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Preface

“I have yet to see any problem, however complicated, which, when you looked at
it in the right way, did not become still more complicated.”

Poul Anderson, New Scientist (London, Sept. 25, 1969)

Under the auspices of the Water Science and Technology Board (WSTB),
the National Research Council (NRC) established the Committee on Environ-
mental Remediation at Naval Facilities in 1997. The NRC chose 15 experts to
serve on the committee for the purpose of studying issues associated with the
remediation of contaminated soil, sediment, and ground water at Navy facilities.
The committee was initially established to provide guidance on the following
three main areas pertinent to characterization and remediation of Navy facilities:

1. Risk-Based Methodologies. What are the strengths and weaknesses of
risk-based methodologies for cleaning up contaminated sites, including (but not
limited to) the Risk-Based Corrective Action standard (RBCA) devised by the
American Society for Testing and Materials? How should such a methodology
be implemented at Navy facilities?

2. Innovative Technologies. What innovative technologies are appropriate
to assist the cleanup efforts at Navy facilities?

3. Long-Term Monitoring. For Navy facilities that will not be able to meet
regulatory standards for cleanup in the near future, what guidance can be given
for establishing and maintaining long-term monitoring at such sites?

The project was supported by the U.S. Navy with the stipulation that the
three study topics listed above would be funded incrementally. This report re-
flects the outcome of the first year of committee deliberations that addressed risk-
based methodologies (Task 1 above). The committee saw as its goals to provide
a review of existing risk-based methodologies, a description of their strengths
and weaknesses, and a set of recommendations on how the Navy should proceed.

Vii
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Viii PREFACE

The Navy did not ask the committee to review methods they are currently using
to comply with the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA). The committee was also not asked to review the Rela-
tive Risk Site Evaluation Framework, which is a risk-based framework for re-
questing and distributing cleanup funds in the military. Consequently, the com-
mittee did not view as its role the task of suggesting improvements to the approach
the Navy is currently using and did not deliberate on how to improve the CERCLA
process. The committee discussions focused on risk-based methods not currently
being used by the Navy that may offer cost and time savings. Navy personnel
indicated that they were interested in a methodology that could encompass all of
their sites, from petroleum underground storage tanks to more recalcitrant types
of contamination.

The committee undertook a thorough evaluation of the use of risk-based
methodologies for managing current soil and ground water cleanup efforts. Dur-
ing four meetings held over nine months, the committee gathered information
from expert presentations to the committee, field trips to three Navy facilities,
and dialogue with Navy personnel. The committee also relied on the in-depth
experience and expertise of the committee members, who are recognized leaders
in environmental engineering, hydrogeology, soil science, geochemistry, ground
water modeling, statistical sampling of ground water, toxicology, risk assess-
ment, law, public health, and public participation/stakeholder involvement. Al-
though the committee members represented a diversity of opinions and back-
grounds, we were able to reach a consensus on almost all issues. The quote from
Poul Anderson above is an accurate reflection of the experiences of this commit-
tee. The Navy, like most if not all responsible parties, would like to see a simpler
solution to its cleanup problems. However, the committee agreed that site cleanup
and maintaining an acceptable risk at a site are both complex and difficult issues.
The uncertainties associated with leaving contamination in place and the uncer-
tainties in source, pathway, and receptor characterization led the committee to
develop eleven criteria that a risk-based approach must fully satisfy to address
Naval hazardous waste sites. The document that follows is the culmination of our
initial efforts to help the Navy solve problems in its Environmental Restoration
Program. Although the committee discussed the additional time and costs that
would be necessary to implement its recommendations, these issues were not
quantitatively evaluated.

This report has been reviewed, in accordance with NRC procedures, by indi-
viduals chosen for their expertise and broad perspectives on the issues addressed
herein. These independent reviews provided candid and critical comments that
assisted the authors and the NRC in making the published report as sound as
possible, and they ensured that the report meets institutional standards for objec-
tivity, evidence, and responsiveness to the study charge. The content of the review
comments and the draft manuscript remain confidential to protect the integrity of
the deliberative process. The committee wishes to thank the following individu-
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als for their participation in the review of this report and their many instructive
comments: Patrick Atkins, Aluminum Company of America; Anthony Grey,
New York State Department of Health; Theodore Henry, Community Health As-
sessment & Public Participation Center; Michael Kavanaugh, Malcolm Pirnie,
Inc.; Paul Kostecki, University of Massachusetts at Amherst; Philip LaMoreaux,
P. E. LaMoreaux and Associates, Inc.; Joel Massmann, University of Washing-
ton; and William Walsh, Pepper Hamilton LLP. While the individuals listed
above have provided many constructive comments and suggestions, responsibil-
ity for the final content of this report rests solely with the authoring committee
and the NRC.

Special thanks must go to several individuals who contributed to the com-
mittee’s overall effort in so many ways. First, a great share of appreciation must
go to Laura Ehlers, the NRC Staff Officer for this project. Laura put forth a great
deal of effort in coordinating the committee meetings, gathering information, pre-
paring copious minutes of the meetings, and reminding the committee members
of their duties and responsibilities. Laura actively participated in the committee
discussions, offered insightful comments and input, and demonstrated consider-
able editing skills in preparing and extensively rewriting significant sections of
the report. We owe much of the credit for the success of this report to Laura.
Second, much appreciation also goes to Jackie MacDonald. Jackie is the associ-
ate director of the WSTB and assisted the committee with this project by actively
participating in the meetings, providing background details on the evolution of
the study, and writing sections of the report. Jackie’s positive feedback of the
committee’s progress during these past nine months is appreciated. Third, the
committee extends its appreciation to Kim Swartz who, as project assistant, pro-
vided the essential administrative support associated with the committee effort.
Fourth, the committee thanks Steve Eikenberry, director of the Environmental
Restoration Division of the Naval Facilities Engineering Service Center, for his
role as the Navy liaison. The committee benefited from Steve’s insight into the
problems and needs of the Navy with respect to environmental remediation. Fifth,
I thank Gene Parkin who assisted me as vice-chair. Gene’s attention to details,
timeliness, and positive spirit are much appreciated.

Finally, I would like to thank the committee members, who devoted many
long hours to this project. I have enjoyed immensely the opportunity to work
with such a talented and articulate group of professionals. They provided a stimu-
lating environment for addressing the study issues. I especially appreciate their
willingness to spend time researching, writing, and revising their contributions. I
believe the results of their efforts will provide useful guidance for some of the
environmental restoration challenges of the Navy, which should also be relevant
to a broader universe of sites and facilities.

EDWARD J. BOUWER, Chair
Committee on Environmental Remediation of Naval Facilities
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Executive Summary

Activities of the U.S. Navy over the past century have had substantial impact
on the environment. Some of the most significant environmental liabilities the
Navy is facing are the 4,448 waste sites at Navy installations across the country.
At almost every active and closing Navy base, soils, sediment, or ground water
have been exposed to chemical contamination to some extent. At large facilities,
there may be as many as 100 individual sites requiring remediation. Cleaning up
these sites is a major goal of the Navy’s Environmental Restoration Program.

Contaminants and site conditions at Naval facilities are highly variable, with
such recalcitrant compounds as metals, chlorinated solvents, and hydrophobic
organic chemicals being common concerns. Cleanup efforts involving these con-
taminants can be frustrating, time consuming, and expensive, and sometimes can
have limited results in terms of contaminant removal. Thus, the Navy requested
the National Research Council (NRC) to examine how the Navy can speed up the
pace of cleanup activities and lower the overall cost of the Environmental Resto-
ration Program. This report presents the results of the first phase of the NRC
study, which focused on the use of risk-based methodologies for increasing the
speed and cost-effectiveness of the Navy’s environmental remediation projects.

Approximately 66 percent of the Navy’s hazardous waste sites are subject to
regulation under the Comprehensive Environmental Response, Compensation,
and Liability Act (CERCLA). Because the average time for construction of a
cleanup remedy is 10.6 years, the CERCLA process is perceived by many as slow
and costly. The following problems are partially responsible for this general
impression: (1) the way CERCLA is conducted, (2) complex contaminant and
site characteristics, (3) unstructured risk management decision making, (4) a lack
of technological solutions to address the contamination, and (5) disagreements
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2 ENVIRONMENTAL CLEANUP AT NAVY FACILITIES: RISK-BASED METHODS

among responsible parties, regulatory authorities, and surrounding communities.
Because the bulk of cleanup time is spent on initial site characterization, the
impression of responsible parties, such as the Navy, is that although money is
being spent, little actual cleanup is occurring.

Limited financial resources and the inability of remedial technologies to
achieve background concentrations have increasingly forced environmental man-
agers to reconsider the concept of resource conservation (that is, restoration of
sites to near-natural conditions) as the guiding principle for site restoration. There
has been a shift toward considering overall reduction of risk to humans and the
environment as the main driver for remediation. At the time of the Navy’s re-
quest for guidance from the NRC, several studies and other efforts were under
way to evaluate the use of risk-based methodologies for cleaning up waste sites.
In particular, in 1995 the American Society for Testing and Materials (ASTM)
released a risk-based methodology known as Risk-Based Corrective Action
(RBCA) Applied at Petroleum Release Sites (“petroleum RBCA”). ASTM RBCA
is being rapidly adopted by many states for cleanup of leaking petroleum under-
ground storage tanks. A second ASTM RBCA standard guide, for contaminants
other than petroleum hydrocarbons, has also been developed (“‘chemical RBCA”).
Encouraged by RBCA’s growing role in cleanup programs, the Navy asked the
NRC to evaluate ASTM’s standard guides and suggest whether those methodolo-
gies, or a similar but simpler approach, could be used to rapidly close out Navy
sites. This report examines how risk-based cleanup operates under CERCLA and
whether other methodologies can appropriately expedite the cleanup process.

REVIEW OF RISK-BASED METHODOLOGIES

The committee focused its review of risk-based methodologies on the ASTM
RBCA standard guides and the CERCLA process (as described in numerous EPA
documents) for two reasons: (1) although not the only approaches available, they
are the most widely used and (2) most other methodologies investigated did not
differ appreciably from those of the EPA and ASTM. Other frameworks consid-
ered by the committee included the Air Force’s Enhanced Site-Specific Risk As-
sessment, the EPA Science Advisory Board’s Integrated Risk Project, the Lawrence
Livermore National Laboratory/University of California methodology, and nu-
merous state variations on the practices and methods of ASTM and the EPA.

EPA Risk-Based Methodologies

Because most Navy sites are regulated under the CERCLA cleanup process,
CERCLA is the standard to which all other methodologies should be compared.
During the initial phase of CERCLA, a preliminary assessment and a site inspec-
tion are conducted to collect data and determine the need for further cleanup
action. If contamination is found, a detailed remedial investigation (RI) is con-
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ducted, which involves further site characterization and the elucidation of poten-
tial exposure pathways. During the RI, human health and ecological risk assess-
ments are conducted, using procedures outlined in the EPA’s Risk Assessment
Guidance for Superfund (RAGS). Estimates of risk are determined using models
of contaminant fate and transport and human and ecological exposure to those
contaminants. When the risk estimate is greater than a specified acceptable risk
level, RAGS can be used to develop preliminary remediation goals.

For soil contamination only, the EPA has developed the Soil Screening Guid-
ance for closing out low risk sites and arriving at preliminary remediation goals.
The Soil Screening Guidance is a tiered approach during which site data are com-
pared to either generic or site-specific screening levels. If concentrations are
below the screening levels, the screening process ends, and a site can most likely
be closed with no further action. If concentrations are above screening levels,
then additional data collection is performed to generate more site-specific cleanup
levels.

Information from the RI, including the results of all risk assessments and
preliminary remediation goals derived from RAGS or the Soil Screening Guid-
ance, is used to conduct a feasibility study to determine the ultimate remedy.
During the feasibility study, alternative remedial measures are identified, evalu-
ated, and compared. Although the EPA does allow for a combination of remedial
options, it has a preference for options that focus on removal of contaminant
sources. The final stages of the CERCLA process include maintaining engineer-
ing and institutional controls and conducting long-term monitoring.

ASTM RBCA Standard Guides

Like the EPA’s Soil Screening Guidance, both of ASTM’s RBCA standard
guides (for petroleum release sites and for sites containing other chemical con-
taminants) are based on a tiered approach for evaluating the risk of waste sites.
However, unlike the Soil Screening Guidance, ASTM RBCA uses the tiered ap-
proach for all types of contamination and contaminated media.

The first phase of ASTM RBCA is an initial site assessment to gather infor-
mation about the chemicals of concern (sources), the migration pathways of the
contaminants (pathways), and potential human and ecological receptors (recep-
tors). This information allows an initial classification of the risk posed by the site
and can direct emergency response actions.

A tier 1 evaluation then commences, during which the concentrations of con-
taminants at the site are compared with generic, conservative cleanup levels. If
the contaminants are present in amounts greater than the tier 1 cleanup levels,
then either the site can be cleaned up to reduce the concentrations of the contami-
nants to below those levels, or a tier 2 evaluation can commence to better charac-
terize the site and develop site-specific cleanup levels.

At tier 2, additional site characterization is conducted to generate more site-
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4 ENVIRONMENTAL CLEANUP AT NAVY FACILITIES: RISK-BASED METHODS

specific and less conservative cleanup goals. These goals are the result of risk
assessment calculations that take into account an acceptable risk level, models of
fate and transport, and models of human and ecological exposure to contamina-
tion. ASTM RBCA recommends use of mathematical models similar to those
found in RAGS. Contaminant concentrations are compared to the site-specific
cleanup levels, and a choice is made to either close the site, clean the site to the
site-specific cleanup levels, or proceed to a tier 3 evaluation. Tier 3 contains an
additional layer of complexity as more refined site-specific cleanup levels are
generated for comparison to contaminant concentrations.

Throughout ASTM RBCA, the chosen path is determined by comparing the
cost of cleaning the site to the cost of data collection necessary for the higher
tiers. Tier evaluations are followed by remedial actions, which eventually lead to
closure of the site. Under the ASTM RBCA methodology, the remedy may in-
clude a combination of removal actions, treatment technologies, engineering con-
trols, and institutional controls.

A committee survey of 20 state regulatory agencies indicated that the use of
risk-based methodologies is increasing, primarily for the cleanup of petroleum
hydrocarbons but also for more recalcitrant compounds. In many cases, these
methodologies are state-customized versions of the petroleum RBCA standard
guide. As explained further in Chapter 2, most of the states have started develop-
ing the appropriate tools that will enable them to fully implement risk-based ap-
proaches. However, the states will require further guidance on issues such as
natural attenuation, ecological risk assessment, and the use of institutional
controls.

STRENGTHS AND WEAKNESSES OF
RISK-BASED METHODOLOGIES

Risk-based approaches to environmental remediation have certain inherent
strengths and weaknesses compared to resource conservation and technology-
based approaches, which focus on source removal. These strengths and weak-
nesses, which must be considered prior to the implementation of risk-based ap-
proaches, are manifested differently in the EPA and ASTM methodologies. In
general, ASTM RBCA focuses less on source removal than CERCLA.

Strengths of Risk-Based Approaches

Risk-based approaches tend to be systematic in order to characterize sites
and quantify the risks they pose. This organizational structure is often embodied
in a tiered approach. In order to be protective of human health and the environ-
ment, risk-based approaches depend on extensive data collection and site charac-
terization. The risk assessment calculations that are part of such approaches are
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based on scientific descriptions of contaminant transport and human and ecologi-
cal exposure and can incorporate new information as it becomes available. Risk-
based approaches allow prioritization of contaminated sites based on their rela-
tive risk, which can, in turn, aid in the allocation of resources. For example,
money can be spent on sites that pose the highest risks, or at sites where the
greatest risk reduction per dollar is achievable.

Weaknesses of Risk-Based Approaches

Risk-based approaches are more likely than resource conservation or tech-
nology-based approaches to result in remedies that leave contamination in place.
This can be problematic if there are unidentified, potentially dangerous contami-
nants remaining on site, or if the behavior of known contaminants is poorly char-
acterized. Remedies that leave contamination in place often rely on institutional
controls, which, for both legal and physical reasons, are very difficult to enforce.
Risk-based approaches may also discourage the development of innovative tech-
nologies for source removal.

The greater potential for leaving contamination in place introduces signifi-
cant uncertainties into any risk-based approach. Quantifying the sources of con-
tamination, the pathways of contaminant migration, and the potential receptors
generates significant uncertainty, much of which cannot be reduced. If recalci-
trant contaminants are involved, such as chlorinated solvents and metals, uncer-
tainties increase dramatically, because less is known about the toxicological
effects, the bioavailability, and the fate and transport of such contaminants in
comparison to petroleum hydrocarbons. There are also inherent uncertainties in
the effectiveness of remedial options, including treatment systems, engineering
controls, and institutional controls. Technological solutions are often uncertain
because of unknowns about how well a particular technology will work at a given
site. The effectiveness of institutional controls has also not been well established.
Chapter 4 of this report discusses methods for quantifying and reducing uncer-
tainties associated both with risk assessment and risk management.

Comparing the Elements of ASTM RBCA and CERCLA

As part of this study, the committee compared the characteristics of the
ASTM RBCA and CERCLA methodologies. For the most part, the two ap-
proaches are remarkably similar. One procedural difference is that with the
ASTM methodology remedial options are available earlier in the process, and the
tiered approach is used for all types of contaminated media. There is a general
perception that ASTM RBCA is faster, less costly, and more user friendly than
CERCLA. Finally, CERCLA received more public input during its design and
requires more public involvement during implementation than is inferred in the
ASTM RBCA guidance documents.
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Strengths and Weaknesses of ASTM RBCA

The strengths and weaknesses of a generic risk-based methodology are more
evident in the ASTM RBCA methodology than in the CERCLA process. The
tiered approach of ASTM RBCA is highly systematic and can make a large num-
ber of diverse sites more manageable. The prioritization of sites is facilitated in
both standard guides by a table that categorizes sites into four initial risk levels.
Although there is disagreement over the level of site characterization needed for
a tier 1 analysis, extensive data collection is required at tiers 2 and 3.

There are other important strengths of the ASTM standard guides. ASTM
RBCA may accelerate the cleanup process and expedite site closure because (1)
management options, including remedial options, are available during each tier
evaluation, (2) it allows the use of institutional controls, which are perceived as
requiring minimal cleanup effort, and (3) the assessment procedures are standard-
ized for all types of contaminated sites. The petroleum RBCA standard guide’s
streamlined documentation has facilitated its comprehension and adoption by both
states and industry professionals.

The ASTM RBCA methodology suffers from the weaknesses inherent in any
risk-based approach. Because many remedial options available under ASTM
RBCA leave contamination in place, the threat of unidentified compounds posing
arisk to receptors remains. Petroleum RBCA does not discuss long-term risk and
the need to revisit sites if new sources of contamination are found. Chemical
RBCA is generally more cognizant of long-term risks, but it contains a provision
that might allow sites to be closed prior to a tier 1 evaluation. The treatment of
uncertainty in ASTM RBCA is minimal and inadequate, particularly at tiers 1 and
2. Uncertainty regarding the effectiveness of remedial options is not discussed at
all.

Finally, there are weaknesses specific to ASTM RBCA irrespective of risk-
based approaches. Insufficient consideration is given to the cumulative effects of
multiple contaminants and multiple exposure pathways. There is also significant
potential for inappropriate application of the methodology. Although not the
intention of its designers, the example risk assessment calculations printed in the
standard guide, which are intended to serve only as illustrations, have the poten-
tial to be inappropriately used during implementation of ASTM RBCA. Petro-
leum RBCA does not promote public involvement at an early stage in the cleanup
process, although this is somewhat corrected in chemical RBCA. Finally, like
other ASTM voluntary standard guides, both ASTM RBCA standard guides were
designed and approved by a limited group of stakeholders.

Strengths and Weaknesses of the CERCLA Process

The CERCLA process promotes extensive site characterization and relies on
scientifically developed risk assessment calculations. However, CERCLA is not
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as obviously systematic as ASTM RBCA. The tiered approach, which provides
organization for examining large numbers of sites, is available only for certain
types of soil contamination. Generic soil and ground water screening levels
developed by the states do not necessarily impart greater consistency to the
CERCLA process. CERCLA does not provide an easy means for prioritizing
sites for further action. The Hazard Ranking System, used to determine whether
properties should be placed on the National Priorities List, does not distinguish
the relative risk between sites on a property. Thus, to some degree, the CERCLA
process manifests fewer of the strengths of a generic risk-based approach than the
ASTM methodology.

CERCLA has a long history of use in environmental remediation at federal
facilities and is familiar to Navy remedial project managers. Public involvement
occurs at explicit stages of the CERCLA process, which is important for ensuring
acceptance of the remedial option. Because CERCLA was generated through a
legislative process, it is less likely to be tied to any special interest other than
environmental protection. Thus, the public may perceive CERCLA as providing
the best assurance of long-term commitments, such as the maintenance of long-
term monitoring and institutional controls.

