of vapor intrusion to be low. 

Long-Term Monitoring? Yes
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8.  Krysowaty Farm

State: NJ

Site Lead: State

Date Deleted from NPL: February 22, 1989 

Date of Last Five-Year Review: N/A

COCs: VOCs, pesticides, base neutral compounds, PCBs

RAOs: Protection of human health and the environment  

Technologies Applied: Excavation/offsite disposal  

Reported Results: None provided  

MCLs Achieved? Unknown

ICs in Place? Yes, an alternative water supply was provided. 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No.  Semiannual monitoring was planned for five years, but no results are 
available.
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9.  Love Canal

State: NY

Site Lead: EPA

Date Deleted from NPL: September 30, 2004 

Date of Last Five-Year Review: September 29, 2008 

COCs: VOCs, SVOCs, and pesticides

RAOs: Protection of human health and the environment  

Technologies Applied: Cap and treat along with pump and treat

Reported Results: The 2007 O&M Report shows that there has been no significant change in chemical 
concentration conditions and that the barrier drain system is successfully capturing leachate from the Site 
and preventing off-site migration of contamination.  Hence, monitoring results continue to confirm that 
the remediation and containment system, i.e., the leachate collection and treatment system, is functioning 
properly. 

MCLs Achieved? Not applicable because the goal was containment

ICs in Place? Yes, there are zoning and deed restrictions. 

Vapor Intrusion: Based on the distance to the nearest residences, further evaluation of vapor intrusion is 
not deemed necessary.  Also, indoor air sampling was performed as part of the 1988 Love Canal EDA 
Habitability Study which did not find any indoor air issues within the homes in the emergency declaration 
area.

Long-Term Monitoring? Yes
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10.  Mannheim Avenue Dump

State: NJ

Site Lead: EPA/State

Date Deleted from NPL: August 28, 2007 

Date of Last Five-Year Review: September 23, 2004 

COCs: TCE

RAOs: TCE in groundwater aquifer below 1 ug/L which is the NJ Safe Drinking Water Act level
(Federal MCL is 5 ug/L).

Technologies Applied: Pump and treat

Reported Results: Monitoring has indicated that the goal of restoring the groundwater aquifer to meet all 
appropriate drinking water standards specified in the ROD has been achieved. The highest TCE 
concentration found during 2003 sampling was 0.21 ug/L.

MCLs Achieved? Yes  

ICs in Place? None mentioned  

Vapor Intrusion: Not mentioned  

Long-Term Monitoring? Yes
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11.  Pfohl Brothers Landfill

State: NY

Site Lead: EPA

Date Deleted from NPL: September 22, 2008 

Date of Last Five-Year Review: March 18, 2011 

COCs: VOCs, SVOCs, PCBs, dioxins, furans, cyanide

RAOs: Reduce contamination to drinking water standards  

Technologies Applied: Pump and treat

Reported Results: Since 2006 data show that no VOCs, PCBs, dioxins, furans, or cyanide were detected 
above the Class GA water quality standards. SVOCs were detected sporadically above water quality 
standards in one well, but four groundwater wells continue to be purged dry during sampling, possibly 
affecting the VOC sampling results.

MCLs Achieved? No, SVOC concentrations are still above water quality standards

ICs in Place? Yes, in the form of declarations of covenants and restrictions on access

Vapor Intrusion: VOCs in the groundwater are located within the containment system and are at a great 
distance from the residences, so the potential for soil vapor intrusion issues related to this site is low.

Long-Term Monitoring? Yes
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12.  Pijak Farm

State: NJ

Site Lead: EPA

Date Deleted from NPL: March 3, 1997 

Date of Last Five-Year Review: N/A

COCs: Benzene and phthalates  

RAOs: Protection of human health and the environment  

Technologies Applied: Waste, soil and groundwater removal, site regrading and surface restoration, 
groundwater removal, berm along site perimeter, and groundwater monitoring

Reported Results: 1984 ROD states that samples from MW-2S contained 14 base-extractable 
compounds ranging in concentrations from 220 ug/l to 3600 ug/l, and averaging about 1000 ug/l.  
Included are four priority pollutants: ethylbenzene (MCL 700 ug/L), 1,2-dichlorobenzene (MCL 1.9 
ug/L), di-n-butyl phthalate (MCL 2.5 ug/L) and bis (2-ethylhexyl)-phthalate (6 ug/L) in concentrations of 
940 ug/l, 220 ug/l, 310 ug/l and 320 ug/l, respectively.  

MCLs Achieved? Yes. The potentially responsible party (PRP) Morton International, under State 
monitoring, completed the removal and disposal of on-site contaminated drums, lab packs, and visibly 
contaminated soil to an approved facility, thereby eliminating risks posed by exposure to these materials.  
Soil sampling conducted subsequent to these activities indicated the presence of residual PCB 
contamination in soil at the site. Therefore, between 1989 and 1994 Morton International, under State 
supervision, provided for the excavation and off-site disposal of the contaminated soil.  In all, 
approximately 4,000 cubic yards (6,400 tons) of waste material and contaminated soil were excavated and 
disposed of offsite.  The results of groundwater monitoring conducted over a five-year period indicate that 
the groundwater is clean.  

ICs in Place? None listed  

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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13.  Spence Farm

State: NJ

Site Lead: EPA

Date Deleted from NPL: March 3, 1997 

Date of Last Five-Year Review: N/A

COCs: Acetone, phthalate, phenol, zinc, chromium, and mercury

RAOs: Protection of human health and the environment  

Technologies Applied: Excavation and groundwater monitoring

Reported Results: 16 monitoring wells were sampled as part of the investigative program.  All organic 
compounds detected were generally in the concentration range of from 10 to 50 ppb.  Two volatile 
organic compounds were detected, neither of which are priority pollutants. Of the base-extractable 
organics detected, only two are priority pollutants: Di-n-octyl phthalate being detected at mw-1s, 1d (dup) 
and mw-8 and bis (2-ethylhexyl) phthalate being detected at mw-3s, mw-4d, and mw-6s.  As a result of 
the random dumping at this site, the organic compounds identified in the groundwater samples are almost 
entirely different from those compounds found in the test pit, split-spoon, and stream sediment samples.

For inorganic priority pollutant compounds, very low concentrations of mercury (approximately 
0.0004 mg/l) and zinc (approximately 0.10 mg/l) were found.  Phenols were detected at mw-5, arsenic at 
mw-8, and chromium at mw-9.  Occurrences of contamination at MW-5, the site upgradient well, and 
MW-8, which was located in an area thought to be uncontaminated, were not anticipated and appear to be 
the results of high background levels.

According to the Federal Register notice, “The groundwater monitoring conducted annually from 
1989 through 1994 did not detect Site-related contaminants above criteria established for the protection of 
groundwater.  NJDEP and EPA have determined that the remedy implemented at the Site is protective of 
human health and the environment and that no further cleanup by responsible parties is appropriate.
Hazardous substances on Site were cleaned up to levels that would allow for unlimited use and 
unrestricted exposure, therefore the five-year review requirement of section 121(c) of CERCLA, as 
amended, is not applicable.” 

MCLs Achieved? Yes

ICs in Place? None listed  

Vapor Intrusion: Not mentioned

Long-Term Monitoring? None after 1994 
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14.  Suffern Village Well Field

State: NY

Site Lead: unclear

Date Deleted from NPL: May 28, 1993 

Date of Last Five-Year Review: September 30, 1998 

COCs: Trichloroethane 

RAOs: Protection of human health and the environment  

Technologies Applied: Groundwater monitoring, excavation, natural attenuation  

Reported Results: 1996 sampling indicated that the level of trichloroethane in the distribution water is 
well below the NYS Department of Health drinking water standard of 5 ug/L. 

MCLs Achieved? Yes

ICs in Place? None listed  

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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15.  Tabernacle Drum Dump

State: NJ

Site Lead: unclear

Date Deleted from NPL: May 8, 2008 

Date of Last Five-Year Review: September 10, 1998 

COCs: 1,1,1-trichloroethane and 1,1-dichloroethene  

RAOs: Groundwater concentrations of 26 ug/L for TCA and 2 ug/L for DCE

Technologies Applied: Pump and treat, reinjection into the ground  

Reported Results: From May 1996 to July 1997 TCA ranged from 0.5 to 2.0 ug/L and DCE ranged from 
0.2 to 1.0 ug/L.

MCLs Achieved? Yes

ICs in Place? None listed  

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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16.  Tronic Plating Co., Inc.

State: NY

Site Lead: State

Date Deleted from NPL: October 5, 2001 

Date of Last Five-Year Review: N/A

COCs: 1,1-DCE, TCA, TCE, PCE, 1,2-DCE, antimony; beryllium; cadmium; total chromium; lead; 
nickel; silver; thallium; and, hexavalent chromium. 

RAOs: Protection of human health and the environment.  Risk assessment showed risks from exposure to 
groundwater/soil are within EPA’s acceptable range. 

Technologies Applied: Excavation to address localized plume of cadmium in the groundwater 

Reported Results: No results given for after the cleanup. 

MCLs Achieved? Yes, the groundwater does not exceed MCLs.  Although groundwater sampling 
indicated some MCL exceedances for some contaminants, the distributions of these contaminants 
suggested either off-site sources or localized contamination and could not be associated with potential 
sources at the Site.

ICs in Place? None listed  

Vapor Intrusion: The remote subsurface location of the contaminants precludes fugitive particulate or 
vapor emissions from the Site. Low levels of VOCs in the subsurface soil samples also indicate that the 
volatilization to ambient air will be negligible.  During the remedial investigation, ambient air in the work 
space was monitored using the HNU analyzer.  During the drilling of the industrial leaching pool, storm 
drain, and monitoring well borings, VOCs were detected only once at 0.5 ppm level. 

Long-Term Monitoring? No
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17.  Upper Deerfield Township Sanitary Landfill

State: NJ

Site Lead: EPA

Date Deleted from NPL: June 10, 2000 

Date of Last Five-Year Review: September 18, 2009 

COCs: VOCs such as benzene, tricholorethene, and vinyl chloride; mercury

RAOs: Protection of human health and the environment. Baseline risk assessment found that under 
current and likely future land use scenarios, total carcinogenic risks are within EPA's acceptable risk 
range for the site.

Technologies Applied: Groundwater monitoring

Reported Results: 2009 well sampling results (contaminants above MCL highlighted in italics):
Contaminant Max Detected Concentration (ug/L) MCL (ug/L) 
2-chlorophenol 50.2 40
1,4dichlorobenzene 65.5 75
n-nitroso-di-npropylamine 66.4 NS 
1,2,4-Trichlorobenzene 69.4 70
2,4-Dinitrotoluene 67.8 NS 
Pentachlorophenol 2.58 1
Aluminum 2090 200
Arsenic 2070 10
Barium 2320 2000
Cadmium 52.6 5
Cobalt 527 NS 
Chromium 211 100
Iron 1060 300
Manganese 555 50
Lead 529 15
Antimony 521 6
Selenium 1860 0.50 
Thallium 1870 2
Vanadium 531 NS 
NS = no standard

MCLs Achieved? No, but risk assessment determined that existing risk was within the acceptable range.

ICs in Place? Yes, an alternate water supply was provided.  

Vapor Intrusion: Not mentioned  

Long-Term Monitoring? Yes, the township will monitor groundwater until 2024.
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18.  V&M/Albaladejo

State: Puerto Rico

Site Lead: State

Date Deleted from NPL: October 22, 2001 

Date of Last Five-Year Review: N/A

COCs: Metals = 

RAOs: Protection of human health and the environment.  An investigation into the nature and extent of 
groundwater contamination was conducted in 1998 and 1999.  Six monitoring wells were installed to 
determine if surface soil contamination had migrated into the groundwater.  Four rounds of groundwater 
sampling indicated that no site-related contamination is present in the groundwater at the site.

Technologies Applied: Soil removal

Reported Results: There were no exceedances of inorganic analytes during the Round 4 (most recent) 
sampling.  

MCLs Achieved? Not applicable because no groundwater contamination ever found

ICs in Place? None listed

Vapor Intrusion: Not mentioned 

Long-Term Monitoring? No.  EPA stated that the source of groundwater contamination was removed 
with the successful completion of the soils removal action.  No future monitoring of the groundwater is 
anticipated.
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19.  Vestal Water Supply Well 4-2

State: NY

Site Lead: State

Date Deleted from NPL: September 30, 1999 

Date of Last Five-Year Review: N/A

COCs: 1,1,1-trichloroethane and tricholorethene

RAOs: State groundwater standards 

Technologies Applied: Well-head treatment and excavation

Reported Results: Levels of contaminants in the influent (untreated groundwater) to Well 4-2 have 
declined to levels which are below drinking water standards.

MCLs Achieved? Yes

ICs in Place? No

Vapor Intrusion: Not mentioned 

Long-Term Monitoring? No
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20.  Aladdin Plating

State: PA

Site Lead: EPA

Date Deleted from NPL: November 16, 2001 

Date of Last Five-Year Review: September 14, 2009 

COCs: Chromium and hexavalent chromium 

RAOs: Protection of human health and the environment.  A risk assessment performed during the RI/FS 
concluded that groundwater contamination posed no threat to human health or the environment.   

Technologies Applied: Groundwater monitoring to watch for migration of contamination into drinking 
water aquifers

Reported Results: The maximum monitoring-well concentrations for chromium appear to be holding 
steady through successive sampling events at around 40 ppm total chromium (MCL 0.1 ppm).  No 
evidence of migration of chemicals to residential wells has been detected.

MCLs Achieved? No, but risk assessment determined risk to be in the acceptable range

ICs in Place? Yes, a Unilateral Administrative Order which requires the property owner to file a Notice 
of Use Restriction with the county recorder of deeds.  

Vapor Intrusion: Not applicable

Long-Term Monitoring? Yes, groundwater monitoring until 2023
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21.  Berks Landfill

State: PA

Site Lead: EPA

Date Deleted from NPL: November 14, 2008 

Date of Last Five-Year Review: July 30, 2010 

COCs: VOCs including vinyl chloride, trichloroethene, and cis-1,2-dichloroethene; metals including 
aluminum, iron, and manganese  

RAOs: Protection of human health and the environment 

Technologies Applied: Groundwater monitoring, leachate collection system and landfill caps

Reported Results: Maximum concentrations in onsite groundwater wells from 2005 to 2009: DCE 470 
ug/L, TCE 480 ug/L, vinyl chloride 65 ug/L, PCE 36 ug/L, aluminum 6,690 ug/L, iron 6,100 ug/L, and 
manganese 6,100 ug/L. 

MCLs Achieved? No

ICs in Place? Yes, there is a prohibition of consumption of onsite groundwater

Vapor Intrusion: Not considered a pathway of concern

Long-Term Monitoring? Yes
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22.  Brodhead Creek

State: PA

Site Lead: EPA

Date Deleted from NPL: July 23, 2001 

Date of Last Five-Year Review: May 22, 2009 

COCs: The polycyclicaromatic hydrocarbons (PAHs) benzo(a)anthracene, benzo(b)fluoranthene, 
benzo(k)fluoranthene, chrysene, dibenz(a,h)anthracene, and indenopyrene.

RAOs: Protection of human health and the environment.  EPA performed a risk assessment and 
determined there was no significant risk because groundwater from the site was not being used.  A TI 
Zone was established. 

Technologies Applied: Excavation

Reported Results: Groundwater at the Site remains significantly contaminated  

MCLs Achieved? No, as a TI zone was established

ICs in Place? Yes, institutional controls restrict the use of groundwater at the Site and prohibit 
excavation unless prior written approval is provided by EPA, PADEP, and the property owner.  

Vapor Intrusion: Vapor intrusion would be a potential concern to be quantitatively evaluated if a 
building were constructed on-site. However, it is extremely unlikely that a building, commercial or 
residential, will ever be constructed on-site due to the makeup of the land (floodplains).  

Long-Term Monitoring? Yes



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Appendix B 265

PREPUBLICATION COPY

23.  Matthews Electroplating

State: VA

Site Lead: EPA

Date Deleted from NPL: January 19, 1989 

Date of Last Five-Year Review: June 21, 2004

COCs: Chromium

RAOs:  Reduce chromium concentrations to below the MCL of 100 ug/L

Technologies Applied: None

Reported Results: Total and hexavalent chromium concentrations had dropped below 50 ug/1 in all 
residential wells by February 1992.  

MCLs Achieved? Yes

ICs in Place? Yes, alternate drinking water supply was provided (community water supply line was 
extended to a new water line)  

Vapor Intrusion: Not applicable

Long-Term Monitoring? No.  EPA has determined that hazardous substances, pollutants, or 
contaminants no longer remain at the site above levels that allow for unlimited use and unrestricted 
exposure.  Therefore, no further five-year reviews are needed for this site.
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24.  Mid-Atlantic Wood Preservers, Inc.

State: MD

Site Lead: EPA

Date Deleted from NPL: July 18, 2000 

Date of Last Five-Year Review: September 26, 2008 

COCs: Chromium

RAOs: Reduce chromium concentrations to below the MCL of 100 ug/L

Technologies Applied: Groundwater monitoring, natural attenuation

Reported Results: The groundwater monitoring program demonstrated to EPA's and MDE's satisfaction 
that groundwater met water quality standards, and the program was discontinued prior to the Site's 
deletion from the NPL in 2000.  

MCLs Achieved? Yes

ICs in Place? Yes, deed restrictions  

Vapor Intrusion: Not applicable

Long-Term Monitoring? No
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25.  New Castle Spill

State: DE

Site Lead: State

Date Deleted from NPL: June 12, 1996 

Date of Last Five-Year Review: June 12, 1996

COCs: Tris

RAOs: Protection of human health and the environment. EPA developed a health-based drinking water 
cleanup level of 4.4 mg/l for Tris.

Technologies Applied: Groundwater monitoring and natural attenuation

Reported Results: The fact sheet says that Tris, a flame retardant, was detected in soils near the drum 
storage area and in shallow groundwater beneath the site.  The ROD states that there would be a five-year 
follow-up, but the document listed as the five-year review on the CERCLIS website is only a link to the 
Federal Register notice of the site being deleted from the NPL.

MCLs Achieved? Yes, by 1996 data showed that Tris levels in the shallow aquifer had reached the 
established cleanup goals.  

ICs in Place? Yes, restriction of well installation in the Columbia aquifer (in the vicinity of the site)

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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26.  Southern Maryland Wood Treating

State: MD

Site Lead: EPA

Date Deleted from NPL: April 5, 2005 

Date of Last Five-Year Review: September 30, 1999 

COCs: Toluene, naphthalene, benzene, 2-methylnaphthalene, ethylbenzene, acenaphthylene, styrene 
acenaphthene, total xylenes, fluorene, phenol, phenanthrene, 2-methylphenol, fluoranthene, 4-
methylphenol pyrene, 2,4-dimethylphenol, benzo(g,h,i)perylene, pentachlorophenol 

RAOs: Protect groundwater as a current or potential future drinking water supply by containing or 
treating subsurface soil that contains in excess of 1.0 ppm B(a)P equivalence

Technologies Applied: Sheet pile wall, excavation, pump and treat  

Reported Results: No results reported  

MCLs Achieved? No, but containment was the goal. In December 2000 (the year after the most recent 
five-year review) the equipment that was used to treat the soils was decontaminated, dismantled, and 
removed from the site. Water Treatment Plant No. 2 was also dismantled and removed within this 
timeframe.  Groundwater wells placed around the site have been monitored from October 2000 until 
September 2002 and have continued to confirm that the cleanup was a “success.”  All wells, including the 
600 ft water production well, have been removed and sealed. 

ICs in Place? Yes, restricted access. The landfill is secured by a fence with a guard posted at the front 
gate on a 24-hour basis.