As one might expect, CERCLA manifests fewer of the weaknesses of a ge-
neric risk-based methodology. This is because CERCLA has a strong preference
for removing sources of contamination rather than relying on engineering and
institutional controls. Thus, the threat of unknown contamination and contami-
nation remaining in place is considerably lessened at sites using the CERCLA
process. The EPA acknowledges the importance of uncertainty during the risk
assessment process, although there is still minimal guidance on how to quantita-
tively incorporate uncertainty into the CERCLA process.

ELEVEN CRITERIA FOR A RISK-BASED METHODOLOGY

The committee’s evaluation of CERCLA, ASTM RBCA, and other risk-
based methodologies illuminated many important features of risk-based ap-
proaches, both positive and negative. After comparing these evaluations to the
pressing environmental problems faced by the Navy, the committee identified 11
criteria that it believes should be necessary components of any risk-based ap-
proach adopted by the Navy.

1. It should facilitate prioritization of contaminated sites at individual
installations. The ability to rank sites according to their relative risk is especially
important at facilities that have multiple waste sites, as at Navy installations and
other federal facilities. Ranking of sites can help determine which sites pose
immediate threats to human health and the environment, which sites should be
cleaned up first, and where to allocate funding. Prioritization does not have to
occur with the same risk assessment and risk management paradigms that charac-
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terize the complete methodology. However, data collected for prioritization
should be useful in the larger risk framework.

2. It should provide a consistent mechanism for addressing all types of
sites. Because Navy facilities include both simple low risk sites and complex
high risk sites, the Navy’s risk-based methodology must include a systematic
approach for conducting site investigations of differing complexity. In facilitat-
ing the evaluation of sites ranging from simple to highly complex, both conserva-
tive, generic cleanup goals and less conservative but more site-specific cleanup
goals should be allowed. Site-specific cleanup goals should be allowed to replace
conservative cleanup goals for well-defined contamination problems. To provide
equivalent protection for poorly-defined contamination problems, generic cleanup
goals should reflect a level of conservatism consistent with the lack of knowledge
about the site.

3. It should provide guidance on data collection needed to support the
development of site-specific cleanup goals. Because risk-based approaches are
more likely than resource conservation or technology-based approaches to sug-
gest remedies in which contamination is left in place, extensive site characteriza-
tion and data collection must accompany their use to ensure protection of human
health and the environment. A satisfactory risk-based methodology will provide
guidance on data collection methods and data quality objectives. It will suggest
ways to conduct an initial site assessment that will aid in prioritization of sites, as
well as methods of site characterization that can be used to generate site-specific
cleanup goals.

4. It should provide for integrated assessment of sites affecting the same
human or ecological receptors. At large facilities containing multiple hazard-
ous waste sites, the risk from exposure to contamination may derive from mul-
tiple sources. A risk-based methodology must be able to quantitatively assess all
sources that are affecting individual human or ecological receptors. This includes
cumulative risk assessment, which evaluates the effects on potential target recep-
tors of multiple chemicals and multiple exposure pathways originating from a
single waste site, as well as an “integrated assessment” of sites, which is con-
ducted to determine the overall facility-wide risk encountered by potential target
receptors.

5. It should encourage early action at sites where the risk to human
health and the environment is imminent and for which the risks are demon-
strably low and remediation is likely to be more rapid and inexpensive. The
risk-based methodology should allow for source removal action and pathway in-
terruption to eliminate risk to potential receptors before the remedial option has
been chosen. It should facilitate rapid action at sites that are easy and inexpen-
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sive to remediate, as defined by the nature of the contaminants present and the
affected subsurface. If all contamination is not removed as a result of these early
actions, the methodology should evaluate the long-term consequences of removal
actions and pathway interruptions through long-term monitoring and, if neces-
sary, further remedial actions.

6. It should consider relevant uncertainties. There is significant overall
uncertainty in risk-based approaches to remediation (e.g., model and data uncer-
tainty, lack of understanding concerning ecological risk, uncertainty in dose-tox-
icity relationships, and doubt regarding the enforceability of institutional con-
trols). This uncertainty directly translates to uncertainty in risk estimates,
associated cleanup levels, and the effectiveness of the proposed solutions. The
Navy’s risk-based methodology should allow for the explicit consideration of
these uncertainties and suggest options for reducing them, using both long-term
monitoring and formal uncertainty analyses. Uncertainty analyses within the
methodology should use stochastic modeling approaches, such as Monte Carlo
analysis, to represent the degree of uncertainty associated with the risk estimates.
These approaches may generate significant cost savings if they lead to less over-
estimation of the risk than do conservative cleanup criteria.

7. It should provide a mechanism for integrating the selection of the
remedial option with the establishment of remedial goals. It should also
provide quantitative tools for developing risk management strategies. Be-
cause there are often no technological solutions capable of reducing contamina-
tion to background or health-based concentrations, the process by which cleanup
goals are set and remedies are selected must be flexible. The risk-based method-
ology should use an iterative approach during which the responsible party and
oversight agencies cycle back and forth between these issues. In addition, the
evaluation of multiple remedial options should take place in a quantitative frame-
work to the greatest extent possible. Because short- and long-term effectiveness
of the remedy and cost are amenable to quantitative analyses, the Navy’s risk-
based methodology should contain the appropriate quantitative tools to balance
these criteria.

8. It should have options to revisit sites over the long term. Risk-based
approaches to managing sites must provide a convincing argument for control-
ling future risks, both short term and long term. Thus, a risk-based methodology
may call for repeated risk evaluations if site conditions change over time. Long-
term considerations of risk will enhance the credibility of risk-based approaches
with both the regulatory agencies and the affected public.

9. It should be implemented in a public setting with all stakeholders
involved. Implementation of a risk-based methodology should take place in a
public forum. The science and assumptions used during the risk assessment pro-
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cess, the proposed remedies, and all relevant value judgments must be presented
to and understood by interested stakeholders. To facilitate public scrutiny and
debate, the methodology must be explicit and traceable.

10. Its guidance document should undergo both external, independent
scientific peer review and public review. Any proposed risk-based methodol-
ogy must be the product of rigorous, broad, and external scientific peer review.
In addition, all interested stakeholders must be allowed to review the approach
and supporting policies during a public comment period prior to its implementa-
tion.

11. It should comply with relevant state and federal statutory programs
for environmental cleanup. Any risk-based methodology must comply with
relevant laws and regulations. Thus, it must be flexible enough to incorporate the
different regulatory policies of the states and the EPA.

Comparing ASTM RBCA to the Eleven Criteria

The ASTM RBCA methodologies, as strictly interpreted from the guidance
documents, minimally satisfy only five of the eleven criteria outlined above.
ASTM RBCA is able to prioritize sites by risk and thus meets the first criterion.
Ranking of sites takes place during the initial site assessment and leads to site
classifications of immediate threat, short-term threat, long-term threat, or no de-
monstrable threat. The tiered approach of RBCA provides a mechanism for
addressing all site types and for replacing conservative cleanup goals with site-
specific cleanup goals, and thus this process meets the second criterion. Generic
standards are used for tier 1 cleanups, while tiers 2 and 3 require site-specific
data. Data collection and site characterization are addressed in the ASTM docu-
ments, particularly in the chemical RBCA standard guide. However, guidance on
monitoring methods, minimum sample size, and method performance criteria is
lacking. Therefore, the ASTM methodology minimally satisfies the third crite-
rion. ASTM RBCA allows for source removal actions and actions to interrupt
pathways of contaminant migration, meeting the fifth criterion. Once an early
action is completed, the user returns to the main cleanup process. This ensures
that early actions do not lead directly to site closure. The seventh criterion is
partially satisfied by ASTM RBCA, which allows for flexibility in the setting of
cleanup goals and the selection of remedial options. During each tier evaluation,
either remedial action can be taken or more site-specific cleanup goals can be
generated. The RBCA methodology does not provide a quantitative framework
for analyzing the cost and effectiveness of different remedial options.

The ASTM RBCA methodology does not satisfy six of the eleven criteria.
Although chemical RBCA calls for cumulative risk assessment during a tier 2
evaluation, it does not require an integrated assessment of all sites affecting indi-
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vidual receptors and consequently does not satisfy the fourth criterion. The
ASTM RBCA methodology does not sufficiently consider uncertainty in the data
and the modeling used in the risk assessment process, a requirement of the sixth
criterion. The ASTM RBCA approach to modeling is inherently deterministic
and ignores the uncertainties associated with subsurface and exposure pathway
modeling. Monte Carlo analysis, which ASTM RBCA suggests as a part of a tier
3 analysis, should be used for tier 2 sites as well. Finally, none of the uncertain-
ties associated with remedial options are mentioned in ASTM RBCA.

ASTM RBCA'’s handling of long-term risk varies between the two docu-
ments. Petroleum RBCA provides almost no guidance on long-term monitoring,
and it does not discuss assessing the long-term risks of a hazardous waste site.
Chemical RBCA, on the other hand, clearly states the purpose of long-term moni-
toring and outlines actions that should be taken if remedial options are ineffective
or if there are future changes in land use. However, chemical RBCA contains a
provision in its tier 1 evaluation that, depending on its interpretation by the states,
might lead to site closure prior to any comparison between site conditions and
generic cleanup levels. Thus, neither RBCA standard guide fully satisfies the
eighth criterion.

Public involvement is not discussed in the petroleum RBCA standard guide.
Chemical RBCA mentions public involvement during the collection of site as-
sessment information, following site classification, and during remedy selection,
but public involvement does not appear at explicit points in the RBCA flowchart.
The ninth criterion, therefore, is not adequately satisfied by either RBCA stan-
dard guide. The ASTM standard guides were created and approved by a limited
group of stakeholders consisting of oil and chemical industry representatives,
some state regulators, and the EPA (which abstained from voting in favor of
chemical RBCA). The RBCA standard guides did not undergo external scien-
tific peer review nor a public review period, and therefore they do not satisfy the
committee’s tenth criterion. Finally, although the RBCA methodologies outline
a framework that encompasses all stages of cleanup, from site discovery to site
closure, it is not clear that this framework can be integrated into existing state
and federal environmental statutes. Especially for those sites regulated under
CERCLA, the use of either RBCA standard guide may present legal and admin-
istrative problems for the Navy. Thus, the ASTM RBCA methodology does not
satisfy the eleventh and final criterion.

RECOMMENDATIONS

The characteristics of Navy facilities that make them different from other
hazardous waste sites include the wide range of activities that generate waste, the
large amounts and types of chemicals that have been disposed of, the poor record-
keeping associated with hazardous waste disposal, and the rushed time line on
which many of the facilities are expected to close. These features of Navy instal-
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lations require the adoption of a highly flexible, yet protective, risk-based meth-
odology, if one is to be adopted at all. Significant weaknesses of existing risk-
based methodologies prevent the committee from fully endorsing their use at
Navy facilities unless those weaknesses are corrected.

Use of the ASTM RBCA Standard Guides

The committee does not recommend the adoption of either the ASTM
petroleum or chemical RBCA standard guides at Navy facilities unless they
are modified to satisfy the 11 criteria outlined above. As currently formu-
lated, the ASTM RBCA methodology does not satisfy all of the 11 criteria listed
above as characteristics of an effective risk-based methodology. Second, the
perceived time and cost savings associated with the use of ASTM RBCA at petro-
leum underground storage tanks are less likely to accrue to the Navy because of
the complexity of its hazardous waste sites. This is especially true for those sites
that would have to be evaluated with a tier 3 evaluation. Navy facility cleanups
are overseen by a wide range of federal and state regulatory agencies, often with
inconsistent environmental policies. The reopening of Federal Facilities Agree-
ments to incorporate RBCA could present legal difficulties and public opposi-
tion, and ultimately delay cleanup.

A Risk-Based Approach for the Navy

The committee recommends that the Navy develop a risk-based method-
ology to be used specifically for its Environmental Restoration Program that
satisfies the 11 criteria listed above. These criteria overcome many of the weak-
nesses associated with the risk-based methodologies evaluated by the committee.
In particular, if a risk-based methodology gives sufficient attention to long-term
risks, the presence of potentially dangerous unidentified compounds and the use
of institutional controls become less problematic. Public trust in such an ap-
proach is likely to be greater because of the continued involvement of the respon-
sible party through long-term monitoring and enforcement of institutional con-
trols.

Because of the diversity of Navy facilities and sites in those facilities, the
committee recommends developing a broad framework that can be custom-
ized for use at individual facilities. A possible starting point for constructing
this framework could be the ASTM RBCA methodology, but this is not a require-
ment. The framework should be pilot tested at a single facility before being
adopted on a widespread basis.

The 11 criteria identified as important for any risk-based approach to
environmental remediation point to several avenues for further study. First,
the process by which the remedial option is chosen requires significant analysis,
explanation, and refinement. One possible study could expand on the second
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statement in the seventh criterion. The goal of this study would be to develop a
quantitative analytical tool for evaluating the cost and effectiveness of remedial
options. As currently envisioned by the committee, this tool would be based on
the paradigm of optimizing risk reduction per dollar spent for a suite of available
remedial options.

Another important aspect of a risk-based approach is its ability to assess risk
over the long term. Improving long-term monitoring at sites where contamina-
tion is left in place will be critical to the use of a risk-based approach at Navy
facilities. Techniques that would allow for successful and cost-effective monitor-
ing of the site’s responses to natural processes, treatment technologies, contain-
ment technologies, and institutional controls should be the focus of such efforts.

Finally, assessing and reducing uncertainties associated with both risk as-
sessment and risk management should accompany the implementation of a risk-
based approach to environmental remediation. It will be important for the Navy
to develop guidelines aimed at remedial project managers for (1) using more
sophisticated analytical techniques during risk assessment, (2) reducing the un-
certainty associated with site characterization and treatment technologies, (3) con-
ducting uncertainty analyses when appropriate, and (4) enforcement of institu-
tional controls.

Success Metrics

The committee recommends that the military develop better terminol-
ogy and metrics of success. Inconsistencies in the language used to describe
stages in the Environmental Restoration Program have made it difficult for the
Navy to measure the success of its remediation efforts. The military has recently
suggested clarifications of terminology for the end stages of the cleanup process,
including more precise definitions of the terms “response complete” and “site
close-out.” The committee recommends that the military reach consensus on
processes that use or adapt this terminology. The committee further recommends
that project managers—for regulatory agencies as well as the military—be quickly
apprised of the terminology and associated goals.

In the committee’s opinion, the Navy’s Environmental Restoration Program
focuses too heavily on “site close-out” as its metric of success. If a risk-based
approach is to be developed, the committee recommends that the Navy put more
emphasis on “response complete” as the most important metric of success. “Re-
sponse complete” more adequately addresses progress at sites where contamina-
tion remains in place by rewarding the effective operation of the remedial
option(s). Such a metric would reward progress toward long-term monitoring,
containment, and enforcement of institutional controls, but it would also imply
that continued monitoring or other responses may be necessary. Developing im-
proved metrics of success for sites in which contamination remains in place may
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increase the public acceptability of risk-based approaches to environmental
remediation.

In summary, the committee does not fully endorse the ASTM RBCA stan-
dard guides for implementation at Navy facilities. However, recognizing that a
consideration of risk during environmental remediation can help to better allocate
limited resources, the committee suggests 11 criteria that the Navy should incor-
porate into a risk-based methodology for use at its facilities. These criteria over-
come many of the weaknesses of risk-based methodologies in general and afford
a level of scientific credibility and protectiveness of human health and the envi-
ronment appropriate for the Navy’s Environmental Restoration Program.
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Introduction

Over the past two decades, a massive effort has been under way in the United
States to remediate sites at which hazardous materials threaten the environment
and human health. Two recent National Research Council reports (NRC, 1994,
1997) have documented the magnitude of the problem by describing the sources
of ground water and soil contamination, the number of contaminated sites, and
types of contaminants commonly found at these sites. The U.S. Environmental
Protection Agency (EPA) currently estimates that 217,000 sites exist where soil
and/or ground water may require remediation to overcome the adverse impacts of
past military, industrial, agricultural, and commercial operations (EPA, 1997).
Cost estimates for hazardous waste site remediation over the coming decades
range from $187 billion (EPA, 1997) to as high as $750 billion (Russell et al.,
1991), depending on the assumptions made.

The main impetus for remediation of waste sites has been the enactment of
federal hazardous waste statutes in the late 1970s and early 1980s. The two most
noteworthy, the Resource Conservation and Recovery Act (RCRA) of 1976 (42
USC 6901) and the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) of 1980 (42 USC 9601), set overarching national soil
and ground water cleanup policy by prescribing priorities and decision frame-
works. The federal laws establish minimum standards, and most states have
adopted their own versions of these laws. Thus, the regulations that are used to
enforce environmental laws vary from state to state and may be more prescriptive
or more stringent than their federal counterparts (for example, the Washington
State version of CERCLA, the Model Toxic Control Act of 1989).

The Navy’s cleanup mission is enormous in scope (Figure 1-1). As of Sep-
tember 30, 1997, the Navy’s Environmental Restoration Program encompassed

15
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Site Status by Phase Category

Studies
BRAC
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FIGURE 1-1 Department of the Navy sites classified by phase category. “BRAC” refers
to the Base Realignment and Closure Act. SOURCE: Department of the Navy, 1998.

4,448 sites at 269 installations throughout 32 states and territories. Of the 4,448
sites, 1,966 sites were in a study phase, 629 sites were being remediated, and
1,853 sites were considered to require no further action. During FY97, the Navy
spent a total of $549 million on environmental cleanup activities at its sites.

Of the 4,448 sites identified by the Navy, 998 sites are at facilities slated for
closure under the Base Realignment and Closure (BRAC) program. CERCLA
requires that the Navy clean up all environmental contamination on property to
be transferred to non-federal entities or certify that appropriate remedial actions
are in place. There is significant political pressure for property transfer, mainly
from the communities in which the bases are located. Community members are
eager to maintain the rates of employment that were present during operation of
these facilities, while developers and local governments are hoping to capitalize
on the large amounts of land that will become available. Cleaning up the closing
bases is not only a legal obligation but also a necessity for economic redevelop-
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ment of the property. Furthermore, for the sites that have been cleaned up,
whether under the BRAC program or at active bases, the Navy faces a major
challenge in certifying to regulators, potential purchasers, and lenders that the
property is in compliance.

Due to the considerable scientific uncertainties associated with conditions in
the subsurface environment, cleanup of contaminated soil and ground water poses
a great challenge to the Navy. Remediation of contaminated ground water (which
is present at more than 80 percent of Navy sites') under CERCLA and RCRA
regulations usually means cleanup to maximum contaminant levels (MCLs) when
available. Soil cleanup goals are sometimes based on the most restrictive use of
the land, such as residential development. However, achieving these standards
may not be practical at many locations due to the inherent complexities of the
subsurface and the lack of effective treatment technologies. For example, the
1994 NRC report Alternatives for Ground Water Cleanup—the most comprehen-
sive available assessment of ground water remediation—reviewed ground water
cleanup systems at 77 sites and determined that regulatory standards had been
achieved at only 8 of them. Further, the study found that at 42 of the 77 sites it
would be unlikely for regulatory standards to be achieved in the future with con-
ventional technologies. The study provided a matrix for determining the degree
of difficulty of cleaning up contaminated ground water based on site hydrogeo-
logical conditions and contaminant characteristics. Sites in category 1 are easiest
to clean up, while those in category 4 are most difficult.

Navy facilities span the entire range of complexity encountered in ground
water and soil cleanup. For example, more than three-quarters of BRAC sites
have locations where fuel (petroleum hydrocarbons) has leaked underground. As
long as the hydrogeology is relatively simple, these sites belong to categories 1
and 2 in the matrix, which are the easiest to clean up according to Alternatives for
Ground Water Cleanup. More than half of the BRAC facilities have some loca-
tions that are contaminated with chlorinated solvents, a recalcitrant class of com-
pounds that would automatically place a site under category 3 or 4, indicating a
difficult cleanup scenario. It is likely that most Navy facilities will include some
contamination that can be cleaned up now with available technologies, but it is
also likely that alternative management strategies and remedial technology inno-
vation will be required to address the remaining contamination.

Since the costs of remedial measures required to achieve background or other
conservative cleanup levels are high, and in many cases no existing technologies
have been proven to achieve these low levels (NRC, 1994), alternative policies
are being developed for site cleanup. Remediation policy is shifting toward
increased use of risk-based decisions to establish cleanup goals and reduce the

10ver 80 percent of all sites evaluated with the Navy’s Relative Risk Site Evaluation model involve
ground water contamination. These sites are a representative subset of all Navy sites in terms of the
types of contamination and contaminated media.
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amount of engineering effort required at sites. Short-term monetary cost savings
and a swift return of properties to beneficial uses can be gained by using contain-
ment, long-term monitoring, and institutional controls to eliminate exposure path-
ways. This can be attractive when compared to expending huge sums of money
on soil and ground water remedial technologies, which often remove only a small
fraction of the contamination. However, risk-based approaches may not address
harm to the underlying natural resources and may delay actual cleanup, thereby
passing the contamination problem on to future landowners. This report evalu-
ates the use of risk-based methodologies for closing waste sites at Navy facilities,
recognizing that this approach could result in site management strategies that
eventually cause unanticipated harm to human health and the environment.2

The introductory chapter of this report provides a brief overview of the cur-
rent regulatory framework for environmental remediation, the characteristics of
the contamination at Navy sites, and the pressing cleanup challenges facing the
Navy. The report reviews and critiques risk-based approaches including EPA
policies, American Society for Testing and Materials (ASTM) standard guide-
lines, and individual state regulations. Uncertainties in source, pathway, and
receptor characterization are discussed, as are uncertainties in potential remedial
options that are critical components of an effective risk analysis. Finally, the
report recommends whether to use a risk-based methodology for cleaning up haz-
ardous waste sites. Although this report centers on the environmental restoration
challenges of the Navy, many of the challenges facing other potentially respon-
sible parties are similar, and therefore the findings should also be relevant to a
broader universe of sites and facilities.

This report was prepared by the Committee on Environmental Remediation
at Naval Facilities, which was appointed by the National Research Council to
provide guidance to the Navy on how it should cope with the technical challenges
and costs surrounding its Environmental Restoration Program. The committee
consisted of 15 members having expertise in environmental engineering, hydro-
geology, soil science, geochemistry, ground water modeling, statistical sampling
of ground water, toxicology, risk assessment, law, public health, and public par-
ticipation/stakeholder involvement. Members came from academia, government,
and the private sector. The committee met four times over a nine-month period to
review technical information and deliberate policy issues. In conducting its study,
the committee consulted a variety of stakeholders involved in site remediation,
including federal and state regulators, managers of contaminated Navy sites, in-
dustry groups, and citizen groups.

2Although epidemiological studies involving contaminated sites in the U.S. have not shown wide-
spread acute or chronic health effects in potentially exposed populations (NRC, 1991), current epide-
miological tools are not sensitive enough to demonstrate conclusively that there is no association
(Bracken, 1997).
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THE EMERGENCE OF RISK-BASED APPROACHES

Ground water contamination resulting from human activities has been a prob-
lem in the United States for the past 150 years. It was not until the early 1970s
that this problem gained nationwide attention. A major catalyst for this increased
awareness was the relocation of residents living adjacent to 21,800 tons of waste
buried in the Love Canal hazardous waste landfill in Niagara Falls, New York.
The waste had the potential to adversely affect the health of hundreds of people,
including children at a neighborhood school built at the site. As a direct result of
Love Canal, Congress passed CERCLA to clean up abandoned hazardous waste
sites across the country. With CERCLA, Congress appropriated $1.6 billion to
the cleanup, a sum that gave the law its famous nickname—Superfund. RCRA
had been previously passed to prevent shoddy waste disposal practices, and in
1984 it was expanded to include corrective action as well.

Since the passage of these federal laws, environmental remediation of haz-
ardous waste has undergone numerous changes in terms of the goals and expecta-
tions of these activities. The philosophy underlying both CERCLA and RCRA
was in the tradition of resource conservation, which dictates that sites affected by
anthropogenic wastes should be cleaned up to their original pristine condition.
This concept, which places inherent value in the soil and ground water, strives for
complete cleanup of the resource because it enables unrestricted use of the re-
source. The motivation for enacting RCRA and CERCLA was not strictly lim-
ited to the concept of resource conservation. It also emanated strongly from the
risks to human health posed by environmental contamination. However, in the
late 1970s and early 1980s, a formal distinction between resource conservation
and risk was not made, as it was assumed that any degradation of the environment
entailed risk.

RCRA and CERCLA outlined legal frameworks for identifying contaminated
sites, assessing the liability associated with the sites, and cleaning them up. It
soon became clear that cleanup would be a difficult undertaking. In 1980, there
was virtually no proven technology available to clean up contaminated soils and
ground water in situ. This problem was compounded by the thousands of sites
requiring remediation. Although considerable progress has been made in the last
20 years, there are still many contaminated sites for which no technologies can
achieve complete removal of contaminants. (For extensive reviews of the present
capabilities of cleanup technologies for soil and ground water contamination, see
NRC, 1994, 1997.)

In addition to technical limitations, significant fiscal limitations to the com-
plete removal of contamination have become apparent. Depending on the amount
of contamination and the type of affected media, cleanup activities at individual
hazardous waste sites can range from several thousand dollars to tens of millions
of dollars for the more recalcitrant contaminants in unfavorable hydrogeologic
settings. During the 1980s, these fiscal limitations received considerable atten-

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

20 ENVIRONMENTAL CLEANUP AT NAVY FACILITIES: RISK-BASED METHODS

tion, and distinctions between resource conservation and other types of cleanup
goals became a topic for public debate.

What has evolved in response to such concerns is a broad range of cleanup
goals, from resource conservation to technology-based goals to goals based on
the immediate risk to humans and the environment (“risk-based” goals). As
shown in Figure 1-2, the choice of a cleanup goal determines whether reuse of the
resource is more or less restricted. The goal of resource conservation is to return
sites to unrestricted uses. Other cleanup goals, such as technology-based goals or
risk-based goals, may result in more restricted uses of the land following such
remedial activities as partial cleanup and containment.

Risk-based approaches to cleanup, as defined by the committee, view envi-
ronmental contamination solely in terms of human health and ecological risk.
Depending on the apparent risk, such an approach may lead to full-scale remedial
activities (such as complete removal of the contaminant source), or it may lead to
limited actions (such as containment measures). The distinguishing factor be-
tween this and other approaches is that risk-based approaches are more likely
than technology-based approaches and resource conservation to result in rem-
edies that leave contamination in place. Thus, risk-based approaches do not place
inherent value in soil and ground water resources, unless human or ecological
health is directly threatened by contamination of those resources.

For responsible parties such as the Navy, regulatory agencies, and the public,
the decision of which environmental approach to embrace must take technical,
fiscal, and social issues under consideration. For example, if resource conserva-
tion and unrestricted use is the goal, then environmental contamination will be
cleaned up regardless of present or projected health risks to humans or wildlife.
This can involve large capital costs associated with cleaning up environmental
contamination, as well as non-monetary costs if, for example, cleanup activities

Resource Use

Unrestricted Partially Restricted Restricted
Complete  Cleanup to Cleanup to Cleanup to the Containment
cleanup background level health-based capabilities of
or detection limit  standards current technology
Cleanup Goal

FIGURE 1-2 The range of possible ground water cleanup goals and the associated uses of
the resource.
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lead to the destruction of wildlife habitat. On the other hand, adopting a risk-
based approach is more likely to result in some contamination being left in place,
which may restrict future use of the resource. There may be fewer direct mon-
etary costs associated with this approach, but there are other significant costs
associated with the monetary value of the contaminated natural resources, with
increased long-term monitoring efforts, and with potential future exposure to con-
tamination and associated personal injury or property damage. Approaches that
take multiple viewpoints into account are also foreseeable. One such approach
might focus on maximizing the health benefits of dollars available for environ-
mental remediation (risk-based approach) while minimizing the loss of natural
resources (resource-conservation approach).

The technical and fiscal limitations of hazardous waste cleanup have led to a
general shift away from resource conservation toward the use of risk-based ap-
proaches for prioritizing cleanup operations. Perhaps the best example to date of
ranking hazardous waste problems based on risk has to do with the cleanup of
underground storage tanks (USTs) of fuel. In the 1980s, many states took on
significant environmental liability by committing themselves to remediating leak-
ing USTs with funds from gasoline taxes. Since that time, the number of USTs
has increased relative to the resources available for cleanup, compelling the states
to informally prioritize their UST cases (EPA, 1995). Because USTs are regu-
lated under RCRA-UST, which does not specify national cleanup levels or ad-
ministrative procedures, the states have developed cleanup goals and procedures
for leaking USTs that can vary tremendously. This inconsistency in cleanup
goals among the state programs was recognized by the ASTM, which formed a
committee to develop a standardized method for assessing the risk of petroleum
hydrocarbons that could be customized and used by all states.

Much of the impetus for adoption of a uniform standard regarding cleanup of
USTs came from potentially responsible parties that faced liabilities under both
CERCLA and RCRA, including the states and the petroleum industry. These
groups clearly saw that by transferring emphasis from resource conservation to
human risk, it was possible to decrease their overall liability. The state UST
programs and the petroleum industry, therefore, had similar interests in develop-
ing risk-based approaches for petroleum hydrocarbon contamination, and much
of the technical input to the ASTM RBCA standard guide came from these orga-
nizations.

At the present time, many states have formally adopted a risk-based approach
for managing soil and ground water contaminated with petroleum hydrocarbons.
As discussed in Chapter 2, there is a trend toward adopting a risk-based approach
for other environmental contaminants (such as chlorinated solvents, industrial
chemicals, pesticides, and metals). The degree to which RBCA can be applied to
non-petroleum hydrocarbons has not yet been established. In light of the recent
creation of the ASTM RBCA standard guide and its rapid adoption by many
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states, the Navy requested that the NRC evaluate its use for cleaning up contami-
nation at naval facilities.

CURRENT REGULATORY FRAMEWORK

In 1986, the Superfund Amendments and Reauthorization Act (SARA, PL
99-499) brought all military facilities under the authority of the Superfund Pro-
gram. From that point on, the Navy’s environmental cleanup occurred as part of
the Environmental Restoration Program. Cleanup activities under the Environ-
mental Restoration Program are dictated by a variety of regulatory programs,
with most following CERCLA guidelines (Department of the Navy, 1998). At
some individual sites, the military uses RCRA guidelines for cleanup rather than
CERCLA. If the major contaminants at a site are exclusively petroleum hydro-
carbons, RCRA-UST is the primary regulation followed. Both RCRA and RCRA-
UST have milestones and terminology that are similar to CERCLA milestones
and terminology.

Regulatory Authorities

The most contaminated military facilities in the country are on the National
Priorities List (NPL). At these facilities, the Department of Defense (DOD) ne-
gotiates a Federal Facilities Agreement (FFA) with the EPA and its state counter-
part to define roles and responsibilities, establish a mechanism for dispute resolu-
tion, and set cleanup milestones, thereby establishing clear EPA enforcement
authority. A certain subset of military bases have been slated for closure under
BRAC, with the goal of returning the land to the private sector. For BRAC
facilities on the NPL, both cleanup and land transfer are supervised by the EPA.

When a military facility is not on the NPL, the EPA no longer has regulatory
authority over the cleanup process (although the DOD almost always follows
CERCLA guidelines when designing and implementing cleanup [Department of
the Navy, 1998]). In these cases, most states sign statewide Defense State Memo-
randa of Agreement (DSMOA), which are similar to FFAs but contain no project
milestones. Thus, enforcement under DSMOAs can be relaxed compared to en-
forcement under FFAs. (For example, in the San Francisco Bay area, regulators
have less leverage at non-NPL bases, such as the Alameda Naval Air Station,
than at NPL-listed Moffett Naval Air Station, because there is no FFA defining
enforceable milestones at Alameda.) However, at BRAC facilities not on the
NPL, the EPA is involved in the transfer process as dictated under CERCLA
Section 120. Thus, unlike at other non-NPL facilities, the EPA has regulatory
authority at non-NPL BRAC facilities, along with state environmental regulators.

It is evident from the above that the Navy operates its Environmental Resto-
ration Program in a complex regulatory environment. Depending on the level of
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contamination, the type of contamination, and whether a facility is active or clos-
ing, a variety of federal, state, and regional authorities play a role in ensuring
compliance from the Navy.

CERCLA Framework

The phases of environmental cleanup are essentially the same under the
CERCLA, RCRA, and RCRA-UST scenarios. The first phase of the cleanup is
called the preliminary assessment/site inspection (PA/SI). It involves identifica-
tion of problem areas and review of existing site characterization data. Based on
the information from the PA/SI, the property receives an initial ranking based on
the degree of hazard presented using the Hazard Ranking System (HRS) (Federal
Register, 1990). If the property receives a score of 28.5 or greater, usually the
entire facility is placed on the NPL.

If the site inspection reveals contamination at the facility, a more detailed
remedial investigation (RI) is conducted for one or more sites. The RI typically
involves the installation of ground-water monitoring wells and/or soil sampling
to identify the degree and scope of contamination. Current EPA guidance re-
quires that a human health risk assessment and an ecological risk assessment be
conducted, which, at the majority of sites, involves a quantitative assessment.
Information from the remedial investigation is used to conduct a feasibility study
(FS) to determine what the ultimate remedy should be to address the contamina-
tion. The factors that must be evaluated when choosing a remedy are discussed in
the National Contingency Plan (NCP) (40 CFR 300). The chosen remedy is
supported by a record of decision (ROD) for NPL sites or a decision document
for non-NPL sites.

Once the ROD is approved, implementation of the remedy (or cleanup) be-
gins. During remedial design (RD), technical specifications are prepared. This is
followed by remedial action (RA), during which construction, operation, and
implementation of the final remedy occur. Further guidance on remedial action
has recently been provided by DOD management (Office of the Deputy Under
Secretary of Defense, 1998) to clarify “terminology for work after remedial de-
sign,” as illustrated in Figure 1-3. Remedial action-construction (RA-C) is the
period during which the final remedy is put in place. The end date signifies that
the construction is complete, all testing has been accomplished, and the remedy
will function properly. The phase remedial action-operations (RA-O) is the pe-
riod during which the remedy is in place (RIP) and is operating to achieve the
cleanup objective identified in the ROD or equivalent agreement. Response com-
plete (RC) signifies that the remedy is in place and the required RA-O phase has
been completed. If there is no RA-O phase, then the RA-C end date will also be
the RC date.

Response complete does not necessarily mean that the contamination has
been eliminated. When contamination is left in place, long-term monitoring and
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Milestones

Remedy in Place

Remedial Action

Response Complete
Construction

SRR Remedial Action Site Closeout
Operation
B e Long-te m
Monitoring

FIGURE 1-3 Milestones of the Defense Environmental Restoration Program. SOURCE:
Office of the Deputy Under Secretary of Defense (Environmental Security), 1998.

institutional controls may be required. Under CERCLA, where significant con-
tamination is left in place that has the potential to cause a risk to human health
and the environment, five-year reviews are typically required along with contin-
ued monitoring. Similarly, under RCRA, post-closure care is required, which
usually lasts for a minimum of 30 years where significant ground water contami-
nation is involved. The subsequent monitoring that is required beyond “response
complete” is termed long-term monitoring (LTM). LTM is reserved for monitor-
ing once a site is “response complete,” and should not be used to refer to monitor-
ing after “remedy in place.” After LTM demonstrates that the site no longer
poses a significant risk to human health and the environment, the site can be
closed.? Site closeout relieves the potentially responsible party of any further
remedial activity at the site.*

Environmental cleanup at BRAC facilities follows the same time line out-
lined above, except that the ultimate goal is transfer of the facility to local gov-
ernments, the private sector, or other federal agencies. The BRAC base closure
process requires the DOD to close military facilities within a specified time frame

3At some sites, long-term monitoring may be required indefinitely (Air Force/Army/Navy/EPA,
1998).

4Site closeout implies that the DOD has completed active management and monitoring at an envi-
ronmental restoration site, and no additional environmental restoration funds are expected to be ex-
pended at the site, unless the need for additional remedial action is demonstrated. Site closeout occurs
when cleanup goals have been achieved that allow unrestricted use of the property (i.e., no further
long-term monitoring, including institutional controls monitoring, is required) (Air Force/Army/Navy/
EPA, 1998).
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but not necessarily to transfer the land within that time frame. BRAC facilities do
not have to reach site closeout prior to the time the bases are closed or transferred.
They are only required to reach RIP and RA-O at the time of transfer to non-federal
ownership. The entire facility does not have to achieve RIP; the transfer of cer-
tain parcels that have achieved RIP is allowed.

Metrics of Success for the Navy Environmental Restoration Program

There are several success measures for BRAC and non-BRAC facilities used
under the Environmental Restoration Program. The 1998 Defense Management
Guidance lists both RC and RIP as measures of merit for both sites and entire
facilities. The July 1997 Defense Planning Guidance Goals (FY 1999-2003) for
BRAC facilities also target RIP and RC, stating that 75 percent of installations
and 90 percent of all sites “will have remedial systems in place or responses
complete” by the end of FY 2001. From the committee’s experience, Navy man-
agers also perceive site closeout to be an important metric of success.

Another important metric for active bases and former defense sites is risk
reduction (Office of the Deputy Under Secretary of Defense, 1998). This refers
specifically to the priority-setting process “Relative Risk Site Evaluation Frame-
work” (Anderson and Bowes, 1997) that allocates funding in the Environmental
Restoration Program. This framework qualitatively ranks sites according to risk
by grouping sites into high, medium, and low risk categories. Information on
contaminant sources, exposure pathways, and human and ecological receptors is
used to assign sites to categories. Risk reduction is measured when sites are
moved from the high or medium risk categories to lower categories. This frame-
work is only used to request and allocate DOD cleanup funds and does not play a
role in the CERCLA decision-making process.

The risk-reduction metric fits well with the stated goals of the Environmental
Restoration Program. However, it is not clear whether this simple evaluation
method, which was designed to hold down assessment costs and time and encour-
aging the understanding (and support) of external stakeholders, is precise enough
to serve this purpose.

Navy project managers report another metric that they say comes from regu-
latory agencies—the signing of the ROD or other decision document formalizing
the remedy for an operable unit. This apparently is not a formal metric but rather
the culmination of the study process and a key milestone in most Federal Facility
Agreements.

CHARACTERISTICS OF NAVAL HAZARDOUS WASTE SITES

Contaminant distributions at naval facilities are complex and varied. Of the
4,448 individual sites listed in the Environmental Restoration Program, 857 are
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The fuel tank farm at the Newport Naval Education and Training Center, Newport, Rhode
Island. These types of storage units often house multiple chemicals. Their enormous size
underscores the amount of material that may be released if a tank were to leak. It also

highlights the size and scope of the Navy’s environmental cleanup program. Courtesy of
the U.S. Navy.
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classified as RCRA sites, 751 as UST sites, and 2,840 as CERCLA sites. It is
important to note that under Navy terminology, an individual UST site can con-
tain more than one underground storage tank. In addition, the total volume of an
individual tank may exceed one million gallons.

Navy facilities span a broad spectrum of land use ranging from rural residen-
tial to urban residential, transportation support, and heavy industry. This varied
land use has resulted in a complex and diverse set of contamination events and
sources. In many cases, Navy facilities represent intact communities providing
full residential, recreational, and urban services to their occupants. Virtually all
types of contamination associated with urban centers can be found at Navy instal-
lations. These include such sources of soil and water contamination as municipal
solid waste landfills, wastewater treatment plants, and underground storage tanks
for automobile and truck fuels. Additional contamination can be associated with
larger scale transportation activities, such as the transport and storage of marine
and aviation fuels. Industrial activities (e.g., aircraft and ship maintenance) re-
lease waste solvents and heavy metals and often result in the creation of “indus-
trial” solid waste landfills. Contamination at many Navy facilities can result
from personnel training activities (e.g., “fire pits,” where fire fighting techniques
have been practiced, and target ranges). Finally, contamination can emanate from
golf courses and other recreational facilities, as well as landscape maintenance at
Navy complexes.

With such diverse activities giving rise to contamination at naval facilities,
the array of contaminant types is extremely large, ranging from fuels and solvents
to metals, pesticides, and household cleaners.> Although contaminant mass and
concentration data for individual waste sites are collected at each Navy facility,
there is no central compilation of comprehensive data. In an attempt to provide
some overview of contaminant distributions, information compiled from the Navy
is presented in Table 1-1. These data represent all hazardous waste sites in the
United States and its territories, as reported by the Navy.

Organic contaminants are the most common contaminants found at Navy
facilities. Petroleum, oil, and lubricants (POLs) and hydrophobic organic con-
taminants (HOCs) exist at over half of all installations, and pesticides are found at
almost one quarter. Metals are also frequent contaminants. In most cases, mul-
tiple contaminants are present. It is not possible to determine from readily avail-
able data if the contaminants exist as mixed wastes or if they are present at sepa-
rate sites in a given installation.

To gain some idea about the magnitude of contamination at Naval facilities,
the committee studied maximum concentration data from seven sites across the

SBecause of its unusual properties, unexploded ordnance, a type of contamination unique to the
military, was not considered during this study.
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TABLE 1-1 Frequency of Contaminants at Navy Installations

Contaminant Category Frequency(%)*
Petroleum, oil and lubricants (POLs) 59.5
Hydrophobic organic contaminants (HOCs)? 543
Metals 42.4
Pesticides 23.0
Paint 18.6
Acids 13.0
Electrolytes 4.5
Radionuclides 3.7
Bases 3.0
Cyanide 2.6
Acetone <1
Ammonia <1
Ethylene glycol <1
Photo chemical <1
Hydrogen cyanide <1

NOTE: The table includes all contaminated media (ground water, soil, etc.).

4 Frequency is defined as the number of installations reporting the contaminant category at one or
more of its waste sites relative to the total number of Navy installations.