Vapor Intrusion: Not mentioned

Long-Term Monitoring: Yes
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27.  Sussex County Landfill No. 5

State: DE

Site Lead: EPA

Date Deleted from NPL: September 28, 2001 

Date of Last Five-Year Review: February 11, 2005 

COCs: Benzene, vinyl chloride, 1,2-dichloropropane, 1,4-dichlorobenzene, tricholorethene 

RAOs: As per the most recent five-year review, the goal was to reduce contaminants to the following 
MCLs: benzene 5 ug/L, vinyl chloride 2 ug/L, 1,2-dichloropropane 5 ug/L, 1,4-dichlorobenzene 75 ug/L, 
and tricholorethene 5 ug/L. MCLs were not included in the original RAO. 

Technologies Applied: None.  “In October 1993, Sussex County completed the RI which included EPA-
prepared Baseline Human Health Risk Assessment and Ecological Risk Assessment. The Risk 
Assessment indicated that very low levels of contaminants of concern existed in the groundwater which 
translated into correspondingly low risk levels at the Site. Based on the results of the RI and the Risk 
Assessments, EPA determined that a feasibility study was not necessary to evaluate remedial 
alternatives.” (http://www.epa.gov/superfund/sites/rods/fulltext/r0295254.pdf).

Reported Results: As of November 2003, all COCs were detected below their MCL except benzene 
which was found at concentrations of 8.2 and 6.2 ug/L.  However, benzene was not detected above its 
MCL in any of the residential wells currently used for drinking water. 

MCLs Achieved? No, benzene concentration is still above the MCL.

ICs in Place? Yes, provision of an alternate drinking water supply (bottled water and a water purification 
system), restriction of well installation, and deed restrictions.  Residents have since been hooked up to the 
county water supply and domestic wells were closed.  

Vapor Intrusion: Not mentioned

Long-Term Monitoring: Yes
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28.  BMI-Textron

State: FL

Site Lead: EPA

Date Deleted from NPL: September 19, 2002 

Date of Last Five-Year Review: August 25, 2000 

COCs: Arsenic, sodium, cyanide and fluoride

RAOs: Drinking water standards (MCLs are supposedly in “table 2” of the ROD, but there appear to be 
no tables in the document posted). 

Technologies Applied: Groundwater monitoring, natural attenuation and soil excavation.   

Reported Results: In January 2000 cyanide levels (both total and amenable) were below drinking water 
standards. However, fluoride was not sampled, as recommended by both agencies.  No other results are 
reported.  

MCLs Achieved? Yes. Sampling at the Site continued until MCLs were met for all COCs at all eight
wells.  The last sampling event occurred in July 2000.  

ICs in Place? Yes. Permits to dig wells must be obtained from FL DEP

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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29.  Cedartown Industries, Inc.

State: GA

Site Lead: EPA

Date Deleted from NPL: September 19, 2006 

Date of Last Five-Year Review: August 24, 2006 

COCs: Cadmium, lead, antimony, arsenic, and beryllium 

RAOs: Reduce contaminants to the following MCLs: cadmium 5ug/L, lead 15 ug/L (MCGL is 0), 
antimony 6 ug/L, arsenic 10 ug/L (MCGL is 0), and beryllium 4 ug/L 

Technologies Applied: Excavation/GW monitoring

Reported Results: With the exception of an apparently spurious result in February 2005, cadmium 
concentrations in the collected samples have not exceeded the MCL
1998.  In addition, the results of the groundwater monitoring program have verified that the treatment of 
soils has not released significant concentrations of the other COCs (lead, antimony, arsenic, and 
beryllium) to the groundwater. 

MCLs Achieved? Yes  

ICs in Place? Yes, deed notation  

Vapor Intrusion: Not applicable

Long-Term Monitoring? No.  The five-year review states that since the objectives of the groundwater 
remedial action have been achieved, long-term groundwater monitoring should be discontinued. 
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30. Cedartown Municipal Landfill

State: GA

Site Lead: EPA

Date Deleted from NPL: March 10, 1999 

Date of Last Five-Year Review: September 21, 2006 

COCs: Beryllium, cadmium, chromium, lead, manganese  

RAOs: Reduce contaminants to the following concentrations: beryllium 4 ug/L, cadmium 5 ug/L, 
chromium 100 ug/L, lead 15 ug/L (MCGL 0), and manganese 50 ug/L (there is no MCL for manganese, 
this is a National Secondary Drinking Water Regulation).

Technologies Applied: Groundwater monitoring and natural attenuation

Reported Results: July 2006 results show all concentrations below the MCLs except chromium (MCL 
100 ug/L) in one well (130 ug/L) and manganese (MCL 840 ug/L) in two wells (1430 and 967 ug/L). 

MCLs Achieved? No, chromium and manganese are still above MCLs in some locations  

ICs in Place? Yes, record notices and deed, zoning, and land use restrictions  

Vapor Intrusion: Not applicable

Long-Term Monitoring? Yes



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Appendix B 273

PREPUBLICATION COPY

31.  Davie Landfill

State: FL

Site Lead: EPA

Date Deleted from NPL: August 21, 2006 

Date of Last Five-Year Review: March 16, 2011 

COCs: Vinyl chloride and antimony  

RAOs: Vinyl chloride goal of 1 ug/L 

Technologies Applied: Groundwater monitoring and natural attenuation

Reported Results: Groundwater monitoring data from the past five years (2005-2010) have shown slight 
exceedances of the vinyl chloride cleanup goal (1 ug/L). 

MCLs Achieved? No, vinyl chloride concentration is still above the cleanup goal.

ICs in Place? Yes, provision of an alternate water supply (residents were connected to the public water 
line)

Vapor Intrusion: Not mentioned

Long-Term Monitoring? Yes
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32.  Dubose Oil Products Co.

State: FL

Site Lead: EPA

Date Deleted from NPL: August 4, 2004 

Date of Last Five-Year Review: September 25, 2008 

COCs: VOCs

RAOs: Reduce COC concentrations below the following MCLs: benzene 1 ug/L, 1,1-dichloroethene 7 
ug/L, pentachlorophenol 30 ug/L, PAHs 10 ug/L, trichloroethene 2 ug/L, and xylenes 50 ug/L. 

Technologies Applied: Excavation and bioremediation of soils; draining and backfilling of on-site 
ponds; removal of on-site structures; site grading and revegetation; installation of surface water runoff 
controls; and groundwater monitoring.

Reported Results: No remaining hazardous contaminants above levels that allow for unlimited use and 
unrestricted exposure.

MCLs Achieved? Yes

ICs in Place? Yes, the Site is in a Florida Delineated Area where groundwater well drilling is restricted.

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? No
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33.  Gold Coast Oil Corp.

State: FL

Site Lead: EPA

Date Deleted from NPL: October 9, 1996 

Date of Last Five-Year Review: September 20, 2001 

COCs: VOCs

RAOs: Reduce COC concentrations below the following MCLs: 1,1- dichloroethane 50 ug/L, t-1,2-
dichloroethane 700 ug/L, methylene chloride 50 ug/L, tetrachloroethene 7 ug/L, toluene 3400 ug/L, and 
tricholorethene 30 ug/L. 

Technologies Applied: Excavation and a groundwater recovery, treatment, and disposal system  

Reported Results: October 1996 sampling showed all COCs below MCLs  

MCLs Achieved? Yes

ICs in Place? None listed

Vapor Intrusion: Not mentioned 

Long-Term Monitoring? No
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34.  Independent Nail Co.

State: SC

Site Lead: State

Date Deleted from NPL: October 9, 1996 

Date of Last Five-Year Review: April 5, 2000 

COCs: Chromium, cyanide, and zinc 

RAOs: Protection of human health and the environment.  Risk assessment found that contaminant levels 
in the groundwater presented no imminent or substantial threat to human health or the environment.  

Technologies Applied: Excavation and groundwater monitoring  

Reported Results: “Chromium, cyanide, and zinc have been detected in groundwater at the Independent 
Nail Company Site at maximum concentrations of 0.058 mg/liter, 0.110 mg/liter and 0.098 mg/liter, 
respectively.  A comparison of these contaminant concentrations with drinking water MCLs, SMCLs, and 
health advisories indicates that total chromium is the only groundwater contaminant at the Independent 
Nail Company Site which exceeds any of these standards or criteria.” 
(http://www.epa.gov/superfund/sites/rods/fulltext/r0488040.pdf).

MCLs Achieved? No, total chromium is still above the MCL.  Risk assessment found risk to fall within 
an acceptable range.

ICs in Place? None listed

Vapor Intrusion: Not applicable

Long-Term Monitoring? Yes
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35.  Lee’s Lane Landfill

State: KY

Site Lead: EPA

Date Deleted from NPL: April 25, 1996 

Date of Last Five-Year Review: September 25, 2008 

COCs: Lead, arsenic, benzene and chromium  

RAOs: Reduce contaminants to the following standards: lead 15 ug/L (action level, like an MCL),
arsenic 10 ug/L (the MCL), benzene 5 ug/L (the MCL), and chromium 100 ug/L (the MCL).

Technologies Applied: Groundwater and ambient air monitoring  

Reported Results: December 2007: Arsenic 0.011 and 0.033 mg/L, chromium <0.001 mg/L, and lead 
<0.005 mg/L.  Analytical results for benzene have not been reported for groundwater at the site during 
this review period. 

MCLs Achieved? No, arsenic is still above MCL.  Lead results were unclear, and there are no benzene 
results in the most recent five-year review.

ICs in Place? Yes, an alternate water supply was provided, and there is access control via fencing and 
gating.

Vapor Intrusion: Not mentioned

Long-Term Monitoring? Yes
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36.  Lewisburg Dump

State: TN

Site Lead: EPA

Date Deleted from NPL: February 21, 1996 

Date of Last Five-Year Review: September 19, 2007 

COCs: Aluminum, barium, iron, manganese, methylene chloride, and bis(2-ethylhexyl)phthalate 

RAOs: Meet the following MCLs: Aluminum 50-200 ug/L (secondary drinking water standard), barium 
200 ug/L, iron 300 ug/L (secondary standard), manganese 50 ug/L (secondary drinking water standard), 
methylene chloride 5 ug/L, bis(2-ethylhexyl)phthalate 6 ug/L

Technologies Applied: Groundwater monitoring

Reported Results: No organic compounds were detected during Nov. 2005 sampling.  Inorganics were 
detected, but only lead (120 ug/L) exceeded the MCL for drinking water, which is 15 ug/L.

MCLs Achieved? No, lead is still above the MCL. 

ICs in Place? Yes, there are deed restrictions, security fencing, and prevention of using land for 
residential construction. 

Vapor Intrusion: As long as the institutional controls (which prevent the use of property for housing and 
prohibit activities that could impair the landfill cover) remain in effect, the site should remain stable and 
free of soil vapor intrusion or any other future contaminant migration in the future. 

Long-Term Monitoring? Yes
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37.  Palmetto Recycling, Inc.

State: SC

Site Lead: EPA

Date Deleted from NPL: October 13, 2000 

Date of Last Five-Year Review: June 7, 2004

COCs: Lead

RAOs: Reduce lead concentrations to below the MCL of 15 ug/L

Technologies Applied: Groundwater monitoring/excavation of soils  

Reported Results: 2004 groundwater monitoring indicates that the groundwater concentrations for lead 
are below 15 ug/L.

MCLs Achieved? Yes

ICs in Place? None listed

Vapor Intrusion: Not applicable

Long-Term Monitoring? No
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38.  Rochester Property

State: SC

Site Lead: EPA

Date Deleted from NPL: October 9, 2007 

Date of Last Five-Year Review: February 25, 2005 

COCs: TCE, bis(2-ethylhexyl)phthalate, and manganese

RAOs: Reduce concentrations of the following COCs: trichloroethene 5 ug/L (the MCL), manganese 
180 ug/L (no MCL, but the secondary drinking water regulation is 50 ug/L), and bis(2-ethylhexyl) 
phthalate 6 ug/L (the MCL). A chromium remedial goal was been removed from the RAO due to new 
IRIS information regarding its hazard quotient posted between the 1st and 2nd five-year reviews. 

Technologies Applied: In situ air sparging system

Reported Results: All wells and performance monitoring points were sampled in November 2006 (the 
final confirmation sampling event) and contaminant concentrations were found to be below the cleanup 
goals for the site.

MCLs Achieved? Yes

ICs in Place? Yes.  A deed restriction is in place in order to deter the installation of a private well. 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? To be determined.  According to the most recent five-year review, EPA and 
the South Carolina Department of Health and Environmental Control are currently reviewing the most 
recent groundwater monitoring report in order to determine the appropriate response with regard to future 
system operations and groundwater monitoring. 
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39.  Sixty-Second Street Dump

State: FL

Site Lead: EPA

Date Deleted from NPL: October 1, 1999 

Date of Last Five-Year Review: September 21, 2009 

COCs: Cadmium, chromium, lead 

RAOs: Reduce concentrations of chromium to 100 ug/L, lead to 15 ug/L, and cadmium to 5 ug/L.  Note 
that standards for chromium and cadmium changed in 2009 from the original ROD goals.

Technologies Applied: Pump and treat 

Reported Results: Jan 2009 sampling results: chromium 1.8 ug/L, cadmium < 0.15 ug/L, and lead 0.16 
ug/L.

MCLs Achieved? Yes

ICs in Place? Yes.  The site is within a Florida Ground Water Delineation Area so there is a restriction 
on new drinking water wells. 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? Yes
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40.  Standard Auto Bumper Corp.

State: FL

Site Lead: EPA

Date Deleted from NPL: October 29, 2007 

Date of Last Five-Year Review: March 15, 2011 

COCs: Chromium, nickel, and thallium 

RAOs: Restore groundwater to health-based levels (chromium 100 ug/L, nickel 100 ug/L, and thallium 2 
ug/L).  (There is no federal MCL for nickel, so the cleanup standard for nickel is likely from FL.) 

Technologies Applied: Groundwater monitoring and natural attenuation

Reported Results: The latest groundwater monitoring data show that nickel, chromium, and thallium 
were not detected in any of the three groundwater wells above the MCL.  Groundwater monitoring ended 
in 2001 in accordance with the ROD.  

MCLs Achieved? Yes

ICs in Place? Yes, there is an alert system that notifies the Miami-Dade County DERM of any 
construction permit requests for the locations adjacent to the Site where soil contamination remains below 
the surface.  Owners must also contact EPA and other authorities prior to any construction, excavation, or 
removal of any part of a building or road. 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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41.  Woodbury Chemical Co. (Princeton Plant)

State: FL

Site Lead: State

Date Deleted from NPL: November 27, 1995 

Date of Last Five-Year Review: N/A

COCs: Pesticides (aldrin, chlordane, DDT, dieldrin, and heptachlor epoxide) and metals (arsenic and 
chromium) have been detected at low levels in off-site groundwater to the south and east.  Nitrates
detected in groundwater have been linked to the heavy use of fertilizers in the area surrounding the site. 

RAOs: Protection of human health and the environment.  Exposure and toxicity assessment showed no 
unacceptable risk.

Technologies Applied: Soil excavation and groundwater monitoring 

Reported Results: None listed.  According to the Notice for Site Deletion, “Confirmational monitoring 
of groundwater demonstrates that no significant risk to public health or the environment is posed by the 
Site.”

MCLs Achieved? No, but risk assessment showed that the current risks are acceptable

ICs in Place? None listed

Vapor Intrusion: Not mentioned 

Long-Term Monitoring? No.  Groundwater monitoring was conducted for one year from the signing of 
the ROD (1992). 
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42.  Agate Lake Scrapyard

State: MN

Site Lead: State

Date Deleted from NPL: August 1, 1997 

Date of Last Five-Year Review: August 24, 2001 

COCs: PCE

RAOs: Protection of human health and the environment; no explicit goals for reducing contaminant 
concentrations are available.

Technologies Applied: Groundwater monitoring and natural attenuation

Reported Results: In October of 1996, analytical results showed that only two wells had detectable 
concentrations of PCE.  The concentration at OW6 was 6 ug/L, which is below the Health Risk Limit 
(HRL) of 7 ug/L, and they have shown a steady decrease since January 1992.  The PCE concentrations at 
OW7 in October of 1997 were 3.6 ug/L.  This further supports the conclusion that there is not a 
significant source of PCE impacting the groundwater and that natural attenuation has reduced the PCE 
concentrations.  

MCLs Achieved? Not applicable, as such goals were never set.  Reports discuss meeting “health based 
goals” but these are not specified.

ICs in Place? Yes, deed restrictions

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? No
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43.  Alsco Anaconda

State: OH

Site Lead: EPA

Date Deleted from NPL: November 2001 

Date of Last Five-Year Review: June 23, 1997

COCs: Metals, chlorinated benzene compounds, semi-volatile organics, and cyanide.

RAOs: “Site-related contaminants with an existing MCL shall be reduced to a concentration at or below 
the MCL. Carcinogenic site-related contaminants shall be reduced to levels that pose a cumulative 
carcinogenic risk of no greater than1x10-6.  Concentrations of noncarcinogenic site-related contaminants 
shall be reduced to levels that pose a cumulative HI no greater than 1 for any specific toxicological 
category.” (http://www.epa.gov/superfund/sites/npl/d011105.htm).

Technologies Applied: Groundwater monitoring 

Reported Results: None listed

MCLs Achieved? Yes.  “With the exception of cyanide and arsenic, cleanup criteria for contaminants 
established for this site have been met since 1999.  Monitoring in May, August, and October 2000 met
cleanup objectives for cyanide and arsenic.” (http://www.epa.gov/superfund/sites/npl/d011105.htm).

ICs in Place? Yes, deed restrictions

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? No, since contaminant levels are below those allowing for unlimited use and 
unrestricted exposure. 
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44.  Avenue “E” Groundwater Contamination

State: MI

Site Lead: EPA

Date Deleted from NPL: March 20, 2007 

Date of Last Five-Year Review: September 28, 2005 

COCs: Benzene, toluene, acetone, tricholorethene, carbon tetrachloride, and other organic compounds 

RAOs: Prevent the groundwater transport of contaminants from the site and treat the water extracted to 
remove the fuel-related contaminants.  Operate the system until contaminant levels are at or below 5 μg/L 
for six consecutive months. 

Technologies Applied: Pump and treat, groundwater monitoring 

Reported Results:  “All groundwater contaminants have reached the cleanup standards specified in the 
1987 agreement between the Coast Guard and MDNR.”
(http://www.epa.gov/superfund/sites/fiveyear/f05-05024.pdf).

MCLs Achieved? Yes

ICs in Place? Because the groundwater was to be remediated to unrestricted use, there were no 
provisions for institutional controls at this site. 

Vapor Intrusion  “Currently soil vapor intrusion is not considered a possible problem at this site. Down 
gradient monitoring wells placed along Avenue E in the residential area where the plume was traced had 
no detectable levels of contaminants of concern associated with the USCG plume.” 
(http://www.epa.gov/superfund/sites/fiveyear/f05-05024.pdf).

Long-Term Monitoring? No, monitoring ended in October 2005. 
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45.  Berlin & Farro

State: MI

Site Lead: State

Date Deleted from NPL: June 24, 1998 

Date of Last Five-Year Review: N/A

COCs: Methylene chloride, 1,2-dichlorethane, vinyl chloride, 1,1-dichlorethene, benzene, and 
trichloroethene

RAOs: Reduce COCs to the following cleanup levels: methylene chloride 5 ug/L, 1,2-dichlorethane 0.4 
ug/L (1 ug/L if analytic procedure does not allow for lower MDL), vinyl chloride 0.02 ug/L (1 ug/L if 
analytic procedure does not allow for lower MDL), 1,1-dichlorethene 7 ug/L, benzene 1 ug/L, and 
trichloroethene 3 ug/L.  Some of these values are the federal MCLs and some are lower.

Technologies Applied: Pump and treat, soil excavation, and groundwater monitoring  

Reported Results: As documented by the June 27, 1996, Remedial Action Report and the September 18, 
1996, Superfund Site Close Out Report, confirmatory sampling verified that all soil, sediment, and 
groundwater cleanup standards were met at the Site and that all cleanup actions specified in the amended 
ROD have been implemented.

MCLs Achieved? Yes

ICs in Place? Yes.  There are deed restrictions to prevent installation of drinking water wells during 
remediation. 