> Does not include POLs or pesticides.

SOURCE: Department of the Navy, 1998.

country. Characterization of these sites cannot go beyond the most general terms
because of the wide range of contaminants and reported concentrations. Similar
to the data found in Table 1-1, these sites contain predominantly POL-related
contaminants, halogenated organic compounds, pesticides, and heavy metals, with
the greatest total mass of contaminants probably being POLs.

The characteristics of a particular Navy facility, the North Island Naval Air
Station in San Diego, California, are given in Box 1-1. The wide variety of
contaminants, the unique hydrogeologic conditions, and the many regulatory au-
thorities present at North Island demonstrate the highly variable environment in
which cleanup takes place.

PRESSING CLEANUP CHALLENGES

Cleanup Cost

Like other responsible parties, the Navy is faced with environmental cleanup
responsibilities that take time, resources, and attention away from its principal
mission. Many top decision makers view cleanup as a discretionary expense that
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competes with readiness, modernization, and other military goals at a time when
overall budgets are declining. The Navy is seeking ways to reduce the financial
dimension of that obligation without increasing measurable risk to human or eco-
logical receptors.

At closing bases, the Navy is also subject to political pressure to prepare
property for transfer in a much more timely fashion, though state and local stake-
holders often differ among themselves over whether to emphasize stringency of
cleanup or timeliness of reuse. At closing bases, there is often tension over the
level of cleanup, with the Navy urging limits on reuse as a way to cut cleanup
costs, and the recipients, who do not pay for cleanup, wanting more stringent
cleanup goals to enable greater flexibility in future use. Closures typically force
the Navy to spend more money, or at least to expend funds faster, than at compa-
rable active bases.

An interesting feature of the Navy’s cleanup costs common to many multi-
site facilities is that the cleanup budget is disproportionately allocated to the most
contaminated sites. According to data provided by Navy personnel, 59 percent of
sites undergoing the Relative Risk Site Evaluation were ranked as high risk.
However, the cost of cleanup at these sites comprised 81 percent of the total
cleanup cost. Low risk sites, on the other hand, comprised 25 percent of the sites
but only 8 percent of the cost. This distribution of costs among Navy sites, which
was expected and is appropriate, suggests that management and response at high
risk sites is critical for controlling overall cleanup costs. The Navy has not com-
pleted an analysis of how cost estimates might vary if alternative remediation
strategies for high risk sites were employed.

Regulatory Oversight

Like other responsible parties with broad national exposure, the Navy seeks
standardized treatment from regulatory agencies. Each of the states (and recog-
nized Indian tribes) have both sovereign and delegated authority to develop and
enforce their own hazardous waste regulations. Some areas of the country are
more sensitive to environmental issues than others. Some areas are more depen-
dent on ground water, or have scarcer water supplies, than others. Some areas are
willing to relax environmental standards to achieve other goals, such as job cre-
ation. It is, therefore, unrealistic to expect a unitary national regulatory frame-
work, but it is possible to standardize terminology and process.

The Navy has made progress in this area. Compared to the other armed
services, the Navy is concentrated in a relatively small number of states. This has
made it possible to establish interstate regulatory cooperation, such as the efforts

61t should be reiterated that the Relative Risk Site Evaluation model is a qualitative evaluation that
provides only a rough estimate of the risk to human and ecological receptors from a waste site. The
model is used only to request and allocate funding and is not used to determine cleanup action.
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BOX 1-1
Environmental Contamination:
North Island Naval Air Station

North Island Naval Air Station is at the northern tip of the peninsula
that forms San Diego Bay, adjacent to the city of Coronado, California
(see next page). Since the Navy assumed full control of the land in 1939,
Navy activities at North Island have expanded. The base is currently
home to two major carriers and their aircraft, the Third Fleet flagship, and
deep submergence vehicles. With closure of other Navy installations,
North Island has become the dominant active Navy base in California.

North Island is bordered on the north and west by San Diego Bay and
on the south by the Pacific Ocean. The area is generally lacking in relief,
providing little natural surface drainage. Because much of the land is
paved, most surface runoff is captured by constructed storm drainage
systems. However, two sloughs at the southern end of the base provide
natural drainage into the Pacific Ocean. Historically, a fresh water aqui-
fer was present at North Island, but extensive paving has limited fresh
water recharge, resulting in intrusion of seawater into the aquifer. This
has led the California Regional Water Quality Control Board to classify
the ground water at North Island as unsuitable for beneficial use. Under
this classification, contaminants in the ground water do not represent a
drinking water threat to current or potential future property owners. How-
ever, a potential threat to marine biota exists. North Island is adjacent to
a major spawning area and home of marine life (San Diego Bay). Addi-
tionally, its surrounding waters are used extensively for recreational pur-
poses. For these reasons, migration of subsurface contaminants to the
surrounding bodies of water is of concern. Two state statutes, the Cali-
fornia Enclosed Bays and Estuaries Plan of 1993 and the California
Ocean Plan of 1990, dictate acceptable levels of contamination in the
waters surrounding North Island.

of the Naval Facilities Engineering Command Southwest Division to set priori-
ties for projects among states. Furthermore, in many communities the Navy has
been successful in establishing Restoration Advisory Boards (RABs), which fa-
cilitate the consideration of diverse local concerns at bases undergoing cleanup.
In general, these efforts have made cleanup operations more consistent across
regions.
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BOX 1-1 continued

North Island contains one CERCLA site, 17 RCRA corrective action
sites, and 3 RCRA underground storage tank sites (which include 190
individual USTs). These contain a range of heavy metals (As, Cr, Cu and
Pb), PCBs, and volatile and semi-volatile organic compounds. Because
the facility is mainly used for maintenance and repair of aircraft, a large
proportion of the waste includes jet fuels and solvents. Most of the sites
at North Island have been evaluated with the Navy’s Relative Risk Site
Evaluation model, indicating 10 high risk sites, 5 medium risk sites, and
4 low risk sites. Remedial activities mainly consist of studies, with only
9% of all sites response complete and 18% undergoing active cleanup.

SOURCE: Department of the Navy, 1998.

Proximity to Coastal Areas

The Navy’s concentration in port cities creates more demands on its cleanup
programs than on those of the other armed services. Naval bases have released
contaminants into terrestrial, freshwater, estuarine, and marine environments that
historically provide food for human consumption. Because contamination has
occurred across this broad spectrum of environmental compartments, the need for
and complexity of ecological risk assessments is great. Such ecological risk as-
sessments must give consideration to a wide range of transport mechanisms and
biological receptors.
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Naval aircraft carrier U.S.S. Carl Vinson passing the battleship Missouri. Naval shipyards
are often located in areas with multiple human and ecological receptors. Courtesy of the
U.S. Navy.

Many closing Navy bases comprise valuable waterfront real estate. Potential
future users, including developers of housing and other uses calling for high lev-
els of cleanup, are eager to obtain the property. On the other hand, many Navy
bases have released contaminants into aquifers that are non-potable because of
saltwater intrusion, reducing demands for remedial action.

Types of Contamination Present at Navy Facilities

As previously noted, the primary contaminants found at Navy facilities, in
terms of the overall numbers of affected sites, are petroleum products, oils, and
lubricants (POLs). However, almost all naval facilities are also significantly con-
taminated with other organic contaminants, such as chlorinated solvents, heavy
metals, and pesticides, that have different mobility and extremely long environ-
mental half-lives in terrestrial, aquatic, and marine media (Department of the
Navy, 1998). Treatment and removal of these compounds is far more problem-
atic, and in some instances, no available technology is capable of reducing con-
taminant levels to meet health-based standards. In cases where the technology is
available, it is sometimes costly to implement. Consequently, the types of con-
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tamination found at naval facilities present both technological and fiscal chal-
lenges that the Navy must address.

In addition to the recalcitrance of many chemicals found at Navy facilities, a
single waste site may contain a mixture of contaminants that interact in unknown
ways with each other and with potential human and ecological receptors. The
Navy must have some mechanism for assessing the cumulative risk posed by
multiple chemicals present at individual sites. Finally, large numbers of sites
present at a single facility greatly increase the complexity of interactions that are
possible between potential sources and human and ecological receptors. A facil-
ity-wide assessment of risk must be able to integrate the effects of multiple indi-
vidual waste sites.

Long-Term Considerations

The DOD’s plan to close additional bases early in the next century presents a
final dilemma. Most remedial decisions at bases undergoing closure over the past
decade have been made with knowledge that the base was closing and sometimes
with reuse plans in place. The new closures, however, will take place at bases
where remedies may have been chosen without knowledge that the base was clos-
ing. Transferees may insist that many cleanup agreements be reconsidered to
accommodate potential changes in land use. Similar changes in land use may
also occur at bases that remain active, as the Navy modifies its uses of major
parcels of property to meet its evolving requirements.

In all cases where contamination remains in place after remedial actions are
complete, there is tension over the permanence of the response. Any effort to
base cleanup standards on risk, as measured today, must take into account this
long-term uncertainty. The CERCLA cleanup process is sufficiently flexible to
allow for the integration of information over time. In practice, however, remedial
options tend to be permanent because site managers are influenced by pressures
to clean up as quickly and inexpensively as possible. Greater discussion of long-
term considerations during risk-based cleanup and the DOD’s current obligations
at closing facilities is found in Chapter 5.

In closing, multiple parties are urging the Navy to reduce the costs of its
Environmental Restoration Program, while others insist that the program main-
tain adequate protection of human health and the environment. These factors,
combined with the recent popularity of the ASTM Risk-Based Corrective Action
standard guide for Petroleum Release Sites, have led the Navy to consider imple-
menting a new risk-based methodology for cleanup of all their hazardous waste
sites. As this report will demonstrate, risk-based methodologies have strengths
and weaknesses that restrict their implementation at complex sites. This report
reviews existing risk-based methodologies, describes their strengths and weak-
nesses, and makes recommendations to the Navy for their use in certain circum-
stances.

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

34 ENVIRONMENTAL CLEANUP AT NAVY FACILITIES: RISK-BASED METHODS

REFERENCES

ABB Environmental Services. 1997. Summary of 1997 Focused Groundwater Investigations, Site
11, Old Camden County Landfill, Kings Bay, GA, 32 pp. Prepared for Southern Division, Naval
Facilities Engineering Command, North Charleston, S.C.

Air Force/Army/Navy/EPA Working Group. October 1998. The Road to Site Closeout (working
draft). Washington, D.C.

Anderson, J. L., and M. D. Bowes. 1997. Appendix A: Relative Risk. In Department of the Navy
Environmental Cleanup Program: Cost Control. Center for Naval Analysis. Washington, D.C.

Bracken, M. B. 1997. Musings on the Edge of Epidemiology. Epidemiology 8(4):337-339.

Chapelle, F. H. 1996. Identifying Redox Conditions that Favor the Natural Attenuation of Chlori-
nated Ethenes in Contaminated Ground-Water Systems. In Symposium on Natural Attenuation
of Chlorinated Organics in Ground Water. EPA/540/R-96/509, 169 pp.

Department of the Navy. 1998. Department of the Navy Environmental Restoration Plan for Fiscal
Years 1998-2002. Chief of Naval Operations, Arlington, Va.

Environmental Protection Agency (EPA). 1995. Risk-Based Decision-Making: A New Approach to
UST Corrective Action. EPA 510-F-95-001. OSWER. Washington, D.C.

EPA. 1997. Cleaning Up the Nation’s Waste Sites: Markets and Technology Trends (1996 Edition).
EPA-542-R-96-005 (NTIS: PB96-178041), Technology Innovation Office, Washington, D.C.

Federal Register. 1990. Hazard Ranking System: Final Rule. Fed. Regist. 55(241):51532-51667.

National Research Council (NRC). 1991. Environmental Epidemiology, Volume 1: Public Health
and Hazardous Wastes. National Academy Press, Washington, D.C.

NRC. 1994. Alternatives for Ground Water Cleanup. National Academy Press, Washington, D.C.

NRC. 1997. Innovations in Ground Water and Soil Cleanup: From Concept to Commercialization.
National Academy Press, Washington, D.C.

Office of the Deputy Under Secretary of Defense (Environmental Security). March 1998. Manage-
ment Guidance for the Defense Environmental Restoration Program, Washington, D.C.

Russell, M., E. W. Colglazier, and M. R. English. 1991. Hazardous Waste Remediation: The Task
Ahead. Knoxville: University of Tennessee, Waste Management Research and Education Insti-
tute.

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

Review of Risk-Based Methodologies

INTRODUCTION

This chapter reviews EPA and American Society for Testing and Materials
(ASTM) methodologies for risk-based cleanup at hazardous waste sites. These
two methodologies, while not the only available, are the most widely used. Other
frameworks considered by the committee include the Air Force’s Enhanced Site-
Specific Risk Assessment (ESSRA), the EPA Science Advisory Board’s Inte-
grated Risk Project, the Lawrence Livermore National Laboratory/University of
California studies on leaking underground fuel tanks, and numerous state varia-
tions on the practices and methods of ASTM and the EPA.

A risk-based methodology is defined as a process that combines environ-
mental data obtained for a hazardous waste site, risk assessment calculation(s),
and a series of risk management decisions. The goal of such a methodology
should be to determine how much and what kind of cleanup is necessary at the
site, taking several factors into account including the extent of contamination, the
risk posed by the contamination, the cost of cleanup, the values of the local com-
munity, and others. The risk-based methodologies reviewed by the committee
were evaluated for their risk assessment and risk management components. Be-
fore turning to those reviews, the terms “risk,” “risk assessment,” and “risk man-
agement” are discussed.

Risk, Risk Assessment, and Risk Management

This report follows the definitions of risk, risk assessment, and risk manage-
ment that have been developed by several previous NRC committees (NRC, 1983,

35
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1993, 1994). A risk is the probability of an undesired event whose occurrence is
uncertain. Risk assessment is the evaluation of a risk in terms of the nature and
consequences of the undesired event, the potential causes of the event, and the
probability that the event will occur. The assessment can be purely quantitative
(as in actuarial analysis or engineering failure analysis), purely qualitative, or
some combination of the two. Risk management is the implementation of mea-
sures to reduce either the probability that the event will occur or the consequences
of the event if it does occur. Risk management decisions generally consider
societal values, economic cost, and other factors that are outside the formal risk
assessment process.

Risk Assessment

Risk assessment is generally applicable to a wide variety of scenarios, in-
cluding environmental cleanup of hazardous waste sites. The goal of a risk as-
sessment is to determine the inherent level of risk posed by contaminated sites.
This is accomplished by quantitatively linking the contaminant source to poten-
tial biological targets. Risk assessments integrate information on the physical
conditions at the site, the nature and extent of contamination, the toxicological
and chemical/physical characteristics of the contaminants, the current and future
land use conditions, and the dose-response relationship between projected expo-
sure levels and potential toxic effects.

In 1983, the NRC defined the overall science of risk assessment by subdivid-
ing it into four major steps (NRC, 1983). Hazard assessment! is the process of
determining whether exposure to an agent can cause an increase in the incidence
of a health condition. This step involves evaluation of epidemiological data,
animal bioassays, short-term in vitro studies, and other data relevant to determin-
ing the nature and severity of effects that might be caused by chemical exposure.
Dose-response assessment is the process of characterizing the relation between
the dose of an agent administered or received and the incidence of an adverse
health effect. This step estimates the probability that an individual will be ad-
versely affected by a given chemical dose, relying primarily on data obtained
from animal studies. Exposure assessment is the process of measuring or esti-
mating the intensity, frequency, and duration of human exposures to an agent
currently present in the environment or of estimating hypothetical exposures that
might arise from the release of new chemicals into the environment. Exposure
assessment includes estimation of concentrations of chemicals in environmental

'Hazard assessment is the analytical part of a larger process during risk assessment (sometimes
known as Hazard Identification or Source Assessment) in which sources of contamination are evalu-
ated, the site is described, and potential receptors are identified.
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media to which humans are exposed, and the dose received by the exposed indi-
viduals. Risk characterization is the process of estimating the incidence of a
health effect under the various conditions of human exposure described in the
exposure assessment. It combines the exposure assessment with the dose-re-
sponse curve. For carcinogenic compounds, the risk estimate is expressed as the
probability of additional lifetime cancers (e.g., one in a million or 10-%). For
noncarcinogens, risk is described by the hazard quotient (HQ), which is the ratio
of the dose of a contaminant over a specified time period to a reference dose for
that contaminant derived for a similar exposure period (e.g., HQ = 0.8).

The framework described above has been widely accepted and today serves
as the basis of the great majority of chemical-related risk assessments performed
by federal agencies, state agencies, and private companies. In 1993, the NRC
extended the framework to include ecological as well as human health risks. The
fact that risk assessment has been embraced by the federal agencies does not
mean, however, that risk assessments go without criticism, particularly in the
arena of environmental cleanup. Because of uncertainties in the risk assessment
calculation regarding the sources of contaminants, their transport to potential re-
ceptors, and their interaction with those receptors, there can be disputes over the
value of the estimated risk among the regulatory agencies, the responsible parties,
and the local community. The toxicological and exposure assumptions, as well
as the quality of the data used in the risk assessment, are often the source of
considerable disagreement.

Risk Management

The goals of risk management are to answer the questions: “What risk is
acceptable?” and “How should we appropriately reduce, control, or eliminate
risks to human health and the environment?” Risk management compares the
risk assessment calculation to a defined level of acceptable risk and then de-
scribes the processes that will be used to reduce risk, if necessary.

Acceptable Risk. Defining an acceptable risk level gives meaning to the
risk estimate generated from the risk assessment. There are few legislative, pub-
lic policy, and judicial guidelines on how to define acceptable risk. Although
“safe” has not been found to necessarily mean zero risk (State of Ohio v. EPA
997 F.2d 1520, 1533, D.C. Cir. 1993), the courts have not provided (1) a risk
level above which risk management action must occur, (2) specific guidance as to
what might be done to determine whether a risk is acceptable, or (3) workable
definitions of acceptable, safe risk levels. The EPA currently “endorses” a risk
range from 1076 (one in a million) to 10~ for one’s lifetime risk from exposure to
carcinogens and a hazard quotient of 1.0 for noncarcinogens. As our state survey
shows, acceptable risk levels across the state regulatory agencies tend to mirror
EPA guidance.

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

38 ENVIRONMENTAL CLEANUP AT NAVY FACILITIES: RISK-BASED METHODS

Risk Reduction. Although great strides in scientific methodologies have
improved the science of risk assessment, improvements in the risk management
decision-making process have not been as forthcoming. Risk management must
balance the nation’s interests in public health and environmental protection
against the limits of public and private resources. Unfortunately, little guidance
for balancing environmental protection and cost effectiveness in making cleanup
decisions has been provided by the EPA. When such factors as feasibility and
cost are not considered in an analytic paradigm similar to risk assessment, risk
management frequently results in the misdirection of resources, incomplete pro-
tection of public health and the environment, and the loss of institutional credibil-
ity, public trust, and standing.

One of the most important risk management decisions to be made at hazard-
ous waste sites is the selection of a remedy. The remedial option specifies how
the risk from a contaminated site will be reduced through a combination of
cleanup technologies, containment strategies, and institutional controls. Cleanup
technologies include natural and engineered physical, chemical, and biological
processes that remove or reduce sources of contamination. Containment strate-
gies, also referred to as engineering controls, consist of technologies that are
designed to prevent contaminant migration into otherwise uncontaminated areas.
Finally, institutional controls refer to restrictions on use of or access to contami-
nated land in order to minimize exposure to contamination. Ideally, the process
of choosing the remedial option should not only consider issues uncovered during
the risk assessment phase but also integrate considerations such as engineering
feasibility, financial resources, community needs, and real or potential benefit of
the proposed risk reduction solutions. The limitations of certain remedies, in-
cluding both engineering and institutional controls, are discussed in Chapter 4.