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? No
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46.  Dakhue Sanitary Landfill

State: MN

Site Lead: State

Date Deleted from NPL: July 1995 

Date of Last Five-Year Review: February 2, 2009 

COCs: VOCs, chloroform, and heavy metals, including cadmium and lead.   

RAOs: Reduce contaminants to the following MCLs: chloroform 70 ug/L (MCLG), cadmium 5 ug/L, 
and lead 15 ug/L 

Technologies Applied: Groundwater monitoring, source control on the landfill OU 

Reported Results: No results listed for COCs 

MCLs Achieved? Unknown.  The most recent five-yr review cannot be downloaded from CERCLIS.  
As of the second five-yr review, they had not met MCLs, but concentrations were trending down. 

ICs in Place? Yes, restriction of well development 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? Yes



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Appendix B 289

PREPUBLICATION COPY

47.  Fadrowski Drum Disposal

State: WI

Site Lead: EPA

Date Deleted from NPL: September 6, 2005

Date of Last Five-Year Review: July 30, 2008 

COCs: Metals (different metals are listed in different locations in the documents, none of which are ever 
specifically identified as the contaminants of concern)

RAOs: Reduce contaminant concentrations below 1988 NR 140 Wisconsin groundwater standards 
[Preventative Action Limits (PALs), Enforcement Standards (ESs), or ACLs]. These cleanup goals are 
more stringent than federal MCLs. 

Technologies Applied: Groundwater monitoring, source control, and natural attenuation 

Reported Results: As of 2008 many monitored compounds had declined in concentration via the process 
of natural attenuation such that they met the cleanup criteria (1988 Chapter NR 140 PALs, ESs or 
established ACLs).

MCLs Achieved? No. Fluoride, iron, and manganese remain about their PALs; however, due to their 
natural occurrence in the groundwater, achieving PALs for these three constituents via natural attenuation 
or related methods is neither technically nor economically feasible.

ICs in Place? Yes, restriction of future land and groundwater use and prohibition of future development 
of the Site within the Waste Management Boundary.

Vapor Intrusion: Not applicable

Long-Term Monitoring? Yes, annual sampling for an unspecified amount of time. 



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

290  Appendix B 

PREPUBLICATION COPY

48.  Laskin/Poplar Oil Co.

State: OH

Site Lead: EPA

Date Deleted from NPL: September 5, 2000

Date of Last Five-Year Review: May 15, 2009 

COCs: PCBs, PAHs, SVOCs, VOCs, and metals

RAOs: Protection of human health and the environment

Technologies Applied: Excavation, groundwater diversion trenches, and monitoring 

Reported Results:  “A diversion trench was constructed up-gradient of the capped area, in order to 
intercept all groundwater flow in the shallow aquifer moving northward toward the Site, and a drain in the 
trench conducts the intercepted flow directly to Cemetery Creek. Treatment of the diverted water was not 
required because upgradient groundwater is not contaminated.  Although the trench and cap effectively 
de-watered the Site, groundwater and surface water monitoring were initially conducted as part of the 
Inspection, Maintenance, and Monitoring Plan (lMMP) because hazardous substances were present on-
site. Currently, groundwater levels are monitored in order to determine if the Site remains dewatered.” 
(http://www.epa.gov/region5superfund/fiveyear/reviews_pdf/ohio/laskin_poplar_oil.pdf).

The results of water level measurements conducted since the 2004 five-year review show that water levels 
have remained below the level of the unweathered shale, and thus no groundwater or surface water 
samples were required to be collected
(http://www.epa.gov/region5superfund/fiveyear/reviews_pdf/ohio/laskin_poplar_oil.pdf). 

MCLs Achieved?  Probably not in the groundwater directly below the site, but yes in the groundwater 
discharging to the Cemetery Creek, which is a likely point of compliance.

ICs in Place? Yes, there are restrictions on groundwater use for drinking water purposes. The ROD 
indicated that after the site is de-watered, there will be essentially no groundwater available for any 
purpose. 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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49.  Northern Engraving Co.

State: WI

Site Lead: EPA

Date Deleted from NPL: October 1997 

Date of Last Five-Year Review: April 6, 2010 

COCs: Copper, fluoride, nickel, zinc, 1,1- dichloroethylene, tricholorethene, and vinyl chloride 

RAOs: Reduce contaminants below the following ACLs: fluoride 4,800 ug/L, copper 1,000 ug/L, nickel 
644 ug/L, zinc: 5,000 ug/L, tricholorethene 40 ug/L, vinyl chloride 10 ug/L, and 1, 1-dichloroethylene 10 
ug/L.  These numbers are much higher than MCLs.

Technologies Applied: Source control via a RCRA cover installed atop the lagoon and groundwater 
monitoring 

Reported Results: The concentrations of the indicator contaminants were below the ACLs during the 
second five-year monitoring period. 

MCLs Achieved? No, but MCLs were not the goal; ACLs were. 

ICs in Place? Yes, there is a deed affidavit, and the most recent review recommended deed restrictions. 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No.  Because groundwater remediation goals were met, groundwater 
monitoring was discontinued in 2000. 
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50.  Southside Sanitary Landfill

State: IN

Site Lead: State

Date Deleted from NPL: July 3, 1997 

Date of Last Five-Year Review: September 20, 2005 

COCs: Heavy metals including arsenic, chromium, cadmium, and nickel 

RAOs: Protection of human health and the environment

Technologies Applied: Slurry wall and leachate collection system to isolate the groundwater beneath the 
landfill from the surrounding groundwater

Reported Results: A review of the water level data indicated that the slurry wall performance is within 
acceptable limits. The analytical results from 11 monitoring wells located outside of the slurry wall 
showed that chemical concentrations are also within acceptable limits, except in MW-15R.  

MCLs Achieved? Yes, outside the slurry wall, but probably not within the wall. 

ICs in Place? No. However, within six months of the most recent five-year review report (2005), the IN 
Department of Environmental Management will develop and submit an IC Plan that will include a 
schedule for implementing an easement/restrictive covenant, as well as an evaluation of the need for any 
additional institutional controls.

Vapor Intrusion: Not applicable

Long-Term Monitoring? No



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Appendix B 293

PREPUBLICATION COPY

51.  Tri-State Plating

State: IN 

Site Lead: State

Date Deleted from NPL: July 14, 1997 

Date of Last Five-Year Review: N/A

COCs: Chromium 

RAOs: Reduce contamination of chromium to meet State and Federal standards (Could not find IN 
standard but the federal MCL is 100 ug/L) 

Technologies Applied: Pump and treat, and groundwater monitoring 

Reported Results: Groundwater remediation goals were met in 1995 

MCLs Achieved? Yes

ICs in Place? Yes.  Fencing was built around portions of the site. 

Vapor Intrusion: Not applicable

Long-Term Monitoring? No
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52.  University of Minnesota (Rosemount Research Center) OU1

State: MN

Site Lead: State

Date Deleted from NPL: February 6, 2001 

Date of Last Five-Year Review: June 15, 2007

COCs: Chloroform and TCE 

RAOs: Reduce chloroform contamination below 60 ug/L (the MCLG is 70 ug/L) and TCE below 5 ug/L 

Technologies Applied: Pump and treat 

Reported Results: Groundwater samples from all five monitoring wells showed concentrations of 
chloroform ranging from 2.3 to 23 μg/L, which was below than the MDH drinking water criteria of 60 
μg/L. Trichloroethene was detected (in well MW-23D) at a concentration of 2.6 μg/L, less than the 
federal MCL of 5 μg/L.  Based on the groundwater sampling results, the MPCA determined that the 
groundwater was potable and therefore, no further groundwater sampling was necessary. 

MCLs Achieved? Yes

ICs in Place? Yes, a declaration of restrictions and covenants and affidavit concerning real property 
contaminated with hazardous substances documents were filed. 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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53.  Waste, Inc., Landfill

State: IN 

Site Lead: EPA

Date Deleted from NPL: August 2008 

Date of Last Five-Year Review: June 27, 2011

COCs: Benzene, PAHs, PCBs, arsenic, manganese, chromium, cadmium, mercury, antimony 

RAOs: Prevent migration of groundwater contamination

Technologies Applied: Groundwater monitoring; landfill cap

Reported Results: Average contaminant concentrations in landfill leachate are lower than the previous 
reporting period with limited detections and no exceedances of any associated MCLs. This continues to 
demonstrate that the installation of the multi-layer cap has effectively reduced the infiltration of rainwater 
through the landfill contents and reduced the leachate concentrations at the site. 

MCLs Achieved? No, since the goal was only to prevent migration of the contamination.  

ICs in Place? Yes, deed restrictions

Vapor Intrusion: Not mentioned

Long-Term Monitoring? Yes
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54.  Windom Dump

State: MN

Site Lead: State

Date Deleted from NPL: 2000 

Date of Last Five-Year Review: April 23, 2010

COCs: Cis-1,2-dichloroethene and vinyl chloride 

RAOs: Reduce contamination below action levels (MCL of 70 ug/L for cis-1,2-dichloroethene and 2 
ug/L for vinyl chloride) 

Technologies Applied: Pump and treat, groundwater monitoring 

Reported Results: Response actions have successfully reduced contaminant concentrations below action 
levels. 

MCLs Achieved? Yes

ICs in Place?  Yes, deed restrictions

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? Yes
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55.  Bailey Waste Disposal

State: TX

Site Lead: EPA

Date Deleted from NPL: October 15, 2007 

Date of Last Five-Year Review: September 7, 2010 

COCs: Organic compounds and heavy metals

RAOs: Protection of human health and the environment, but the ROD did not contain a groundwater 
remedy.

Technologies Applied: Pump and treat for the short term to remove groundwater that might rise due to 
waste consolidation.

Reported Results: No results provided.  The most recent review states: “The original ROD for the Site 
did not contain a ground water remedy, as the RI concluded that the Site had no impact on drinking water, 
and ‘in the unlikely event that site constituents were to migrate via a ground water pathway, it would take 
more than 800 years for them to reach potable ground water. . . [and] shallow ground water beneath and 
adjacent to the site is saline and not suitable for human consumption’.  Moreover, the area is subject to 
tidal flow (i.e., significant daily flow in and out of the area), so ground water discharge to surface water 
has not been found to be an issue.  The major components of the amended ground water remedy included 
no long-term ground water treatment, but in the short-term (i.e. during construction of the cap), a 
‘consolidation water collection layer [was installed] to intercept and remove ground water that rises due 
to the consolidation of the waste’.  The collected water was then pumped to a wastewater holding tank, 
treated to the discharge limits in effect during the remedy implementation, and discharged.”  
(http://www.epa.gov/earth1r6/6sf/texas/bailey/Bailey_5-Year_Review_Final_w_Signature_Pages.pdf) 

MCLs Achieved? Not applicable, as the groundwater was never found to be contaminated.

ICs in Place? Yes, a deed notice

Vapor Intrusion: Not mentioned

Long-Term Monitoring: No
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56.  Cleveland Mill

State: NM

Site Lead: EPA

Date Deleted from NPL: July 23, 2001 

Date of Last Five-Year Review: August 20, 2007 

COCs: Arsenic, beryllium, cadmium, lead, and zinc  

RAOs: Protection of human health and the environment; no obvious groundwater-specific goal other than 
to prevent contamination. 

Technologies Applied: Soil excavation in the original ROD. Because EPA anticipated that associated 
groundwater contamination would naturally attenuate once the source was removed, the 1993 ROD did 
not include a groundwater remedy.

Reported Results: All the monitoring wells and residential wells used to gather RI data were below 
MCLs and New Mexico Water Quality Control Commission (NMWQCC) standards.  (But this has 
nothing to do with the remedy or the post-deletion monitoring.   

MCLs Achieved? Not applicable, as these were not remedial goals.  It could be argued that this was not 
a contaminated groundwater site.

ICs in Place? Yes, restrictive covenants

Vapor Intrusion: Not applicable

Long-Term Monitoring? Yes
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57.  Double Eagle Refinery Co.

State: OK

Site Lead: EPA/State

Date Deleted from NPL: August 21, 2008 

Date of Last Five-Year Review: May 15, 2007 (combined review done for Fourth St. and Double Eagle 
sites)

COCs: PAH, chlorinated hydrocarbons and PCB, alkyl benzenes, ketones, lead (primary COC), arsenic, 
and antimony 

RAOs: Ensure that contaminants do not migrate deeper, or to a receptor point off-site, and determine if 
an off-site source of contamination exists. The plan for the site seems to indicate that no one will ever 
drink the groundwater, precluding the need to meet MCLs.

Technologies Applied: Groundwater monitoring and natural attenuation

Reported Results: COC concentrations tend to be decreasing, except for chlorinated solvents in a few 
wells. The off-site wells BMW- 6A and BMWD-1 showed an increase in chlorinated solvent 
concentrations, which prompted the DEQ to drill additional wells in the area.  The results of the off-site 
study indicate that there are off-site sources of chlorinated solvent contamination. The U.S. Geological 
Survey (USGS) performed an evaluation of the effectiveness of natural attenuation in 2002 indicating that 
natural attenuation is taking place at the site.

MCLs Achieved? Not sure; no concentrations were provided 

ICs in Place? Yes, a deed notice

Vapor Intrusion: Not mentioned 

Long-Term Monitoring? No.  The 2006 ESD determined that further groundwater monitoring is not 
necessary.  The wells were plugged by the DEQ.
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58.  Dutchtown Treatment Plant

State: LA

Site Lead: EPA

Date Deleted from NPL: November 16, 1999 

Date of Last Five-Year Review: September 12, 2007 

COCs: Benzene, ethylbenzene, toluene, xylene (BTEX), and lead 

RAOs: Prevent contamination of underlying 150-foot-deep drinking water aquifer and restore 
contaminated shallow groundwater, based on its classification, for future use.

Technologies Applied: Groundwater monitoring and natural attenuation 

Reported Results: Deep Water Zone: According to the first five-year review report (EPA 2002a), “From 
1997-2002, BTEX was not detected in any of the Deep Zone wells for any of the sampling events 
reported in the monitoring results.”  From 2003 through 2006, BTEX constituents were not detected in 
the one remaining Deep Zone well (MW-7) for any of the sampling events reported in the groundwater 
analytical results. There is no evidence of vertical contaminant migration, thus the remedy continues to 
be protective of the shallowest drinking water aquifer (encountered at 100 feet bgs and extending to 300 
feet bgs).

Shallow Water Zone: According to the first five-year review report (EPA 2002a), “For the monitoring 
results review (1997- 2002), no concentrations of BTEX exceeded the Class III groundwater corrective 
action levels (taking into account the natural attenuation factor of 173) set forth in the O&M work plan 
(G&M 1997) for any of the sampling events reported.”  From 2003 through 2006, BTEX constituents 
continue to remain below the Class III (not an underground source of drinking water) groundwater 
corrective action levels with the Updated O&M Plan’s (AGM 2002a) identified natural attenuation factor 
(of 173) included. 

MCLs Achieved? No, but shallow groundwater would not be used as drinking water so cleanup to 
MCLs was not required. Deep water wells have never had site related contaminants detected (based on 
data from 1997-2006).

ICs in Place? Yes, access restrictions, deed notices, and restriction on groundwater use from site wells.

Vapor Intrusion: The risk assessment did not consider vapor intrusion to indoor air.  Although there are 
residences located within 100 feet of the site boundary (i.e., to the east), there are no residences located 
within 100 feet of the impacted shallow groundwater zone, and groundwater is not migrating toward the 
residences (i.e., it is migrating towards the northwest).  Therefore, the vapor intrusion pathway is not 
considered a complete pathway.

Long-Term Monitoring? No
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59.  Fourth Street Abandoned Refinery

State: OK

Site Lead: EPA/State

Date Deleted from NPL: August 21, 2008 

Date of Last Five-Year Review: May, 15, 2007 (combined review done for Fourth St. and Double Eagle 
sites)

COCs: PAH, chlorinated hydrocarbons and PCB, alkyl benzenes, ketones, lead (primary COC), arsenic, 
and antimony  

RAOs: Protection of human health and the environment 

Technologies Applied: Groundwater monitoring 

Reported Results: COC concentrations tend to be decreasing, except for chlorinated solvents in a few 
wells. The off-site wells BMW- 6A and BMWD-1 showed an increasing trend in chlorinated solvent 
concentrations, which prompted the DEQ to drill additional wells in the area. The results of the off-site 
study indicate that there are off-site sources of chlorinated solvent contamination. The U.S. Geological 
Survey (USGS) performed an evaluation of the effectiveness of natural attenuation in 2002 indicating that 
natural attenuation was taking place at the site.

MCLs Achieved? Unknown because no concentration data were provided

ICs in Place? Yes, a deed notice

Vapor Intrusion: Not mentioned 

Long-Term Monitoring? No



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

302  Appendix B 

PREPUBLICATION COPY

60.  Gurley Pit

State: AR

Site Lead: EPA

Date Deleted from NPL: November 6, 2003 

Date of Last Five-Year Review: September 27, 2007 

COCs: Lead, barium, zinc, and TOC

RAOs: The Remedial Investigation indicated that the groundwater contained no site-related contaminants
and that the potential for future groundwater contamination would be prevented by the implementation of 
the source control remedy.  

Technologies Applied: Source control and groundwater monitoring 

Reported Results: The results from the 2006 sampling event showed pit concentrations of barium, lead, 
zinc, and TOC, the COCs for the site, consistent with previous sampling rounds.  The results provided no 
indication that the site was negatively impacting groundwater.

MCLs Achieved? Not Applicable

ICs in Place? Yes, deed notice

Vapor Intrusion: Not applicable

Long-Term Monitoring? No
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61.  Industrial Waste Control (There is limited documentation for this site)

State: AR

Site Lead: EPA

Date Deleted from NPL: April 2008 

Date of Last Five-Year Review: September 26, 2007 

COCs: Methylene chloride, toluene, PAHs, heavy metals including nickel, chromium, and lead  

RAOs: Protection of human health and the environment

Technologies Applied: Off-site disposal; solidification of soil; slurry wall to prevent contamination of 
groundwater; natural attenuation; groundwater monitoring 

Reported Results: No numeric results are given.  During September 2003, two monitoring wells 
recorded higher than baseline levels of contaminants.  A Site Assessment Study concluded in November 
2006 that the increase above baseline values was related to natural attenuation locally around the monitor 
wells and that contaminants of concern would not migrate off-site.  No offsite migration of COCs has 
been detected in mine void at the downgradient monitor wells (MW-10, 11, and 103D) or the property 
line monitor well (MW-15). 

MCLs Achieved? Unknown, as no numeric results are given.

ICs in Place? Yes, deed restrictions

Vapor Intrusion: Not mentioned 

Long-Term Monitoring? No
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62.  Mallard Bay Landing Bulk Plant

State: LA

Site Lead: EPA

Date Deleted from NPL: September 19, 2005 

Date of Last Five-Year Review: N/A

COCs: Arsenic, benzene, bromodichloromethane, carbon tetrachloride, chloroform, and manganese

RAOs: Reduce contamination to meet the following levels: arsenic (10 ug/L, the MCL); 
bromodichloromethane/chloroform (there is no specific MCL, but the total trihalomethane amount should 
not exceed 80 ug/L); carbon tetrachloride (5 ug/L, the MCL); manganese (50 ug/L, the MCL); benzene 
(5.0 g/l, the LDEQ Risk Evaluation Corrective Action Program Screening Standard).

Technologies Applied: Emergency removal action

Reported Results: No numeric results given, but the fact sheet states that no hazardous substances 
remain at the Site above levels that prevent unlimited use and unrestricted exposure. 

MCLs Achieved? Yes, but no data were provided. 

ICs in Place? No.  The waste will ultimately be removed from the site so it is anticipated that no 
institutional controls will be needed. 