UNIVERSE OF RISK-BASED METHODOLOGIES

In reviewing a variety of risk-based methodologies, the committee noticed a
central principle common to all—the source-pathway-receptor paradigm. This
paradigm states that for a risk to exist there must be (1) a source of chemical
release, (2) a human or ecological receptor that is potentially exposed to the re-
leased chemicals, and (3) an environmental pathway connecting the source and
the receptor(s). If a risk is present, it may be reduced or eliminated by removing
the source or the receptor, or by interrupting the pathway. The source-pathway-
receptor paradigm provides a straightforward approach to performing risk assess-
ments at contaminated (or potentially contaminated) sites and linking the results
of the risk assessments to risk management actions. In the following sections,
this paradigm will be used to explain and compare the risk-based approaches
developed by various state and federal agencies and the ASTM. Table 2-1 lists
sources, pathways, and receptors that may be associated with a hazardous waste
site.
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TABLE 2-1 Examples of Sources, Pathways, and Receptors®

Sources®

* leaking tanks (above-ground or underground)

« tank appurtenances (e.g., pipes, distribution)

« surface spills

» free product contained in the vadose zone or aquifer

* soils saturated with chemicals of concern (CoCs)

* soil or waste piles

* lagoons or ponds

* injection wells

* landfills

* sources associated with facilities operation (e.g., weapons training, manufacturing)

Transport Pathways

* migration of free product in vadose zone and saturated zone

» dissolution of free product into ground water

* partitioning of free product between water and subsurface solids (sorption/desorption)

¢ leaching to ground water (desorption from soil)

* leaching to surface water (desorption from sediment)

« ground water to surface water (and vice versa)

« volatilization from ground water to outdoor air

» volatilization from ground water to indoor air or other confined space

« volatilization from vadose zone (free product or soil) to outdoor air, indoor air, or other
confined space

« volatilization from surface water to outdoor air

« erosion and surface water runoff

« fugitive dust (wind erosion)

Receptors®©

* humans through:
— dermal contact with soils, sediments, or contaminated water outdoors (e.g., swimming) or
indoors (e.g., showering)
— ingestion of soils, sediments, or contaminated water
— ingestion of food sources (e.g., plants, aquatic species) that have bioaccumulated CoCs
from contaminated water, air, or soil
— indirect ingestion (e.g., baby exposed to breast milk)
— inhalation of indoor air (or in other confined space)
— inhalation of vapors from contaminated water (e.g., showering, running hot water)
— inhalation of outdoor air
— inhalation of fugitive particulates (e.g., dust)
* ecosystems (e.g., wetland, marsh)
« animals and other living species (e.g., endangered or protected species, fish, birds)
* ground water
» ground water wells

4References include ASTM (1995, 1998); Farr et al. (1996); Rice et al. (1997).

bSome are classified as “primary” and some as “secondary.”

cIt should be noted that there is considerable controversy about considering non-living entities as
receptors.
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Environmental Protection Agency

The Comprehensive Environmental Response, Compensation, and Liability
Act (CERCLA) established a national program for the management of potential
public health and environmental threats posed by properties that are contami-
nated by hazardous wastes. CERCLA is implemented by regulations entitled the
National Oil and Hazardous Substances Pollution Contingency Plan (NCP) (40
CFR Part 300) and enforced by the EPA. From CERCLA and the NCP, a regula-
tory process has evolved that has historically focused on the central metric of
risk.

Initial Steps of CERCLA

The steps that make up the CERCLA cleanup process are shown in Figure 2-
1. After discovery of a contaminated site, a preliminary assessment (PA) is con-
ducted during which site-specific data are evaluated to determine the need for
further cleanup action at the site. This is followed by a site inspection (SI) that
collects additional data on air, soil, and water from the site and surrounding areas.
Based on the information obtained in these two information gathering phases, the
entire facility receives an initial ranking based on the degree of hazard presented
using the Hazard Ranking System (HRS). If the facility receives a score of 28.5
or greater, it is listed on the National Priorities List (NPL), necessitating a Federal
Facilities Agreement between the responsible party and the EPA and state regula-
tory authorities.

Once contamination is demonstrated, a more detailed remedial investigation
(RI) is conducted. The RI characterizes conditions at the site, identifying the
sources of contamination, the extent of contamination, and the environmental
characteristics and conditions contributing to unwanted exposure. During this
phase, human health and ecological risk assessments are conducted, following
the guidance provided by the EPA known as Risk Assessment Guidance for
Superfund (EPA, 1989, 1991a, b, 1998a).

Risk Assessment Guidance for Superfund

EPA guidance documents covering risk assessment and management at haz-
ardous waste sites are referred to as the Risk Assessment Guidance for Superfund
(RAGS). RAGS estimates the risk to human health and the environment based
on data generated during the RI, information that is essential for establishing the
need for a remedial response and the extent of the action. These documents guide
regulators, responsible parties, and stakeholders through the risk-based portion of
the investigation, characterization, and remedy selection and implementation at a
hazardous waste site.

The first document, Risk Assessment Guidance for Superfund, Part A, fo-
cuses on developing a baseline risk assessment. The risk assessment contains a
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The CERCLA Process®

Site Discovery
The responsible defense component learns of site from reviewing
records, reports, receipts, and letters provided by states,
hazardous substance handlers, or concerned citizens.

Preliminary Assessment (PA)
Evaluation of existing site-specific data for early determination of
need for further action.

Site Inspection (SI)
Collection of air, soil, and water samples from site and nearby areas.
Information collected about population, weather, and site owner.

Hazard Ranking System (HRS)
The EPA applies a mathematical approach to assess relative
risks posed by sites.

National Priorities List (NPL)
The EPA lists those facilities that qualify, under the hazard ranking
system, for the national priorities list and seeks to negotiate federal

facilities agreements with the responsible defense component. -
- < Community
Interviews
Risk Remedial Investigation (RI)
Assessment [P] Assessment of the nature and extent of contamination and the
Conducted associated health and environmental risks.

Feasibility Study (FS)
Consideration of a range of cleanup options.

Proposed Plan
Explanation of cleanup method likely to be chosen and e
allowance of public comments.

Risk Record of Decision (ROD)
Managemenf’ The official report documenting the background information on the site

which describes the chosen cleanup method and how it was selected.

Public
Comment

Remedial Design (RD)/Remedial Action (RA)
Technical plan preparation. Construction to implement cleanup.

Five-Year Review
Ensures that site is maintained and remains safe.

2At any point in the process, the responsible defense component
can take immediate action to respond to immediate risks.

FIGURE 2-1 Steps in the CERCLA process. Each box describes the actions taken during
the sequential phases of the CERCLA process. SOURCE: EPA, 1992a.
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mathematical description of complete exposure pathways linking the contami-
nant source through the environmental compartments and media to the biological
receptor. This requires information about

¢ the concentrations and location of the contaminants,

* actual or potential mechanisms of release, migration, and fate of the con-
taminants,

* the environmental compartment or media through which the contaminant
is transported or acts as a reservoir,

* points of potential receptor exposure,

* exposure conditions at the point of contact,

* integration of multi-media and multi-pathway exposures into a compre-
hensive scenario, and

* toxicity of the contaminant of concern.

The end result is a numerical value of potential additional risk (e.g., 10~ for
carcinogens) from the contaminant source for the biological receptor at the expo-
sure point. The risk assessment can be updated during the remedial investigation
by integrating new site data into the risk calculation. Part A of RAGS is used for
an initial estimation of risk at a hazardous waste site that can be compared to
some acceptable target risk level. The risk estimate is generally calculated for
both soil and ground water contamination.

If the Part A risk estimate is greater than the acceptable target risk level, the
second document, Risk Assessment Guidance for Superfund, Part B, is used to
develop initial goals for risk-based cleanup. The document gives standard, de-
tailed procedures for using risk assessment calculations to establish site cleanup
levels that reflect the site’s objectives. This process is similar to the risk assess-
ment calculation specified under RAGS Part A, except it is carried out in the
reverse direction. First, an acceptable target risk level that takes into account the
desired land use scenario is specified. Mathematical equations are then used to
calculate the concentration of a contaminant that will give rise to that risk, assum-
ing certain transport and exposure pathways. The resulting concentration is set as
the preliminary remediation goal (PRG).

A PRG is a risk-based concentration limit for an individual contaminant in a
specific environmental medium (e.g., soil) that is associated with a specific land
use and exposure pattern. Values for PRGs can evolve with the characterization
and understanding of a hazardous waste site. Generic PRGs can be developed
initially based on general land use and exposure assumptions and minimal con-
sideration of current or proposed site-specific conditions. The PRGs are refined
as more site-specific data are gathered about the types of contaminants present,
the nature and extent of contamination, and the potential site-specific exposure
scenarios. RAGS advocates repeating the risk assessment calculation done dur-
ing the remedial investigation. In practice, however, responsible parties rarely
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conduct more than one risk assessment for the major toxic or carcinogenic com-
pounds identified at a site because of the time and cost involved in collecting the
data.

It should be noted that site-specific risk assessment under RAGS Part B,
which is meant to generate a PRG, is conducted for soil and sediment contamina-
tion more frequently than for ground water contamination. This is because stat-
utes often force cleanup of ground water to “applicable or relevant and appropri-
ate requirements” (such as MCLs) regardless of the site conditions. However, for
soils and those contaminants for which no MCLs exist, site-specific risk assess-
ment is necessary.

EPA Soil Screening Guidance

Because site-specific risk assessment for contaminated soils under RAGS
Part B requires substantial data collection, the EPA created a methodology, the
Soil Screening Guidance, that can be used to screen soil contamination quickly
before doing a full-scale risk assessment (EPA, 1996a). The intention of the Soil
Screening Guidance is to focus resources on sites that pose the greatest risk.
Another reason for using the Soil Screening Guidance is to eliminate from further
consideration low-risk sites containing soil-only contamination.

The Soil Screening Guidance provides a methodology to calculate risk-based,
site-specific soil screening levels for a very specific subset of contamination prob-
lems. Only contamination problems that are similar to those used in the Soil
Screening Guidance can be considered. The guidance assumes an acceptable risk
of 10-6 for carcinogens and a hazard quotient of 1.0 for noncarcinogens, and it
encompasses 110 chemicals. Only residential land use is considered, and six
exposure pathways are specified, including direct ingestion of soil and ground
water contaminated by soil, inhalation of volatiles and dust, dermal absorption,
ingestion of produce that has been contaminated by soil, and migration of volatiles
in basements. These criteria are used to formulate generic Soil Screening Levels
(SSLs).

The soil screening process is a tiered approach with seven basic steps (Figure
2-2). First, a site conceptual model is developed to collect, organize, and analyze
data from the site. The site must be confirmed to have conditions similar to those
described above (residential land use, similar exposure pathways, etc.). Second,
the concentration data from the site are compared with the generic SSLs. If those
data are below SSLs, the screening process ends (see below). If the concentration
data are above SSLs, additional data collection is done to narrow down the areas
in excess. More sophisticated soil analyses and sampling are conducted, and the
generic SSLs are updated to include this new information, thus generating site-
specific SSLs. Concentration data from the site are now compared to these site-
specific SSLs. If they fall below these levels, the screening process ends. If not,
another round of data collection, modeling, and further enhancement of the SSLs
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Soil Screening Process

Step One: Develop a Conceptual Site Model (CSM)

* Collect existing site data (historical records, aerial photographs,
maps, PA/SI data, available background information, state soil surveys,
etc.

¢ Organize and Analyze existing site data

— ldentify known sources of contamination

— ldentify affected media

— ldentify potential migration routes, exposure pathways, and
receptors

* Construct a preliminary diagram of the CSM

* Perform site reconnaissance

— Confirm or modify CSM
— ldentify remaining data gaps

Step Two: Compare Soil Component of CSM to Soil Screening
Scenario

e Confirm that future residential land use is a reasonable
assumption for the site

¢ |dentify pathways present at the site that are addressed by the
guidance

* Identify additional pathways present at the site not addressed by
the guidance

e Compare pathway-specific generic SSLs with available
concentration data

» Estimate whether background levels exceed generic SSLs

Step Three: Define Data Collection Needs for Soils to Determine
Which Site Areas Exceed SSLs

* Develop hypothesis about distribution of soil contamination (i.e.,
which areas of the site have soil contamination that exceed appropriate
SSLs?)

* Develop sampling and analysis plan for determining soil
contaminant concentrations

— Sampling strategy for surface soils (includes defining study
boundaries, developing a decision rule, specifying limits on decision
errors, and optimizing the design)

— Sampling strategy for subsurface soils (includes defining study
boundaries, developing a decision rule, specifying limits on decision
errors, and optimizing the design)

— Sampling to measure soil characteristics (bulk density,
moisture content, organic, carbon content, porosity, pH)

» Determine appropriate field methods and establish quality
assurance/quality control (QA/QC)
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Step Four: Sample and Analyze Soils at Site
¢ |dentify Contaminants
e Delineate area and depth of source
e Determine soil characteristics
* Revise CSM, as appropriate

Step Five: Derive Site-Specific SSL (if needed)

* Identify SSL equations for relevant pathways

* |dentify chemicals of concern for dermal exposure and plant
uptake

* Obtain site-specific input parameters from CSM summary

* Replace variables in SSL equations with site-specific data
gathered in Step 4

e (Calculate SSLs

* Account for exposure to multiple contaminants

Step Six: Compare Site Soil Contaminants Concentrations to
Calculated SSLs

e For surface soils, screen out exposure areas where all composite
samples do not exceed SSLs by a factor of 2

* For subsurface soils, screen out source areas where the highest
average soil core concentration does not exceed the SSLs

» Evaluate whether background levels exceed SSLs

Step Seven: Decide how to address Areas Identified for Further
Study

e Consider likelihood that additional areas can be screened out
with more data

* |Integrate soil data with other media in the baseline risk
assessment to estimate cumulative risk at the site

¢ Determine need for action

e Use SSLs as PRGs

FIGURE 2-2 This figure describes actions taken during the seven steps of the soil screen-
ing process. Data collected from sites with contaminated soil are compared to generic Soil
Screening Levels (SSLs). If the site data fall below generic SSLs, the screening process
ends and site closeout is likely. If not, site-specific SSLs are generated considering rel-
evant fate and transport and exposure pathways. Site data are then compared to site-
specific SSLs. If site data do not fall below site-specific SSLs, these SSLs may be used as
PRGs for the latter half of the CERCLA process. SOURCE: EPA, 1996a.
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can occur. When concentration data fall below either generic or site-specific
SSLs, it is likely that the site will require no further action under CERCLA (EPA,
1996a).

For those sites that cannot be eliminated from cleanup consideration using
the Soil Screening Guidance, the SSLs can be used as preliminary remediation
goals (PRGs), provided appropriate conditions are met (e.g., conditions found at
a specific site are similar to conditions assumed in developing the SSLs). This
obviates the need for calculating PRGs using RAGS Part B. It should be kept in
mind that the Soil Screening Guidance may only be used for a subset of contami-
nation problems found at hazardous waste sites. It is likely that complex hazard-
ous waste sites will exhibit conditions that require the calculation of PRGs under
RAGS Part B.

The generic Soil Screening Levels developed by the EPA have many coun-
terparts in regulatory programs at the state level. (Many states have devised
generic screening levels for contaminated ground water as well). These generic
soil screening levels may be more or less stringent than the Soil Screening Levels
of the EPA, and generally are based on similar assumptions, such as residential
exposure and particular exposure pathways (such as direct ingestion of soil).

CERCLA Risk Management

Information from the remedial investigation, including the results of all risk
assessments and PRGes, is used to conduct a feasibility study (FS) to determine
the ultimate remedy for contamination. The FS begins the risk management phase
of the cleanup effort. During this phase, alternative remedial measures are evalu-
ated for their risk reducing ability and effectiveness. Guidance for performing
such evaluations is provided in RAGS Part C (which is also intended to evaluate
the selected remedial alternative during and after its implementation) and RAGS
Part D (EPA, 1991b, 1998a).

A remedy is selected from the suite of remedial alternatives using the nine
evaluation criteria described in the NCP:

(1) overall protection of human health and the environment;

(2) compliance with the chemical-specific standards that are considered the
statutorily required “applicable or relevant and appropriate requirements”
(ARARs);

(3) long-term effectiveness and permanence;

(4) reduction of toxicity, mobility, or volume through the use of treatment;

(5) short-term effectiveness;

(6) implementability;

(7) cost;

(8) state acceptance; and

(9) community acceptance.
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The first and second criteria (threshold criteria) must be met in all circumstances.
For example, assume that the PRG for an individual chemical is not feasible as a
cleanup value under criteria 6 and 7. To meet the threshold criteria 1 and 2,
isolation of the contaminant from the receptor may be the only remedy. Where
total containment is not feasible under criteria 6 and 7, changes in land use may
have to be considered. It is often the case that cost and technical feasibility issues
can be anticipated early on in the CERCLA process. In such situations, multiple
PRGs are developed, with the expectation that some will be met using treatment
technologies, some will be met with containment strategies, and some will be met
using institutional controls (Cooper, 1998). The preamble to the NCP makes it
clear that the EPA has a strong preference for treatment technologies over engi-
neering and institutional controls, especially for “principal threat” wastes? (Fed-
eral Register, 1990). The EPA does not encourage solutions in which institu-
tional controls are the sole remedy and prefers that they be used in conjunction
with containment strategies.

The remedial option chosen after consideration of the nine balancing criteria
is described in the decision document, known as the record of decision (ROD) for
facilities on the NPL. Following approval of the ROD, implementation of the
remedy begins. Remedial design (RD) and remedial action (RA) encompass the
design, construction, operation, and implementation of the final remedy.

The final stages of the CERCLA process include maintaining engineering
and institutional controls and conducting long-term monitoring. These activities
are evaluated by means of five-year reviews. If continued monitoring of all rem-
edies demonstrates that the site no longer poses significant risk to human health
and the environment, the site may be closed out.3

At any time during the investigation or cleanup phases, interim remedial
actions (IRA) or removal actions may be taken to remove a source of contamina-
tion or block a contaminant pathway. These measures are not intended to be the
final remedial action at the site. Rather, they are intended to stabilize the situa-
tion until a permanent remedy can be employed. IRAs can occur prior to, during,
or after the RI/FS. IRAs and removal actions have been subject to controversy
because they increase the possibility that actions may be taken without regulatory
approval or public acceptance.

American Society for Testing and Materials

The American Society for Testing and Materials (ASTM) has developed two
standard guides for risk-based corrective action (RBCA): (1) Standard Guide for

2Principal threat wastes are broadly defined by the EPA as being liquid or solid wastes and soil
containing hazardous substances that constitute a risk of 103 or greater. More detail is available in
EPA, 1991c.

3See Chapter 1 footnotes 3 and 4 for details.
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Risk-Based Corrective Action Applied at Petroleum Release Sites (E 1739-95;
referred to here as petroleum RBCA) and (2) Standard Provisional Guide for
Risk-Based Corrective Action (PS 104-98; referred to here as chemical RBCA).
The ASTM documents are meant to be used as a framework for developing risk
management strategies and not as “cookbooks” to be rigidly followed. It is pre-
sumed that states will develop their own versions of RBCA using the ASTM
standard guides as models.

Both ASTM standard guides cover the same environmental remediation ac-
tivities that the CERCLA process does, from site discovery to site closure. For
the cleanup of petroleum underground storage tanks, which are not regulated
under CERCLA, the petroleum RBCA methodology can be adopted by states and
be made to reflect state regulations (this has occurred already in 14 states).
Chemical RBCA is intended for use at sites other than petroleum release sites,
which may be subject to regulation under RCRA, CERCLA, or state statutes. For
CERCLA sites, implementation of chemical RBCA would have to occur within
the CERCLA framework, perhaps as an alternative approach to RAGS. Because
the chemical RBCA standard guide is relatively new, it has not yet been imple-
mented in any state.

Petroleum RBCA and chemical RBCA are similar to EPA guidance on risk
assessment (CERCLA, RAGS, and SSLs) in many ways. They all rely on the
source-pathway-receptor paradigm to quantify risk, using many of the same math-
ematical calculations and transport and exposure models. Specific differences
between the methodologies that translate into strengths and weaknesses are dis-
cussed in detail in Chapter 3. In general, the ASTM standard guides are meant to
apply to petroleum and non-petroleum compounds under circumstances that can
be customized to the user. In the following paragraphs, a description of petro-
leum RBCA is given, followed by a shorter description of chemical RBCA with
an emphasis on pointing out the differences between the two.

Petroleum RBCA (E 1739-95)

Petroleum RBCA provides a tiered approach for developing a remedial ac-
tion plan for leaking USTs (similar to the tiered approach of the Soil Screening
Guidance). Each tier is successively more complex and requires more extensive
data and assumptions. The RBCA approach differs from traditional risk assess-
ment by deciding up front an acceptable level of risk and then calculating the
corresponding cleanup levels for chemicals of concern (CoCs). For a tier 1 analy-
sis, these cleanup levels are termed risk-based screening levels (RBSLs); for tier
2 and tier 3 analyses, they are called site-specific target levels (SSTLs). RBSLs
and SSTLs for soil contamination are comparable to the EPA’s generic and site-
specific SSLs, respectively. The general goal of the RBCA process is to compare
concentrations of CoCs with RBSLs and SSTLs and take appropriate action.

The petroleum RBCA framework is summarized in Figure 2-3. First, a site
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Initial Site Assessment
+ Conduct site investigation and complete Tier 1 Summary Report
to organize available site information regarding principal chemical(s)
of concern, extent of affected environmental media, and potential
migration pathways and receptors.

v

_ Site Classification and Initial Response Action
* Classify site per specified scenarios (Table 1) and implement
apgropnate initial response action. L .
+ Reclassify site as appropriate following initial response action,
interim remedial action, or additional data collection.

v

Tier 1 Evaluation
« Identify reasonable potential sources, transport pathways, and
exgosure pathways (use flowchart given in Figure 2).
* Select af)propriate Tier 1 risk-based screening levels (RBSLs)
from Tier 1 “Look-Up Table,” or other relevant criteria (taste, odor
thresholds, etc.) Compare these values with site conditions.

Interim Remedial Action
* Conduct partial source
removal or other action to
reduce the risk(s) and site
classification.