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? No
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63.  Odessa Chromium #2 (Andrews Highway)

State: TX

Site Lead: EPA/State

Date Deleted from NPL: July 19, 2004 

Date of Last Five-Year Review: September 25, 2001 

COCs: Chromium 

RAOs: Reduce chromium to MCL (100 ug/L) 

Technologies Applied: Extraction and electrochemical treatment of contaminated groundwater 

Reported Results

MW-214A      MW-223R   MW-213
Jun 98  ND (0.02 mg/L)     Jun 98  ND (0.02 mg/L) Jun 00 ND (0.02 mg/L) 
Oct 98  ND (0.02 mg/L)     Oct 98  ND (0.02 mg/L) Oct 00 ND (0.02 mg/L) 
Dec 98  ND (0.02 mg/L)     Dec 98  ND (0.02 mg/L) Jan 01 0.01 mg/L 
MW-216       MW-209   MW-221  MW-231
Oct 98 0.03 mg/L     Apr 00  0.09 mg/L  Jun 00 0.1 mg/L Jun 00 0.01 mg/L 
Nov 98 0.05 mg/L     May 00  0.09 mg/L  Jul 00 0.1 mg/L Oct 00 ND (0.02 mg/L) 
Dec 98  0.06 mg/L     June 00  0.08 mg/L  Aug 00 0.1 mg/L Jan 01 0.02 mg/L 

MCLs Achieved? Yes

ICs in Place? None listed

Vapor Intrusion: Not applicable

Long-Term Monitoring? No
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64.  Old Inger Oil Refinery

State: LA

Site Lead: EPA

Date Deleted from NPL: August 12, 2008 

Date of Last Five-Year Review: July 23, 2007 

COCs: Heavy metals, phenols, benzene, naphthalene, benzo (a) pyrene, and benzo (a) anthracene

RAOs: Reduce contamination to levels meeting LDEQ’s RECAP GWSS standards: benzene 5.0 ug/L
(same as MCL), naphthalene 10 ug/L (no MCL), benzo(a)pyrene 0.2 ug/L (same as MCL),
benzo(a)anthracene 7.8 ug/L (no MCL).

Technologies Applied: Five emergency removal actions; Pump and treat, groundwater monitoring 

Reported Results: The data review determined that the shallow groundwater, when compared to the 
Risk Evaluation and Corrective Action Program Groundwater Screening Standards values, is not 
contaminated above levels that pose an unacceptable risk. The five-yr review document was not 
accessible from CERCLIS.

MCLs Achieved? Unclear, as numeric results were provided.

ICs in Place? Yes, conveyance notice

Vapor Intrusion: Not applicable

Long-Term Monitoring? No
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65.  South 8th Street Landfill

State: AR

Site Lead: EPA

Date Deleted from NPL: September 28, 2004 

Date of Last Five-Year Review: June 16, 2009

COCs: Lead, arsenic, and manganese

RAOs: Restore groundwater to MCLs (lead 15 ug/L, arsenic 10 ug/L, and manganese 50 ug/L) 

Technologies Applied: Monitored natural attenuation 

Reported Results:  No specific results listed but the fact sheet says that the groundwater is no longer 
contaminated.  According to the last five-year review says “For the ground water OU, nine monitoring 
wells were sampled during eight sampling events in 2002 and the analytical results confirmed that the 
source area treatment and natural attenuation processes in the aquifer have reduced the metal 
concentrations below the remedial goals specified in the 1998 ROD Amendment.  The nine groundwater 
monitoring wells were plugged and abandoned in June 2003.” 

MCLs Achieved? Yes, but no numeric results provided in the final five-year review.

ICs in Place? Yes. There is a prohibition on further excavation. 

Vapor Intrusion: Not applicable

Long-Term Monitoring? No
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66.  Farmers’ Mutual Cooperative

State: IA

Site Lead: EPA

Date Deleted from NPL: November 13, 2001 

Date of Last Five-Year Review: September 7, 2000 

COCs: Alachlor, atrazine, cyanazine, metolachlor, metribuzin, trifluralin, benzene, toluene, ethyl 
benzene, and total xylenes 

RAOs: Reduce contamination to meet State action levels: alachlor 0.4 ug/L, atrazine 3 ug/L, cyanazine 1 
ug/L, metolachlor 70 ug/L, metribuzin 100 ug/L, trifluralin 5 ug/L, benzene 5 ug/L, toluene 2,420 ug/L, 
ethyl benzene 700 ug/L, and total xylenes 12,000 ug/L. 

Technologies Applied: Groundwater monitoring and natural attenuation

Reported Results: Pesticide contaminant concentrations have been shown to be below standards for 
three consecutive sampling events (November 1997 through November 1999) but benzene concentrations 
in MW-13 and MW-22 continue to indicate concentrations above action levels.

MCLs Achieved? No, benzene was still above action levels in two wells in 2000. 

ICs in Place? Yes.  The site remains on the State Registry of Hazardous Waste or Hazardous Substance 
Disposal Sites and cannot be sold or undergo a significant change in use without the approval of the 
IDNR. 

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? In a letter dated April 3, 2000, IDNR agreed with the recommendation to 
discontinue pesticide monitoring, to abandon 12 monitoring wells, and to continue annual sampling of 
monitoring wells MW-13 and MW-22 for BTEX, with the understanding that subsequent modification to 
the monitoring could be required if the magnitude and/or extent of BTEX contamination were found to 
increase significantly.
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67. Kem-Pest Laboratories

State: MO

Site Lead: EPA

Date Deleted from NPL: September 20, 2001 

Date of Last Five-Year Review: September 21, 1999 

COCs: Pesticides including heptachlor, chlordane, and endrin; VOCs; and SVOCs 

RAOs: Protection of human health and the environment.  The baseline risk assessment indicated 
groundwater contamination did not pose a significant threat to human health. 

Technologies Applied: Groundwater monitoring will be conducted for the first five years to verify that 
no unacceptable exposures posed, by conditions at the site, occur. 

Reported Results.  1999 review of groundwater monitoring to date indicates that the remedy is 
protective. 

MCLs Achieved? Yes, according to the Fact Sheet MCLs were met.

ICs in Place? None listed

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? No
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68.  Labounty

State: IA

Site Lead: EPA

Date Deleted from NPL: October 6, 1993 

Date of Last Five-Year Review: July 22, 2010 

COCs: Arsenic and 1,1,2-trichloroethane

RAOs: Reduce arsenic concentration in the Cedar River to acceptable levels (MCL 10 ug/L) by reducing 
surface infiltration through wastes.  The MCL for 1,1,2-trichloroethane is 5 ug/L. 

Technologies Applied: Groundwater monitoring and an upgradient groundwater diversion wall 

Reported Results: Tables in the most recent five-year review (2010) show contaminant concentrations
above MCLs in some wells during 2004-2009 monitoring (for example, M0479-A: arsenic 653 ug/L and 
1,1,2-TCA 10,600 ug/L in May 09). 

MCLs Achieved? No, contaminant concentrations are still above MCLs in some wells. 

ICs in Place? Yes.  There are perpetual easements, a restrictive covenant, and prohibitions against the 
use of groundwater or intrusive activities. 

Vapor Intrusion: There is a building immediately north of monitoring well M00379A and upgradient of 
the constructed chemical fill cover which raises the possibility of vapor intrusion.  The concentration of 
1,1,2-TCA in this well is less than 5 ug/L (the screening level for 1,1,2-TCA in the 2002 EPA Vapor 
Intrusion Guidance). 

Long-Term Monitoring? Yes
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69.  Waverly Ground Water Contamination

State: NE

Site Lead: EPA

Date Deleted from NPL: November 20, 2006 

Date of Last Five-Year Review: August 13, 2009 

COCs: Carbon tetrachloride and chloroform 

RAOs: Restore the contaminated aquifer for future use as a source of drinking water by reducing the 
carbon tetrachloride and chloroform concentrations below health-based criteria described in the ROD (5 
ug/L carbon tetrachloride and 100 ug/L chloroform).  

Technologies Applied: Pump and treat 

Reported Results: Most recent sampling (second quarter FY2009) indicated that carbon tetrachloride 
and chloroform were not detected in monitoring wells.

MCLs Achieved? Yes

ICs in Place? No

Vapor Intrusion: No.  Soil gas compliance results indicated that the contaminants were at such a depth 
(30 to 35 feet below ground surface) that it was highly unlikely that any vapors would reach any potential 
receptors.   

Long-Term Monitoring? No
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70.  White Farm Equipment Co. Dump

State: IA

Site Lead: EPA

Date Deleted from NPL: October 30, 2000 

Date of Last Five-Year Review: June 22, 2009

COCs: Benzene, cadmium, chromium, and lead 

RAOs: Prevent further migration of contaminated groundwater and reduce levels of contaminants below 
established health-based standards for drinking water [benzene 1 ug/L (MCL is 5), cadmium 5 ug/L, 
chromium 100 ug/L, and lead 50 ug/L—action level is 15].

Technologies Applied: Pump and treat 

Reported Results: As of 2009, the levels of benzene, cadmium, chromium, and lead in the groundwater 
remain below the performance standards set for the site.  It should be noted that the concentrations of all 
four analytes were below detection limits during both the 1999 and 2004 monitoring efforts.  During the 
2008 monitoring effort, there were detectable concentrations of cadmium, chromium, and lead, but still 
below performance standards.

MCLs Achieved? Yes

ICs in Place? Yes, there is a restrictive covenant 

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? Yes
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71.  Rose Park Sludge Pit

State: UT

Site Lead: State

Date Deleted from NPL: June 3, 2003 

Date of Last Five-Year Review: September 25, 2007 

COCs: PAHs

RAOs: “Prevent exposure to the acid waste sludge, eliminate potentially unhealthy odors and vapors, and 
prevent off-site migration of the sludge through surface water and groundwater.”  No specific cleanup 
goals were established for the groundwater at the Site (http://epa.gov/superfund/sites/npl/d030630.htm).

Technologies Applied: Slurry wall/cap

Reported Results: Results from groundwater monitoring suggest that contamination from the waste 
material remains contained.

MCLs Achieved? Not applicable, as no specific cleanup goals were set for groundwater this Site.  The 
goal was containment.

ICs in Place? Yes. There is a five-party agreement between Salt Lake City, Salt Lake City/County 
Health Department, Utah State Health Department, EPA, and Amoco Oil Company to provide Site access 
for all five entities and to prohibit any excavation activities on-site. 