Chemical(s) of
concern concentrations
exceed RBSLs?

Remediation to
Tier 1 RBSLs
practicable?

Interim remedial
action appropriate?

Tier 2 Evaluation
* Collect additional site data as needed.

* Conduct Tier 2 assessment per specified procedures. Compare
Tier 2 site-specific target levels (SSTLs) with site conditions.

Chemical(s) of
concern concentrations

HemediationL
exceed SSTLs?

Tier 2 SSTI
practicable?

tso Interim remedial

action appropriate?

Tier 3 Evaluation
« Collect additional site data as needed.

* Conduct Tier 3 assessment per specified procedures. Compare
Tier 3 site-specific target levels (SSTLs) with site conditions.

Chemical(s) of
concern concentrations
exceed SSTLs?

Interim remedial
action appropriate?

Remedial Action Pro?ram
* Identify cost-effective means of achieving final corrective action
goals, including combinations of remediation, natural attenuation, and
institutional controls. Implement the preferred alternative.

.

Continued monitoring
required?

_ Compliance Monitorin
* Conduct monitoring program as neede
corrective action goals are satisfied.

to confirm that

No Further Action

FIGURE 2-3 The three-tiered, 10-step petroleum RBCA flowchart. SOURCE: ASTM,
1995.
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assessment is conducted that should result in an initial site classification with
regard to interim remedial action. This is followed by a tier 1 analysis, which is
followed by tier 2 and tier 3 analyses if necessary. Final and interim (if needed)
remedial action plans are formulated from these analyses.

Initial Site Assessment and Classification. During this phase, sources,
pathways, and potential receptors are identified and CoCs are quantified (concen-
tration and extent of contamination). Sources include tanks, pipelines, and free
product.* Possible exposure pathways include movement with the ground water,
sorption onto solids, and volatilization and migration to the surface. Petroleum
RBCA defines receptors as “persons, structures, utilities, surface waters, and
water supply wells that are or may be adversely affected by the release.”

Information gathered in this phase is used to classify the site, to determine
what initial response is appropriate, to compare with RBSLs in a tier 1 analysis,
and to develop SSTLs for tier 2 and tier 3 analyses, if necessary. Petroleum
RBCA provides examples of site classification and initial response actions in
Table 1 of the standard guide. What constitutes sufficient data collection during
this phase is left to the discretion of the user. State RBCAs may specify what
level of detail constitutes sufficient data.

The site is classified as an immediate threat, a short-term threat, a long-term
threat, or no demonstrable threat. Initial response actions will vary with the se-
verity of contamination. Thus, outcomes can range from monitoring the site in
preparation for a tier 1 analysis to removal of sources (such as tanks and pipes)
with or without additional control measures (e.g., free product recovery).

Tier 1 Evaluation. In a tier 1 analysis, concentrations of CoCs for different
exposure pathways are compared with RBSLs in a look-up table. RBSLs are
generic and do not consider site-specific information. For example, the default
RBSL for ground water ingestion might be the MCL (if one exists). There are
eight exposure pathways given in the sample look-up table in Appendix X2 of the
standard guide:

* inhalation of vapors;

* ingestion of ground water;

* inhalation of outdoor vapors originating from contaminants in the ground
water;,

* inhalation of indoor vapors originating from contaminants in the ground
water;,

4Free product refers to nonaqueous phase liquid (NAPL) contamination that has leaked from a
primary source area into the subsurface and formed a pool of contamination.

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

REVIEW OF RISK-BASED METHODOLOGIES 51

* ingestion of surficial soil, inhalation of outdoor vapors and particulates
emanating from surficial soils, and dermal absorption resulting from surficial soil
contact with skin;

* inhalation of outdoor vapors originating from hydrocarbons in subsurface
soils;

* inhalation of indoor vapors originating from subsurface hydrocarbons;
and

* ingestion of ground water contaminated by leaching of dissolved hydro-
carbons from subsurface soils.

The exposure pathways listed are not all-inclusive; other pathways are possible.
There are many assumptions made in developing the equations and calculating
these RBSLs. It is noted that the materials presented in the standard guide are
“solely for the purpose of presenting an example tier 1 matrix of RBSLs, and
these values should not be viewed, or misused as proposed remediation ‘stan-
dards.””

Development of RBSLs is a critical step in the RBCA process. First, the user
must determine a level of acceptable risk. RBCA suggests using an acceptable
risk of 10~ to 1079 for carcinogens and a hazard quotient of 1.0 for noncarci-
nogens. For mixtures of chemicals, a hazard index may be used where hazard
quotients for different chemicals acting by the same mechanism (e.g., liver toxic-
ity) are summed. In developing RBSLs, petroleum RBCA recommends use of
toxicological information in the EPA’s Integrated Risk Information System (IRIS)
(EPA, 1993), Health Effects Assessment Summary Tables (HEAST ) (EPA,
1992b), or other peer-reviewed data. Petroleum RBCA allows consideration of
non-technical issues, such as future land use and cost of likely remediation in
relation to potential risk reduction, in developing RBSLs, although these issues
are more likely to be incorporated in the SSTLs developed in a tier 2 analysis.

Because of the potential for their misapplication, considerable attention has
been given to the RBSL values given in the appendixes of the petroleum RBCA
standard guide. Table 2-2 compares these RBSLs to the RBSLs found in the
chemical RBCA standard guide, the EPA generic soil screening levels, RCRA
cleanup criteria, and several state generic screening levels. The table includes
soil screening values for a variety of contaminants assuming direct ingestion of
soil, residential land use, a carcinogenic risk level of 1079, and a hazard quotient
of 1.0. For most of the chemicals, the ASTM RBCA RBSLs are similar to the
EPA values. The values for naphthalene and xylene are notable exceptions. The
state generic screening values are highly variable and, in general, more conserva-
tive than either the EPA or the ASTM RBCA values.

Once RBSLs are developed for all appropriate exposure pathways, they are
compared with site data. For a tier 1 analysis, exposure of receptors is assumed to
occur at the source area, and generic exposure equations are used. This imparts a
measure of conservatism on the tier 1 evaluation. If concentrations of CoCs at
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the source area are below RBSLs and if there is confidence that RBSLs will not
be exceeded in the future (there is no guidance as to how to arrive at this conclu-
sion), then the site is deemed worthy of no further action. At this point the user
and the regulatory agency may enter into some type of closure scenario, which
varies from state to state. If, on the other hand, concentrations of CoCs at the
source area are greater than RBSLs for one or more exposure pathways, the user
has two options: (1) proceed to a tier 2 analysis or (2) institute remedial action.
The major driver here is cost: will the cost of a tier 2 analysis and its projected
outcome be less than remedial action to achieve RBSLs?

The tier 1 analysis does not consider uncertainty in the data used to make the
decision. As currently formulated, the assumption is that RBSLs are conserva-
tive (for example, use of MCLs for ground water ingestion). Also, a quantitative
determination of ecological risk is not part of petroleum RBCA. During the site
assessment, environmental receptors are to be identified. However, there is no
discussion about how the user is to decide whether remedial action is required for
such receptors (i.e., no “ecological” RBSLs are determined).

Tier 2 Evaluation. In a tier 2 analysis, the point of compliance (where
contaminant concentrations must be below target levels) is no longer the source
area itself. Instead, contaminant concentrations are compared to target levels at
areas away from the source area, where exposure might more realistically occur.
Target levels in tier 2, termed SSTLs, are calculated by using the RBSLs from tier
1 in conjunction with site-specific fate-and-transport modeling. Additional site-
specific data are required to develop parameters needed to adequately develop
and apply fate-and-transport models. Obviously, a tier 2 evaluation will not re-
duce risk to human and ecological health, but it may result in significant savings
in remediation cost.

Tier 2 evaluations require many decisions and assumptions about what types
of data to collect, where to collect, and for how long. In order to make such
decisions, the user must determine what transport processes and exposure sce-
narios may occur at the site. Possible fate-and-transport processes include advec-
tion, dispersion, sorption, and biodegradation. For example, if intrinsic (passive)
bioremediation is thought to be occurring at a petroleum site, the user must collect
sufficient data to establish the apparent rate at which biodegradation is occurring.

Once transport processes and exposure scenarios have been determined, the
user must decide which fate-and-transport models to use. The examples given in
petroleum RBCA (Appendix X3) are fairly simple, but they are not the only ap-
plicable models. These fate-and-transport models are more sophisticated than
those used in calculating the EPA PRGs or SSLs, particularly for the migration of
subsurface volatile organic compounds to indoor air. The increased level of mod-
eling detail requires considerable site-specific environmental data for the calcula-
tions.

The development of SSTLs may also include the impact of non-technical
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issues. Among the most common are potential future land use, potential cost of
remedial action, and aesthetic concerns, such as odor.

Once SSTLs are determined, they are compared with measured concentra-
tions of CoCs for relevant exposure pathways. If CoCs are less than SSTLs,
limited further action may be required. For example, monitoring may be required
for some time to ensure that SSTLs are not exceeded in the future. It is possible
that a closure plan can be developed in some cases. If concentrations of CoCs are
greater than SSTLs for one or more exposure pathways, the user must decide
whether to proceed to a tier 3 analysis or to institute remedial action. Again, the
major driver is cost. The complexity and expense of a tier 3 evaluation must be
weighed against the cost of remediation to tier 2 SSTLs, or to whatever target
levels are mutually agreeable to the user and appropriate regulatory agency.

As with tier 1, petroleum RBCA'’s tier 2 evaluation does not include a con-
sideration of uncertainty. Individual state RBCAs could include provisions and
guidance for inclusion of uncertainty in the development of SSTLs.

Tier 3 Evaluation. Tier 3 involves much more complicated modeling (e.g.,
time-dependent numerical models) and may include probabilistic evaluation (e.g.,
Monte Carlo analysis) of sources and model predictions. This requires more site-
specific information and more extensive data collection. Site-specific toxicologi-
cal data may be developed. Petroleum RBCA does not include examples of a tier
3 evaluation.

Once tier 3 SSTLs have been developed for appropriate exposure pathways,
they are compared with measured concentrations of CoCs. If CoCs are less than
the SSTLs, then, as with a tier 2 evaluation, limited further action may be required.
If CoCs are greater than one or more SSTLs, remedial action will be required.

Remedial Action. Remedial action may include a combination of active and
passive processes. These include, but are not limited to, source removal, natural
attenuation, a variety of engineering remedies (e.g., active bioremediation and
soil-vapor extraction), containment technologies, and institutional controls. The
remedial action plan may include delineation of monitoring requirements for as-
sessing remediation success, but no specific guidance on monitoring is provided.

Site Closure. Once it has been demonstrated by monitoring or other mea-
sures that RBSLs or SSTLs have been achieved as described in the remedial
action plan and further monitoring is not required, the site may be closed, “except
to ensure that institutional controls (if any) remain in place.”

Chemical RBCA (PS 104-98)

Chemical RBCA was written to provide an ASTM framework for sites con-
taminated with chemicals other than petroleum compounds (e.g., chlorinated or-
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ganics, phenolics, nitroaromatics, and heavy metals). The general approach is
very similar to petroleum RBCA with some important additions. The major addi-
tions are a consideration of ecological risk and cumulative risk and details con-
tained in the appendixes where examples of the framework are given.

The chemical RBCA framework is summarized in Figure 2-4, which is almost
identical to Figure 2-3, except for (1) the inclusion of ecological risk assessment
and (2) an option to return to the tier evaluations if the remedy is not effective.
First, a site assessment is conducted that should result in an initial classification
of the site with regard to interim remedial action. This is followed by a tier 1
analysis, which is followed by, if necessary, tier 2 and tier 3 analyses. Final and
interim remedial action plans are formulated from these tier analyses.

Initial Site Assessment and Classification. Sources, pathways, and poten-
tial receptors are identified and CoCs are quantified (concentration and extent of
contamination) in this phase in a manner consistent with petroleum RBCA. Ma-
jor additions include (1) the identification of ecological receptors, (2) a section on
data quality objectives, (3) language strongly suggesting that local government
and communities be involved in the site assessment, and (4) use of the terms
“complete” and “potentially complete” pathways. Data collected must be suffi-
cient to assess the completeness of potential pathways for human, ecological, and
habitat exposure.

Tier 1 Evaluation. The framework for a chemical RBCA tier 1 evaluation is
different from petroleum RBCA in two major ways, which are summarized in
Figure 2-5. First, a conceptual model of the site is developed that delineates
“reasonably” potential sources, transport pathways, and “reasonably” potential
receptors. Using site assessment data, an analysis of pathway completeness is
made. If this analysis indicates that relevant exposure pathways are not com-
plete, no further action is recommended. If one or more relevant exposure path-
ways are complete or potentially complete, tier 1 evaluation continues. The sec-
ond major difference is the inclusion of ecological risk in addition to human
health risk.

As with petroleum RBCA, concentrations of CoCs for different exposure
pathways are compared with RBSLs (calculated from predetermined acceptable
risk assumptions) in a look-up table. RBSLs are generic and do not consider site-
specific information. Two additional possible pathways are included in the chemi-
cal RBCA appendix examples: migration of free-phase liquid in saturated soil
and migration of free-phase liquid in unsaturated soil.

In chemical RBCA, a tier 1 evaluation is also conducted for ecological re-
ceptors and habitats by developing relevant ecological screening criteria (RESC).
These criteria would typically be taken from the literature in a tier 1 evaluation.
The document is vague as to how these criteria are to be developed and evaluated.

If concentrations of CoCs are below RBSLs and RESC, no further action is
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Initial Site Assessment

+ Conduct site investigation and summarize available site
information regarding chemical(s) of concern, extent of affected
environmental media, and potential migration pathways and
rece{)tors for human health and relevant ecological receptors and

habitats evaluation.
Slé? Cl?ssm(b:atl?jn fOrl; InltlzlfRespolnse Interim Remedial Action
» Classify site based on the need for initial response actions. * Conduct partial source
* Implement initial response action. ‘— removal orgtheractions to ‘—
* Reclassify site as appropriate following initial response actions, reduce the risk(s) and to
interim remedial actions, or additional data collection. reclassify the site, then return
- = to the applicable Tier
--" Evaluation.
_|Tier 1 Evaluation AR
.7 | * ldentify reasonable potential sources, transport pathways, N
. receptors and exposure pathways (use flowchart given in Flgure 2). ~ See Fi 1A
4 * Select appropriate Tier 1 risk-based screening levels (RBSLs) and A ee Figure
4 identify relevant ecological screening criteria (RESC). Compare site ‘\
!/ conditions to the RBSL and RESC.

Site conditions
above screening
criteria?

Remediation to

RBSL practicable? Interim remedia)

action appropriate?

Tier 2 Evaluation
« Collect additional site data as needed.

* Review and revise site conceptual model, as appropriate.
 Develop Tier 2 site-specific target levels (SSTLs) and identify site-
specific ecological criteria (SSEC); compare with site conditions.

v

Remediation
based on Tier 2
SSTL or SSEC
practicable?,

Site conditions are
above Tier 2 SSTL
or SSEC?

Interim remedial
action appropriate?

Tier 3 Evaluation
* Collect additional site data as needed.

* Review and revise site conceptual model, as appropriate.

» Develop Tier 3 site-specific target levels (SSTLs) and identify site-
specific ecological criteria (SSEC); compare with site conditions.

No . - . .
‘ Site conditions are Interim remedial
above Tier 3 SSTL action appropriate?

or SSEC?

Remedial Action Program

« Identify alternatives based on target levels and SSEC including
combinations of remediation, natural attenuation, and institutional
controls. Implement the preferred alternative.

Return to
tier site evaluation, if
conditions have
changed

Yes

Continued monitoring
required?

Monitoring

No Further * Monitoring program confirms that corrective action goals are satisfied.

Action

FIGURE 2-4 The three-tiered chemical RBCA flowchart. Note the inclusion of ecologi-
cal risk at each stage, and the option of returning to a tier evaluation if site conditions
change. SOURCE: ASTM, 1998.
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FIGURE 2-5 Framework for the tier 1 evaluation under chemical RBCA. The flowchart
is used during the tier 1 evaluation in conjunction with Figure 1 from ASTM, 1998. This
version of the tier 1 evaluation contains a consideration of relevant exposure pathways that

can lead to early site closeout. SOURCE: ASTM, 1998.
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recommended. If they are above RBSLs or RESC, either remedial action or a tier
2 evaluation can commence. A tier 2 evaluation is also recommended for those
exposure pathways for which tier 1 RBSLs or RESC are not available.

Tier 2 Evaluation. In a tier 2 analysis, RBSLs and RESC are replaced with
SSTLs and site-specific ecological criteria (SSEC), respectively. These are based
on additional data collected at the site, revisions in the site conceptual model, and
fate-and-transport modeling. RBSLs are applied at point(s) of exposure and then
SSTLs for CoCs are calculated at source areas and points of compliance based on
fate-and-transport modeling. SSEC can be developed by determining the toxicity
of site media (e.g., ground water, soil, and sediment) to test organisms, by con-
ducting biological surveys at the site, or by other lines of converging evidence.
Cumulative risk, defined as the combined risk from multiple chemicals or mul-
tiple exposures on a single receptor, is mentioned for the first time as part of a
chemical RBCA tier 2 evaluation. (Petroleum RBCA does not discuss cumula-
tive risk.) In an attempt to capture the effects of uncertainty, a “statistical data
handling method” may be applied to concentrations of CoCs during tier 2. Some
guidance on these issues is given in the appendixes; however, much is left to the
user’s discretion.

Like petroleum RBCA, the chemical RBCA tier 2 evaluation requires many
decisions and assumptions. Since many more chemical types are being evalu-
ated, and for the most part our knowledge of the toxicity, fate, and transport of
these chemicals is even more uncertain than for petroleum compounds, the deci-
sions and assumptions associated with the calculated SSTLs and SSEC take on
greater significance.

As before, once SSTLs and SSEC are determined, they are compared with
concentrations of CoCs for relevant complete and potentially complete exposure
pathways. If concentrations of CoCs are less than SSTLs and SSEC, limited
further action may be required. If concentrations of CoCs are greater than SSTLs
or SSEC for one or more complete or potentially complete exposure pathways,
the user may proceed to a tier 3 analysis or institute remedial action.

Tier 3 Evaluation. The tier 3 evaluation of chemical RBCA involves much
more complicated modeling (e.g., time-dependent numerical models) than tier 2,
and it may include probabilistic evaluation (e.g., Monte Carlo analysis) of sources
and model predictions, requiring more site-specific information. Values for
SSTLs and SSEC may be revised based on this additional information. Once tier
3 SSTLs and SSEC have been developed for appropriate complete and poten-
tially complete exposure pathways, they are compared with concentrations of
CoCs. If concentrations of CoCs are less than the SSTLs and SSEC, then, as with
a tier 2 evaluation, limited further action may be required. If concentrations of
CoCs are greater than one or more SSTLs or SSEC, remedial action will be re-
quired.
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Remedial Action. Remedial action under chemical RBCA may include a
variety of active and passive processes similar to those described in petroleum
RBCA. Chemical RBCA more explicitly discusses the criteria that must be con-
sidered when choosing the remedial option. These criteria are very similar to the
nine NCP criteria and include (1) effectiveness of the remedial action to protect
human heath and the environment; (2) long term reliability and probable success
in meeting target levels now and in the future; (3) short term risks associated with
the remedial activities; (4) amenability of the remedial action to integration with
property redevelopment plans; (5) acceptability of the remedial option to affected
parties; (6) implementability and technical practicability of the remedial option;
and (7) cost effectiveness of the options to meet the target levels. Unlike petro-
leum RBCA, chemical RBCA discusses options for revisiting the remedy selec-
tion if land use or other site conditions change.

Monitoring requirements are more explicit in chemical RBCA. Chemical
RBCA states that remedial action must continue until monitoring indicates that
concentrations of CoCs are not above RBSLs or SSTLs for a “statistically signifi-
cant number of monitoring periods.” The goals of monitoring are to : (1) demon-
strate the effectiveness of the remedial action; (2) confirm that current conditions
persist or improve with time; and (3) verify model assumptions and conditions. If
monitoring cannot confirm these accomplishments, the user should reevaluate the
remedy or return to the appropriate tier evaluation. Like petroleum RBCA, there
is no specific guidance for designing the monitoring system and establishing per-
formance criteria for that system.

Site Closure. Closure requirements are essentially the same as for petro-
leum RBCA except for the inclusion of ecological risk compliance requirements.

Appendix X1. A major addition to chemical RBCA is Appendix X1,
“Considerations for Development of a RBCA Program.” Here general, although
minimal, guidance is given regarding cumulative risk, the acceptable risk level,
site characterization, ecological risk assessment, selection of remedial actions,
monitoring network design, performance criteria, reopening of sites, site closure,
and public involvement and risk communication. The appendix provides a ma-
trix for use as an aid in making technical policy decisions and a checklist for
implementing a RBCA program. It should be kept in mind that use of the appen-
dixes is entirely up to the user.

State Applications

Like many responsible parties, state environmental cleanup programs are
seeking methods that will allow available monetary resources to accomplish the
greatest reduction in risk. This is particularly true for state UST programs, many
of which are funded partially or wholly with gasoline taxes. Although consider-
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able effort has occurred over the years to incorporate risk into the states’ cleanup
programs, these activities have been particularly noticeable since the issuance of
ASTM’s petroleum RBCA standard guide.

To understand the changes that states are making to adopt risk-based meth-
odologies, such as the ASTM RBCA methodology, this committee created a sur-
vey to ask questions about state environmental cleanup programs. The survey
form is illustrated in Appendix A. The survey was sent to 32 states known to
have contaminated naval facilities (Department of the Navy, 1998). For the most
part, the survey respondent was a member of the state’s regulatory authority, but
not always. Oklahoma is included in the survey although it does not have any
contaminated naval facilities within its borders. The 19 states that completed the
survey are Arizona, Connecticut, Florida, Georgia, Hawaii, Idaho, Indiana, Maine,
Maryland, Massachusetts, Minnesota, New York, Pennsylvania, Oregon, Rhode
Island, South Carolina, Tennessee, Virginia, and Washington.

Questions were asked about each state’s environmental cleanup program in-
cluding whether it uses some type of risk-based approach during the cleanup
process. Answers and any unique or insightful policies are summarized below.
The survey used the terminology “risk-based decision-making” rather than “risk-
based methodologies” or “risk-based corrective action” to avoid any biases as-
sociated with the latter wordings. ‘Risk-based decision making” refers to the
explicit consideration of the risks to human or ecological receptors when deter-
mining cleanup goals.

General Use of Risk-Based Decision Making

No state forbids the use of risk-based decision-making (RBDM) at sites con-
taminated with petroleum. Most states allow some form of this strategy, and
seven states require its use. In almost all cases, risk-based decision-making fa-
cilitates prioritization of sites for cleanup by providing a metric that can be used
to compare the relative risks of different contaminated sites. Almost all respond-
ing states allow the use of RBDM at sites contaminated with non-petroleum com-
pounds, and three states (Florida, Oregon, and Rhode Island) require its use.
Whether a state uses RBDM often depends on the non-petroleum contaminant
present.

There is considerable variation in the differences between each state’s risk-
based decision-making process and the ASTM RBCA standard guidance. Many
states have begun using the ASTM standard guide for petroleum releases at stor-
age tank sites and have made only minor changes to the methodology. Some
states have modified RBCA to be more flexible and comprehensive. Others have
allowed site-specific values to be incorporated into fate-and-transport parameters
prior to a tier 2 evaluation. Efforts have also been made to simplify the system,
sometimes by creating a “tier 0” for certain classes of contamination.

For states that have not adopted the ASTM standard guide, there are greater

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

REVIEW OF RISK-BASED METHODOLOGIES 61

This collection of drums recovered during a time-critical removal action shows the diver-
sity of tank condition. Courtesy of the U.S. Navy.

distinctions between that guide and the state’s RBDM process. These states can
be divided into those that use a tiered approach and those that do not. Of the
states that use a tiered approach, many of these approaches are similar to the
ASTM standard guide, but there can be fundamental differences. For example,
some approaches focus more on source removal than ASTM RBCA, while other
RBDM processes do not rely on a fixed risk level (e.g., 107°) or they do not use
the same risk level for all compounds. Generic soil and ground water screening
levels developed by states represent a type of tiered approach, because they allow
low-risk sites to be eliminated from further consideration in the same way that a
RBCA tier 1 evaluation does. Table 2-2, which compares RBCA tier 1 RBSLs
with state generic screening levels, reveals the substantial variability in the value
of these screening levels for direct ingestion of soil. Ten of the states that com-
pleted the survey have developed generic screening levels for some types of con-
tamination, while eight states do not have generic screening levels at all.

Considerations of Source Characterization

The main reason risk-based methodologies were developed initially for pe-
troleum compounds is that these compounds were assumed to biodegrade natu-
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rally in most soils. The development of risk-based approaches has not been as
rapid for other types of contaminants (non-petroleum compounds) because of
their recalcitrance and the uncertainties associated with their fate, transport, and
toxicity to humans. The states were asked to respond about three particular con-
taminant classes that can complicate implementation of a risk-based approach to
cleanup.

First, most states are moving away from requiring a determination of total
petroleum hydrocarbons (TPH), which formed the basis for previous cleanup stan-
dards used for leaking USTs. Because the TPH result represents multiple chemi-
cals that may have different chemical and toxicological properties, the risk as-
sessment calculation for TPH is very complicated. States are devising alternative
analytical and risk assessment strategies for the hydrocarbon range represented
by TPH (e.g., use of surrogate hydrocarbon mixtures).

Approximately half of the responding states require an evaluation of methyl
tertiary-butyl ether (MTBE), especially at sites where gasoline has been released.
MTBE is a fuel oxygenate that allows fuels to burn more cleanly. It is also an
inexpensive way of improving the octane level of gasoline. The EPA has encour-
aged the use of fuel oxygenates in parts of the country that have failed to attain
minimum air quality standards. In December 1997, the EPA issued a health
advisory for MTBE that will prompt additional states to regulate the release of
this compound. Because it is more mobile and less biodegradable than benzene,
the compound generally used to characterize petroleum UST sites, MTBE must
be explicitly considered during a site-specific risk assessment. This process is
anticipated to be difficult because there is no accepted dose-response relationship
or hazard quotient for MTBE.

Most states require the removal of primary contamination sources during
cleanup of a hazardous waste site, including any leaking tanks, pipes, and drums.
Many states and the ASTM RBCA standard guide also consider free product to
be a source. For many technical reasons, source removal of free product is par-
ticularly difficult (NRC, 1994). The presence of NAPLSs or free product at a site
will prevent the closure of a case in most of the states, and may often be the only
impediment to UST site closure.

Characterizing Contaminant Pathways

Almost every state has ruled that all contaminant pathways must be evalu-
ated (i.e., no pathway can be considered automatically insignificant). Pathways
involving vapor migration appear to receive less attention than other pathways.
Some states alter the allowable pathways depending on whether a generic or site-
specific evaluation is being conducted.
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Cleanup of contaminated soil around an underground storage tank. At this enormous
UST, water level was drawn down below tank level and contaminated soil was excavated.
Courtesy of the U.S. Navy.

Receptor Characterization

Part of any risk-based approach to cleanup is a decision about whether ground
water near a contaminated site can be used as a potential source of drinking wa-
ter. Almost all states protect the quality of ground water with statutes that declare
all ground water to be a potential drinking water supply. This assumption intro-
duces many more potential exposure pathways into the risk assessment process.
Most of these states, however, will give the responsible party an opportunity to
prove that ground water in the area of its site is not used as a drinking water
supply. For example, at a Navy site located in a zone of salt-water intrusion, the
state may relax the cleanup goals for ground water resources.
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Risk Assessment

In order to implement a risk-based approach to cleanup at a hazardous waste
site, states must decide about the many elements of the risk assessment process.
A majority of the states have decided that an acceptable target risk for carcino-
gens is 1073 or 1079 (the states are evenly split between the two). Acceptable risk
across all respondents ranges from 10~* to 10-° depending on the type of carcino-
gen, whether generic or site-specific cleanup goals are used, and the complete-
ness of current and future exposure pathways.

The acceptable hazard quotient for toxicants in most states is 1.0, with values
ranging from 0.2 to 3.0. Often, risk from individual chemicals is based on a
hazard quotient of 0.2, while cumulative risk of multiple chemicals on a target
receptor is based on a hazard index of 1.0.

An assessment of cumulative risk during a tier 2 evaluation is one of the
major differences between chemical RBCA and petroleum RBCA. Most risk-
based approaches embraced by the states consider cumulative risk, defined as the
combined risks of many chemicals on a target receptor. Most of the responding
states consider the cumulative risk from exposure to multiple carcinogens or toxi-
cants to be additive. In some states, risks from individual compounds are added
only when the toxicants target the same organs, while in other states risks are
considered cumulative regardless of the target organ. In some states, the accept-
able levels of individual and cumulative risk are different, with the cumulative
risk level often being 10 times less conservative than the individual risk level.

Another major difference between petroleum RBCA and chemical RBCA is
the inclusion in chemical RBCA of ecological risk assessment. The survey re-
vealed that consideration of ecological risk is also permeating state cleanup pro-
grams, although the criteria for evaluating ecological risk vary widely across the
country. In general, state guidance on ecological risk assessment is in its infancy.
However, if it is known at a particular site that ecological receptors are affected,
some states require further evaluation and possible remedial action.

Remedy Selection

The conditions under which each state will accept natural attenuation as a
remedial strategy are somewhat variable and often not well documented. In a few
states, the respondents were unaware of any policy regarding natural attenuation.
In approximately half the responding states, natural attenuation is acceptable or
may be considered if it can be shown that the contaminant plume is stable or
shrinking, and that the source has been or is being removed. Generally, these
determinations must be made by monitoring the plume for contaminant concen-
tration and breakdown products indicative of biological activity. The other re-
sponding states were less specific about the criteria needed to validate natural
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attenuation, although they will accept the strategy if it can be shown to achieve
cleanup levels or reduce risk.

States vary widely in how they deal with the technical feasibility of the pro-
posed remedy. Few states have thought about the appropriate course of action to
take when treatment technologies fail to meet cleanup goals. For those states that
have developed, or are in the process of developing, guidance on this subject,
there are three general categories of appropriate action: (1) search for better tech-
nology; (2) change the remediation goal to containment rather than removal and
install long-term monitoring (and other engineering controls); and (3) impose
institutional controls, such as restrictions on future land use. Depending on the
affected media and other site-specific considerations, some states will allow cer-
tain contaminated sites to move to case closure or into long-term monitoring if
technical impracticalities prevent those sites from meeting cleanup goals. Engi-
neering and institutional controls were not mentioned in the responses of many
states, although it is likely there are requirements for their use.

It is clear from the survey that the states are moving toward risk-based ap-
proaches for addressing environmental contamination. It also appears that many
states are developing their own risk-based decision-making process that will sat-
isfy existing environmental statutes. This is especially true for petroleum con-
tamination; in such cases, the ASTM RBCA standard guide has been widely
adopted as the cleanup framework.

It is not, however, apparent that the states have developed the appropriate
tools to implement risk-based approaches. For example, the states are only now
learning about ecological risk assessment. Few states were able to articulate the
criteria for choosing natural attenuation as a remedial option and the appropriate
monitoring that should accompany such a decision. Many states have yet to
formally address the use of engineering and institutional controls, which inevita-
bly must increase with the adoption of a risk-based cleanup approach. Each of
these issues is characterized by significant uncertainty, which must be addressed
to be confident that the risk-based approach is truly protective of human health
and the environment.

The EPA, recognizing the increased use of risk-based approaches, is cur-
rently drafting guidance for the states on some of these emerging issues, such as
ecological risk assessment, natural attenuation, and institutional controls (EPA,
1997a, b, c, 1998b). It is hoped that the states will incorporate this advice into
their risk-based decision making process in a timely manner. The danger with
widespread and rapid adoption of risk-based approaches is that some sites may be
closed prematurely and inappropriately. Not adequately addressing the uncer-
tainties associated with leaving contamination in place may result in significant
risk to future receptors.
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Strengths and Weaknesses of
Risk-Based Methodologies

Certain advantages of risk-based methodologies (over resource conservation
or technology-based approaches) make them attractive for environmental cleanup.
However, important disadvantages of risk-based methodologies cannot be ig-
nored. This chapter includes a description of the strengths and weaknesses com-
mon to risk-based methodologies. The major characteristics of the ASTM RBCA
methodology and the CERCLA process (including the EPA’s Risk Assessment
Guidance for Superfund and Soil Screening Guidance) are compared in an illus-
trative matrix that reveals their similarities and differences. The chapter then
discusses how the strengths and weaknesses described for any risk-based meth-
odology are manifested in the ASTM and EPA processes. Finally, other strengths
and weaknesses of ASTM RBCA and CERCLA(RAGS/SSG),! beyond those
characteristic of risk-based methodologies in general, are discussed. These
strengths and weaknesses have important implications for the use of these meth-
odologies at naval facilities.

STRENGTHS AND WEAKNESSES OF A
GENERIC RISK-BASED APPROACH
Strengths

Risk-based methodologies rely on a systematic process for characterizing
contaminated sites and the risks they pose. This feature allows for easier imple-

IThe committee recognizes that CERCLA is a federal law written by Congress, while RAGS and
SSG are policy documents produced by the EPA for use during the CERCLA process and other
cleanup efforts. To simplify terminology in this chapter, the term CERCLA(RAGS/SSG) will be used
to refer to the entire CERCLA process, including those steps that use RAGS and the SSG.

68
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mentation of the cleanup process at a large number of contaminated sites. The
systematic nature of risk-based methodologies can be the result of a tiered ap-
proach, as in the ASTM RBCA standard guides and the EPA Soil Screening
Guidance, or some other organizing framework.

Because a quantitative determination of risk is one of the main goals of any
risk-based approach, significant amounts of high quality data about the contami-
nated sites must be collected. Thus, risk-based methodologies require extensive
site characterization activities. These activities increase the user’s understanding
of the nature of the contamination and can identify the immediate need for re-
sponse actions to reduce the risk. Many risk-based methodologies result in less
stringent cleanup goals when significant site characterization efforts are made.

Risk-based methodologies are founded on scientific descriptions of contami-
nant fate and transport and exposure of human and ecological receptors, and they
tend to be scientifically defensible. The best methodologies can incorporate new
scientific information as it becomes available.

Associated with the systematic nature of risk-based methodologies is the
ability to help prioritize sites. Generally, there are early opportunities during a
risk-based process to make an initial determination of the risk posed by a con-
taminated site. Risks from multiple sites can be compared to rank sites in terms
of the hazards posed. Such priority setting can be based on the relevant concerns
of the responsible party (e.g., which sites should be targeted for cleanup first,
which pose the greatest immediate risk, or which will be easiest to close).

An important benefit of the ranking of sites in a risk-based approach is the
potential for the efficient allocation of resources. Depending on the goals of the
user, a risk-based approach can help determine how to achieve the greatest risk
reduction per dollar spent.

Weaknesses

Many of the weaknesses of risk-based methodologies are ramifications of
the fact that they are more likely to leave contamination in place than resource
conservation or technology-based approaches. In keeping with recent interagency
guidance, the committee defines “contamination left in place” as “hazardous sub-
stances, pollutants, or contaminants remaining at the site above levels that allow
for unlimited use and unrestricted exposure” (Air Force/Army/Navy/EPA, 1998).
Risk-based methodologies are more likely to leave contamination in place be-
cause they rely on engineering controls and institutional controls as alternatives
to treatment. Institutional controls are often very attractive in the abstract, but in
reality they can be difficult to implement and enforce, especially over the long
run. The committee has observed that (1) property law makes it difficult to en-
force so-called deed restrictions against subsequent owners and (2) local jurisdic-
tions responsible for land use planning rarely coordinate with environmental regu-
lators. Institutional controls, therefore, do not necessarily control exposure, and
in some cases, they simply postpone a necessary cleanup.
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As stated in Chapter 1, one of the main reasons that potentially responsible
parties have sought risk-based cleanup approaches is the lack of proven, afford-
able technologies for removing source contamination. For many reasons, the
development of innovative technologies for removing source contamination has
declined over the past ten years (NRC, 1997). It is possible that the adoption of
risk-based methodologies will further slow this development, because there will
be less demand for such technologies. This would be an unfortunate consequence
of the adoption of risk-based methodologies, especially if source removal tech-
nologies could be developed that would rival containment technologies in cost
and provide permanent risk-reduction.

Finally, leaving contamination in place makes it more likely that unidentified
and potentially harmful toxicants will remain on site than if a significant amount
of source removal is accomplished. The contents of contaminated sites may be
largely unknown, especially at landfills and other sites where multiple waste types
exist. These compounds could have fate and transport properties and toxicologi-
cal properties that could pose significant unanticipated risk to receptors. An ex-
ample of how the discovery of a previously overlooked compound, MTBE, de-
railed the implementation of a risk-based approach for cleaning up petroleum
UST sites in California is presented in the case study in Box 3-1.

Risk-based methodologies suffer from one other major weakness: uncer-
tainty. Unless all sources of contamination are removed, there will always be
some amount of uncertainty regarding the effectiveness of a risk-based approach.
(It should be noted that all approaches that leave some contamination in place,
including technology-based approaches, are characterized by uncertainty.) Un-
certainty affects the risk assessment calculations, as well as the efficacy of treat-
ment technologies, engineering controls, and institutional controls. Risk-based
approaches are generally scientifically defensible because they use mathematical
descriptions of contaminant fate and transport, exposure pathways, and dose-re-
sponse relationships; however, they are also inherently limited by the quality of
the site data and the accuracy of those models.

The degree of uncertainty associated with the use of a risk-based methodol-
ogy increases greatly for sites contaminated with non-petroleum compounds. The
chemical and biological characteristics of these compounds in ground-water sys-
tems, as well as their mobility and toxicity, are much more poorly known than for
petroleum hydrocarbons. The behavior of these contaminants can change dra-
matically in and between sites for the same compound. For example, perchloro-
ethene is biodegradable in anaerobic environments, but it is persistent under aero-
bic conditions. The application of a risk-based approach to sites contaminated
with metals is especially problematic, because the uncertainties in metal behavior
are substantially greater than for petroleum hydrocarbons. Unlike many organic
contaminants, metals cannot be eliminated from the site by a chemical or biologi-
cal transformation. Depending on the pH and redox conditions at the site, metals
can exist in different chemical forms, each of which may have a different toxicity
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and mobility. Thus, the uncertainties that accompany contamination by non-
petroleum compounds may be substantial. Risk-based methodologies that do not
acknowledge the existence of uncertainty, or make assumptions to reduce uncer-
tainty that may or may not be valid, imply a level of certainty that in fact does not
exist.

COMPARING ASTM RBCA AND CERCLA(RAGS/SSG)

The ASTM RBCA standard guides and the CERCLA framework (including
RAGS and the Soil Screening Guidance) are both types of risk-based methodolo-
gies. Before describing how the previously mentioned strengths and weaknesses
manifest themselves in these two methodologies, the basic characteristics of the
two methodologies are compared.

As shown in Table 3-1, there are many more similarities than differences
between ASTM RBCA and CERCLA(RAGS/SSG). The Soil Screening Guid-
ance and the ASTM RBCA standard guides are both tiered approaches in which
generic cleanup levels are replaced with site-specific cleanup levels as more data
become available. Both methodologies allow for removal actions throughout the
duration of the process. Both mention the use of certain fate-and-transport and
dose-response models, although the models given as examples in RBCA tend to
be more advanced than those required by the EPA. CERCLA and chemical
RBCA contain almost identical criteria for choosing the remedial option, and
point to long-term monitoring as an important way of ensuring that the remedial
option (including treatment technologies, engineering controls, and institutional
controls) works over the long term.

A number of procedural differences between the two methodologies affect
their implementation. First, the tiered approach for evaluating increasingly com-
plex sites is available under RBCA for all types of contamination, while under
CERCLA the tiered approach is not universal. An explicit tiered approach is
given only for soil contamination (the Soil Screening Guidance), although some
states have developed generic screening levels for both soil and ground water
(see Chapter 2). A comparison of the ASTM and EPA tiered approaches reveals
that RBCA has slightly more management options available to the user than the
Soil Screening Guidance. That is, under a RBCA tier 1 or tier 2 evaluation, if the
site conditions exceed target levels (RBSLs or SSTLs), the user may clean up the
site to target levels or proceed to a higher tier evaluation. Under the Soil Screen-
ing Guidance, if site conditions exceed generic or site-specific SSLs, the user
must proceed to the next tier of evaluation. Thus, RBCA allows management
options to be taken earlier in the cleanup process than the Soil Screening Guidance.

Other important differences between ASTM RBCA and CERCLA(RAGS/
SSG) relate to how the methodologies are perceived. The ASTM documents are
brief, simple, and generally accessible, while EPA documentation tends to be
lengthy and scattered. This has resulted in the general perception that the ASTM
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BOX 3-1
Case Study: LLNL/UC Recommendations for Leaking
Underground Storage Tanks

This case study illustrates an attempt to implement a risk-based ap-
proach to cleanup that ultimately failed because of the presence of a
previously unidentified compound at the contaminated sites. It also high-
lights the importance of scientific peer review during the design of risk-
based methodologies.

The Lawrence Livermore National Laboratory (LLNL) and the Univer-
sity of California (UC) have been involved in a variety of activities that
assess leaking underground fuel tanks (LUFT) for the state of California.
Recently, several projects have been undertaken to (1) determine to what
extent California’s ground-water resources are affected by LUFT, (2)
determine what factors affect the length and mass of fuel hydrocarbon
(FHC) plumes, and (3) assess whether FHC plumes behave in a predict-
able fashion (McNab et al., 1997a, b; Rice et al., 1995a, b; Rice et al.,
1997; Rice and Kavanaugh, 1997).