Vapor Intrusion:  Although the RAOs state that a primary objective is to eliminate potentially unhealthy 
odors and vapors the five-year review does not elaborate on vapor intrusion. 

Long-Term Monitoring? No
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72.  Whitewood Creek

State: SD

Site Lead: EPA

Date Deleted from NPL: August 13, 1996 

Date of Last Five-Year Review: September 27, 2007 

COCs: Arsenic, copper, zinc, selenium and mercury 

RAOs: Reduce contaminant concentrations below MCLs (arsenic 10 ug/L, copper 1,000 ug/L, zinc 5,000 
ug/L, selenium 50 ug/L, and mercury 2 ug/L).  Five-year review suggests a waiver from complying with 
the arsenic MCL.

Technologies Applied: Groundwater monitoring 

Reported Results: No groundwater results provided in the most recent five-year review. 

MCLs Achieved? No. The fact sheet says that “Since waste is left in place which precludes unlimited 
use and unrestricted exposure, EPA will continue to conduct five-year reviews.”

ICs in Place? Yes, ordinance restrictions on future digging in remediated areas 

Vapor Intrusion: Not applicable

Long-Term Monitoring? Yes
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73.  Del Norte Pesticide Storage

State: CA

Site Lead: EPA

Date Deleted from NPL: September 18, 2002 

Date of Last Five-Year Review: June 14, 2010

COCs: 1,2-Dichloropropane and 2,4-dichlorophenoxyacetic acid 

RAOs: Restoration of contaminated on-site groundwater to 100 ug/L for 2,4-dichlorophenoxyacetic acid
(federal MCL is 70) and to the health-based level of 10 ug/L for 1,2-dichloropropane (federal MCL is 5)

Technologies Applied: Pump and treat and groundwater monitoring  

Reported Results: By October 1997, both the groundwater and soil cleanup levels for 2,4-D had been 
achieved.  Although the 10 μg/l heath-based level for 1,2-DCP has not been achieved, 1,2-DCP 
concentrations in groundwater continue to decline slowly and the plume is contained within the original 
contaminated area.

MCLs Achieved? No, the MCL for 1,2-DCP has not yet been met.  “EPA’s 2000 ROD Amendment 
concluded that the 5,000 foot plume was not migrating and that it was technically impracticable to restore 
the 1,2-DCP plume to the 5   The 2000 ROD Amendment therefore waived this ARAR on the 
basis of Technical Impracticability” (http://www.epa.gov/fedrgstr/EPA-WASTE/2002/August/Day-
08/f20099.htm).

ICs in Place? Yes, ordinance restrictions on future digging in remediated areas 

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? Yes
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74.  Firestone Tire & Rubber Co. (Salinas Plant)

State: CA

Site Lead: EPA

Date Deleted from NPL: April 21, 2005 

Date of Last Five-Year Review: September 28, 2001 

COCs: VOCs

RAOs: Reduce GW contamination to the following levels: 
Contaminant MCL (ug/L) federal MCL
1,1 dichloroethylene 6 7
1,1 dichloroethane 5 none
1,1,1 trichloroethane 70 200
1,2 dichloroethane 0.5 5
Tricholorethene 0.7 5
Benzene 0.7 5
Toluene 20 1000
Ethylbenzene 10 700
Xylene 70 10,000

Technologies Applied: Pump and treat, groundwater monitoring, and natural attenuation 

Reported Results: The final sampling occurred on July 28, 1998 with only two wells showing 
contamination above cleanup standards: well S09 containing 55 ug/l of 1,1-DCE and OW4 containing 11 
ug/l of 1,1-DCE. These wells are in the shallow zone and are located approximately 250-300 feet from 
the facility.  No contamination above cleanup standards was found in the intermediate or deep zones.  The 
Regional Water Quality Control Board noted a declining trend in 1,1-DCE concentrations in the shallow 
aquifer (from 130 ug/1 in 1995 to 55 ug/l in 1998) and stated that, due to the low concentrations and 
significant separation by tens of feet from underlying water zones, the shallow zone contamination would 
not be expected to impact the downgradient groundwater and deeper aquifers in the future. They also 
stated that they believed that the wells would slowly attenuate to below the cleanup standard. After the 
last sampling event, wells were destroyed and sealed. No further monitoring has occurred at the site.

MCLs Achieved? Yes, MCLs were achieved in the deep aquifer (but not the shallow). 

ICs in Place? No, there are no institutional controls required as part of the remedy for the Firestone site.

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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75.  Schofield Barracks

State: HI

Site Lead: U.S. Army

Date Deleted from NPL: August 30, 2000 

Date of Last Five-Year Review: September 24, 2007 

COCs: Trichloroethene 

RAOs: Reduce level of TCE contamination to drinking water standards only at point of use.  A technical 
impracticability (TI) waiver was prepared, which supports the idea of point-of-use treatment. Because of 
the TI waiver, the cleanup goals apply only at the wellhead and not throughout the aquifer. 

Technologies Applied: Point-of-use treatment

Reported Results: No results provided 

MCLs Achieved? No, because water is only being treated at the point of use 

ICs in Place? Yes. There are prohibitions on the use or disturbance of groundwater, prohibitions on 
excavation activities, disturbance of the landfill cover, and any other activities that might interfere with 
the implemented remedy.

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? No
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76.  Southern California Edison Co. (Visalia Poleyard)

State: CA

Site Lead: EPA

Date Deleted from NPL: August 27, 2009 

Date of Last Five-Year Review: July 21, 2010 

COCs: Pentachlorophenol, benzo(a)pyrene, and TCDDeqv

RAOs: Reduce contamination to the following levels: pentachlorophenol 1 ug/L, benzo(a)pyrene 0.2 
ug/L, and TCDDeqv 30 pg/L.

Technologies Applied: Physical and chemical groundwater treatment system (steam)

Reported Results:  The table below shows site-wide average groundwater concentrations over a three-
year compliance demonstration period. 

Pentachlorophenol  Benzo(a)pyrene TCDD eqv.
Cleanup Levels 1.0 ug/L 0.2 ug/L 0.03 ng/L 

UCL95 Int. Aquifer  0.075 ug/L 0.055 ug/L 0.019 ng/L 

UCL95 Deep Aquifer  0.054 ug/L 0.03 ug/L 0.0053 ng/L 

The statistical analysis of the groundwater data demonstrated that the cleanup levels had been met in both 
the intermediate and deep monitoring zones at the Site, except for two outliers, which were found during 
a period with low water table elevations.

MCLs Achieved? Yes

ICs in Place? Yes, deed restrictions

Vapor Intrusion: Not mentioned

Long-Term Monitoring? No
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77.  Western Pacific Railroad Co.

State: CA

Site Lead: EPA

Date Deleted from NPL: August 29, 2001 

Date of Last Five-Year Review: September 18, 2008 

COCs: 1,1-DCE, 1,1,1-TCA, 1,1-DCA, and TCE 

RAOs: Reduce contamination to the following levels: 1,1-DCE to 7ug/L; 1,1,1-TCA to 200 ug/L; 1,1-
DCA to 5 ug/L; and TCE to 5 ug/L. 

Technologies Applied: Groundwater monitoring and pump and treat 

Reported Results: Analytical results indicated that 1,1-DCE, 1,1,1-TCA, and TCE continue to be 
present in the groundwater at concentrations below the Federal and State MCLs.  The concentration of 
1,1-DCA in well MW8902 was 5.4 ug/L, which is above the cleanup level of 5.0 ug/L.

MCLs Achieved? No. Concentrations of 1,1-DCA are still slightly above the MCL.

ICs in Place? Yes, a land use covenant

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? Yes
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78.  Bonneville Power Administration Ross Complex

State: WA

Site Lead: U.S. Department of Energy 

Date Deleted from NPL: September 23, 1996 

Date of Last 5 Year Review: September 2, 2009 

COCs: dichloroethylene and chloroform, found in on-site groundwater at slightly elevated levels.
CERCLIS does not consider this to be a site with contaminated groundwater. 

RAOs: Protection of human health and the environment.  Results of the site-specific risk assessment 
indicated that exposure to either on- or off-site groundwater would not pose a risk to human health. 

Technologies Applied: None for groundwater 

Reported Results: None reported

MCLs Achieved? Not Applicable, as there was likely little groundwater contamination to begin with

ICs in Place?  Yes, but not for groundwater 

Vapor Intrusion:  Not mentioned

Long-Term Monitoring? No



Copyright © National Academy of Sciences. All rights reserved.

Alternatives for Managing the Nation's Complex Contaminated Groundwater Sites 

Appendix B 321

PREPUBLICATION COPY

79. Northwest Transformer

State: WA

Site Lead: State

Date Deleted from NPL: September 28, 1999 

Date of Last Five-Year Review: July 27, 1999 

COCs: PCBs in soil

RAOs: None for groundwater 

Technologies Applied: None for groundwater 

Reported Results: The PRPs continued to monitor groundwater at the site for five years after cleanup 
was completed and no contaminants of concern were detected in perimeter or off-site wells.

MCLs Achieved? Not applicable, as groundwater was never contaminated

ICs in Place?  A Consent Decree with the owners executed prior to cleanup required a deed notice with 
requirements to notify the Washington State Department of Ecology before excavating below 15 feet and 
to notify EPA before using groundwater at the site.  A deed notice to that effect was recorded August 30, 
1999. 

Vapor Intrusion: Not mentioned

Long-Term Monitoring? Yes, for five years after cleanup to make sure there was no contaminant 
migration from soil to groundwater.
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80.  Union Pacific Railroad Company

State: ID

Site Lead: State

Date Deleted from NPL: September 22, 1997 

Date of Last Five-Year Review: N/A

COCs: Heavy metals, polycyclic aromatic hydrocarbons, and organic compounds 

RAOs: Reduce contamination to federal drinking water standards 

Technologies Applied: Pump and treat and groundwater monitoring 

Reported Results: Since the completion of the cleanup, groundwater monitoring results have met or 
were lower than federal drinking water standards. 

MCLs Achieved? Yes

ICs in Place? Yes, there are deed, land, and groundwater use restrictions. 

Vapor Intrusion:  Not mentioned

Long-Term Monitoring?  No 
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