In 1995, LLNL/UC analyzed 271 sites that did not have fractured rock
hydrogeology, had fairly uniform water chemistry and hydrogeologic char-
acteristics, and often had shallow depth to ground water (< 15 feet). Since
gasoline is the major fuel released from LUFTs, and because benzene is
considered to be the most toxic of the gasoline components, it was se-
lected as the chemical for study and generalization. The focus was
ground water contamination; soil-only cases were not included and expo-
sure via drinking water wells was the only pathway considered. In gen-
eral, the sites appeared to be characterized by conditions necessary for
intrinsic bioremediation.

The conclusions of the initial study (given its stated limitations) were
that (1) 90% of the benzene plumes with >10 ppb were less than about
260 feet in length; (2) benzene plumes were relatively stable or shrinking;
(8) benzene concentrations decreased with time without active remedi-
ation; and (4) LUFTs do not have a significant impact on California’s
ground-water resources or on public or ecological health. The panel
recommended that California immediately modify the ASTM RBCA frame-
work based on the LUFT case data and apply this modified ASTM RBCA
framework as soon as possible to LUFT cases.

During a second phase of activity, the LLNL/UC panel developed such
a modified RBCA framework and applied it to ten DOD demonstration
sites. For these case studies, sites were assessed and a site conceptual
model describing sources, concentrations of most chemicals of interest,
and potential pathways and receptors was developed. Further, an as-
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BOX 3-1 continued

sessment was made concerning future land and resource (e.g., ground
water) use. Unlike the more formal ASTM RBCA methodology, the major
emphasis of this approach was to collect enough site characterization
data to allow estimation of plume stability and length (using benzene as
the chemical of concern), and to determine if intrinsic bioremediation was
occurring. If it could be demonstrated that the plume was stable, that
intrinsic bioremediation was occurring, and that potential receptors were
located far enough from the plume, then no further cleanup action would
be warranted. These were the conclusions for the two reports made
available to this committee. Removal of tanks, pipes, and free product
was the only remedial action recommended (if it had not already been
done) and monitoring requirements were minimal (either for 2 years or 5
years, with at least 2 monitoring wells).

Although this approach may seem relatively simple compared to the
ASTM RBCA methodology, it is not a trivial matter to estimate plume
length and stability and determine whether intrinsic bioremediation is
occurring. Extensive monitoring and fairly complex modeling are re-
quired. In fact, one might argue that this type of modeling is more com-
plex than the fate-and-transport models recommended for a tier 2 ASTM
RBCA evaluation.

There was an indication that California policies may be changed as a
result of the LLNL/UC reports (Pettit, 1995). A simple variation of the
risk-based methodology for LUFT cleanup used at the ten DOD sites was
even proposed (California Water Resources Control Board, 1997). In the
end, however, the new methodology and the recommendations of the
LLNL/UC panel were not endorsed for two main reasons (Farr et al.,
1996). First, the recent discovery of widespread MTBE contamination at
LUFT sites shifted attention from benzene to MTBE as the chemical of
concern. MTBE is more mobile than benzene, far more resistant to bio-
degradation by indigenous organisms, and its toxicity is not well docu-
mented. Several of the sites studied by the LLNL/UC panel were found
to contain MTBE plumes that were larger and more mobile than the ben-
zene plumes present at the site. Had a cleanup policy based on average
conditions for benzene plumes been developed for LUFT sites, it would
have incorrectly accounted for the risks of MTBE. The second factor that
hindered the adoption of a risk-based approach in California was the lack
of scientific peer review of the LLNL/UC reports and the methodology
developed from the report recommendations (Giannopoulos, 1998). This
situation highlights the need for broad, independent, and ongoing scien-
tific peer review of risk-based methodologies.
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TABLE 3-1 Comparison of EPA and ASTM Risk-Based Approaches

Characteristics/Issues

CERCLA(RAGS/SSG)

ASTM pRBCA & cRBCA“

Tiered approach
Applies to both petroleum and
non-petroleum compounds

Data requirements

Acceptable cancer risk level

Allows for either generic or
site-specific cleanup standards

Uses a prescribed set of
models

Removal actions allowed
Quantification of uncertainty

Remedial options

Takes into account the 9 NCP
criteria

Provides options to revisit
sites over the long term

Underwent scientific peer
review

Public involvement during
design

General perception of the
methodology

Size of the document(s)

Soil Screening Guidance only
RCRA-UST - petroleum USTs
CERCLA or RCRA - all

compounds

Generally large

1074 - 1076

Only under the Soil Screening
Guidance

Provides default models and
assumptions with deviation on
approval

Yes

Not well described

Preference for source removal
rather than containment and

institutional controls

By definition

Yes, but seldom practiced

Public comment period

Costly and time-consuming

Large

Yes
Petroleum RBCA - petroleum
Chemical RBCA - all

compounds

Generally large; depends on
tier used

1074 - 106

Tier 1 is generic
Tiers 2 and 3 are site-specific

Models suggested in the
appendix and the literature;
appendix models are often
used

Yes

Not well described

All remedial options available,
including institutional controls
Not mentioned - pRBCA

Yes - cRBCA

Yes - cRBCA

ASTM peer review only

Limited

Inexpensive and easy

Small

9pRBCA = petroleum RBCA, cRBCA = chemical RBCA
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RBCA standard guides are easy to use and will result in faster site closeout than
CERCLA.

Finally, the ASTM RBCA standard guides did not undergo external scien-
tific peer review prior to their release and were designed by a limited group of
stakeholders. EPA methodologies, on the other hand, are designed in an open
forum in which the public is allowed months to comment, and they are subject to
extensive external peer review.

STRENGTHS AND WEAKNESSES OF ASTM RBCA

How the Strengths of a Risk-Based Approach
Are Manifested in ASTM RBCA

The ASTM RBCA methodology is a streamlined and systematic approach to
evaluating contamination, mainly as a result of its tiered structure. The tiered
structure enables conservative cleanup goals to be replaced by site-specific
cleanup goals, when appropriate. The nature of the problem and the quality of
data characterizing the site help determine which tier is chosen. Generally, mov-
ing from tier 1 to tiers 2 and 3 requires more site-specific data. The tiered ap-
proach also makes a large number of diverse sites more manageable by providing
a consistent framework for application at all sites and for all contaminants.

Like other risk-based methodologies, ASTM RBCA requires site character-
ization to evaluate immediate risks, prioritize sites, and define the need for reme-
dial action. Chemical RBCA, in particular, emphasizes the importance of setting
data quality objectives. There is little discussion in the standard guides about the
quality of data needed for a tier 1 assessment. Some feel that the needs for high
quality data are minimized by ASTM’s tier 1 evaluation, while others feel that
tier 1 data needs are more extensive than is currently required at sites not using
ASTM RBCA. Nonetheless, a consistent requirement for some site-specific data
is a strength of ASTM RBCA.

The ASTM RBCA methodology is scientifically defensible in its handling of
individual risk assessment calculations. The human exposure and health risk
assessment models recommended by ASTM are accepted by the regulatory com-
munity. Many of the chemical fate and transport concepts recommended for use
in the pathway analysis involve current scientific and engineering understanding.

The ASTM RBCA methodology facilitates the prioritization of sites for
cleanup. Table 1 in petroleum RBCA explains the initial classification of sites
based on immediate, short-term, long-term, or no demonstrable risk to human
health and the environment and prescribes response actions for each site cat-
egory. This information can be used to rank sites for a variety of purposes, in-
cluding the allocation of financial resources. Experience in Oklahoma, which is
using a modified ASTM RBCA methodology for underground storage tank
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cleanup, has clearly demonstrated the effectiveness of ASTM RBCA in prioritiz-
ing sites.

The ASTM RBCA methodology has other unique strengths that account for
much of the attention given to the standard guides. For three reasons, the RBCA
process may accelerate the cleanup process and expedite site closure: (1) as
mentioned above, management options, including remedial actions are available
at each tier of the RBCA process (including tier 1); (2) the RBCA methodology
makes greater use of engineering and institutional controls, which may take the
place of cleanup efforts that are perceived to be time-consuming; and (3) the
assessment procedures are standardized for all types of contamination due to the
systematic tiered nature of the methodology.

The standardized RBCA process is also beneficial to voluntary cleanup pro-
grams. Because it is a well-defined set of rules, the RBCA methodology can be
easily used by certified independent risk assessors, and responsible parties will be
more likely to implement voluntary cleanup activities. This should allow for a
greater number of contaminated sites to be considered under voluntary programs.

Petroleum RBCA'’s streamlined documentation has facilitated its compre-
hension and adoption both by states and industry professionals. Though only a
qualitative measure, its extensive statewide use (see Chapter 2) supports the no-
tion that petroleum RBCA is an improvement over other available methodolo-
gies. Many states have used the ASTM guidelines to develop programs for clean-
ing up leaking underground storage tanks, and many are considering similar
strategies for other chemicals (Begley, 1996). However, even with all the interest
in and application of the ASTM RBCA approach, it is still too soon to evaluate
comprehensively the success of the methodologies, especially chemical RBCA.

How the Weaknesses of a Risk-Based Approach
Are Manifested in ASTM RBCA

Like other risk-based methodologies that leave contamination in place, the
ASTM RBCA standard guides suggest remedial options that include combina-
tions of treatment technologies, engineering controls, and institutional controls.
All of the negative consequences of remedies that rely on institutional controls
will pertain to cleanups done under RBCA. Although the ASTM documents
contain information on types of institutional controls, they do not discuss the
drawbacks of their use as part of a remedial option or discuss mechanisms for
enforcing them.

The potential threat of unidentified compounds left in place is not addressed
in the ASTM RBCA methodology. The petroleum RBCA standard guide con-
tains weak language on revisiting sites over the long term. There is no guidance
on how long monitoring (or other measures) should be conducted to ensure pro-
tection of public health, or how one might reassess the risk of a hazardous waste
site at a later date. If the concentrations of CoCs are less than target levels, and
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the user is confident that sufficient data exist to support the conclusion that con-
centrations will not exceed target levels in the future, the site can be closed.
Chemical RBCA is greatly improved in this respect. It describes more specifi-
cally what the purpose of long-term monitoring should be after remedial options
are complete. However, chemical RBCA also contains a preliminary step during
a tier 1 evaluation that assesses the completeness of the pathways connecting
sources of contamination to potential receptors (see Figure 2-5). If it can be
shown that relevant exposure pathways are incomplete, sites may be closed prior
to comparison of site data with any target cleanup levels. The ASTM has left the
interpretation of this figure to the discretion of the state regulatory agencies
(Waldorf, 1998). This figure constitutes a significant weakness of the RBCA
methodology if it is interpreted to mean that sites can be closed with no further
action, rather than being monitored for some period of time to document that
relevant exposure pathways remain incomplete.

The potential for risk-based methodologies to discourage development of
innovative technologies for source removal has been widely discussed since pub-
lication of the ASTM petroleum RBCA standard guide (Hazardous Waste News,
1998; Thompson, 1997). Because the methodology advocates engineering and
institutional controls to eliminate receptors and pathways, rather than relying
solely on remediation of contaminant sources, there is less incentive to develop
new technologies that could remediate a site to unrestricted uses. Critics of the
ASTM standard guides suggest that the term “standard” to describe RBCA may
be slowing the development of innovative technologies because this term implies
that RBCA is a universal standard.

Uncertainty is not dealt with effectively in the ASTM RBCA standard guides.
The guides lack explicit considerations of uncertainty factors throughout. Both
ASTM RBCAs confront the issue of uncertainty in risk assessment by assuming
that RBSLs and, to a certain degree, SSTLs are conservative numbers that take
uncertainty into account. Problems with the use of such conservative cleanup
goals are discussed in detail in Chapter 4. Little consideration is given to the
variability and uncertainty in the concentrations of the chemicals of concern.
Appreciation of sampling errors is lacking; it is assumed that all data collected
are accurate and precise. Although use of Monte Carlo techniques is suggested as
a part of a tier 3 analysis, it is not mentioned for earlier tiers that use site-specific
data. ASTM RBCA makes absolutely no mention of the uncertainties in (1) the
toxicity of exposure to multiple chemicals, (2) ecological risk assessment, (3) en-
gineering controls, or (4) institutional controls.

The committee identified other weaknesses in the ASTM RBCA methodol-
ogy beyond those common to all risk-based approaches. As other parties have
noted (Cal/EPA, 1994, 1995; Cooper, 1998), the RBCA standard guides give
insufficient consideration to cumulative risk. Cumulative risk assessment is com-
pletely absent from petroleum RBCA and appears minimally in chemical RBCA
during tiers 2 and 3. To be a valid alternative to source removal or technology-
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based approaches, risk-based approaches must assess the combined risks emanat-
ing from multiple contaminants or from multiple pathways on a target receptor.

The RBCA framework is subject to misuse and misinterpretation. For ex-
ample, the look-up tables and equations presented in the appendixes may be used
at sites for which they are inappropriate. Misinterpretation of the document can
result if users assume that ASTM RBCA includes all exposure pathways. Unlike
other ASTM publications, the RBCA standard guides are not comprehensive tools
that require minimal customization on the part of the user. Instead, the methodol-
ogy was designed so that users could modify the framework to include almost any
facet deemed important. Potential misuse has been recognized as a problem by
those involved in creation of the RBCA standard guides (Rocco, 1998). ASTM
has made efforts to prevent such misinterpretations of the methodology by listing
(in section 4.5 of petroleum RBCA and section 4.4 of chemical RBCA) what
should be done to apply the frameworks successfully (ASTM, 1998).

The lack of public involvement called for during RBCA implementation is a
weakness of the ASTM standard guides, particularly petroleum RBCA. Because
the environmental movement is generally wary of risk assessment and risk-based
approaches, this lack of public participation can be damaging (Tal, 1997). Chemi-
cal RBCA improves upon petroleum RBCA by including a recommendation that
the public be involved early in the cleanup process. Two EPA manuals are cited

The excavation of two inactive underground storage tanks is one of thousands taking place at Navy
facilities across the country. Courtesy of the U.S. Navy.
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as resources for identifying and communicating with interested stakeholders
(EPA, 1992a, 1996). Public involvement in the application of risk-based ap-
proaches is critical if the goal is to move away from complete remediation toward
a level of environmental contamination that does not exceed acceptable health
risks.

Finally, a drawback of both RBCA standard guides that cannot be altered
now is their design by a limited group of stakeholders. The participants were not
necessarily representative of a diverse range of viewpoints, especially those of
environmental advocacy organizations. In addition, the RBCA methodology did
not undergo documented external, independent scientific peer review prior to
being released. An external peer review would not only have added credibility to
the ASTM RBCA approach but it would have helped to remove any perceived
bias toward the petroleum and chemical industries. (It should be noted that be-
cause ASTM standard guides are voluntary, they are not typically drafted by a
broad group of stakeholders, nor do they generally undergo external scientific
peer review.)

STRENGTHS AND WEAKNESSES OF CERCLA

One of the interesting features of the ASTM RBCA standard guides is their
embrace of concepts that are not significantly different from EPA guidance on
the same topic. Given all the similarities between the two (as described in Table
3-1), it is not surprising that many strengths and weaknesses of RBCA are shared
by CERCLA, RAGS, and the Soil Screening Guidance. There are, however,
some important differences between the two. In general, the strengths and weak-
nesses of a risk-based methodology are not manifested in CERCLA to the same
extent as they are in ASTM RBCA.

How the Strengths of a Risk-Based Approach
Are Manifested in CERCLA

Site characterization is heavily stressed under the CERCLA framework, tak-
ing place during both the preliminary assessment/site inspection and the remedial
investigation. The equations used during the RAGS risk assessment calculations
are also scientifically defensible. Like other risk-based methodologies, CERCLA
is systematic. The RI/FS process, which is used nationwide at thousands of haz-
ardous waste sites (including almost 3,000 Navy sites) is well organized and logi-
cal. However, unlike RBCA, which uses the tiered approach for all types of
contaminated sites, only the Soil Screening Guidance is tiered. The EPA has not
developed a similar tiered approach for ground water because remedial options
under CERCLA must comply with ARARs, which often specify maximum con-
taminant levels for ground water. It is true that many states have devised generic
screening levels for soil and ground water contamination that are similar to RBCA
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tier | RBSLs. However, because of the enormous variability in these screening
levels from state to state, their existence does not impart greater consistency to
the cleanup process. Thus, the different methods for considering ground water
and soil contamination, and the variability between state programs that may or
may not use generic screening levels, complicate the CERCLA process relative
to ASTM RBCA, and make CERCLA less streamlined and systematic.

Another general strength of risk-based methodologies not clearly apparent in
the CERCLA process is the prioritization of sites. The Hazard Ranking System,
which is used early in the CERCLA process to determine whether facilities should
be placed on the National Priorities List, does not allow for a ranking of sites
according to relative risk. RAGS was not designed to be a priority-setting tool, as
it requires too much data and occurs too late in the process to generate an initial
ranking of sites. The military has created its own strategy for requesting and
allocating resources among sites (see Chapter 1). However, this evaluation, which
involves a cursory estimation of potential sources, pathways, and receptors, does
not rank sites for remedial action.

There are important, unique strengths of CERCLA. It is a well-documented
methodology that has a history of use at federal facilities. Many Navy remedial
project managers expressed confidence in CERCLA over newer methodologies
and disliked the notion of retraining personnel to learn a new methodology. They
also were skeptical that local regulators would accept newer methodologies, es-
pecially at facilities that were being transferred to the private sector. The public
is comfortable with the CERCLA framework, largely because it requires clear
community relations strategies and offers legal avenues for appeal. Opportuni-
ties for the public to become involved in the cleanup occur primarily during the
presentation of the proposed remedy. Finally, because CERCLA was generated
through a legislative process, it is less likely to be tied to any special interest other
than environmental protection. Thus, the public may perceive CERCLA as pro-
viding the best assurance of follow-up commitments (e.g., maintenance of long-
term monitoring and institutional controls). Whether these commitments are in
fact being met at CERCLA sites, however, is under debate.

How the Weaknesses of a Risk-Based Approach
Are Manifested in CERCLA

As with the general strengths, the general weaknesses of risk-based method-
ologies are also less apparent in the CERCLA process. The EPA prefers remedial
options that treat sources of contamination, so all weaknesses related to leaving
contamination in place are somewhat lessened. Regarding uncertainty, the EPA
has acknowledged its importance in the cleanup process (Browner, 1995; EPA,
1992b), but it has yet to provide concrete guidance on how to quantify and reduce
uncertainty. Thus, it is not clear that the CERCLA process includes a more thor-
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ough consideration of uncertainty than the ASTM RBCA methodology. Like
ASTM RBCA, there is no indication that the EPA has considered uncertainties
inherent in potential remedial options.

Because CERCLA is somewhat less systematic than ASTM RBCA, the pro-
cess is likely to be slower. An explicit tiered approach, which can make a large
number of diverse sites more manageable, is only available for soil contamina-
tion, and even then it can be applied only to sites that fit the criteria outlined in the
Soil Screening Guidance. Generic screening levels for soil and ground water are
available only in some states and tend to be highly variable.

Finally, the National Contingency Plan clearly states that institutional con-
trols are a last choice for remedial options under CERCLA and should be consid-
ered only in combination with containment strategies. In the committee’s opin-
ion, the use of institutional controls speeds up the remediation process compared
to remedies requiring treatment technologies, because the latter take longer to
design and implement. Thus, minimal reliance on institutional controls also con-
tributes to the perception that the CERCLA process is slow.

CONCLUSIONS

This chapter has illustrated that the ASTM RBCA and CERCLA processes
share many similarities. However, the ASTM RBCA methodology exhibits more
of the characteristics of a typical risk-based methodology, while the CERCLA
process focuses more on source removal and unrestricted use of the resource.
The potential speed of the cleanup process and the general perception of the meth-
odologies seem to constitute the greatest differences between the two approaches.
Neither CERCLA nor ASTM RBCA deals quantitatively with uncertainty. Be-
cause uncertainty is the major weakness of risk-based approaches over source
removal, it deserves more recognition than it is currently afforded. The next
chapter reviews the sources of uncertainty in both the risk assessment and risk
management processes and suggests ways for either reducing or quantifying these
uncertainties. The committee considers such activities vital to the successful
implementation of a risk-based approach for hazardous waste site cleanup.
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Uncertainty in Risk-Based Methodologies

From the preceding chapter it should be apparent that a major concern with
using risk-based methodologies for hazardous waste cleanup is the uncertainty
associated with the risk assessment and risk management processes. Adherence
to resource conservation, on the other hand, involves less uncertainty, because,
ultimately, contamination is not left in place (although there may be episodic
uncertainties regarding the effectiveness of source removal actions). This chapter
explores the types of uncertainty encountered during risk assessment, including
those associated with sources, pathways, and receptors. A case study illustrates
the trade-offs of doing an uncertainty analysis versus using conservative cleanup
goals. The chapter closes with an examination of the uncertainties associated
with remedial options, including both technical and non-technical solutions.

UNCERTAINTY IN RISK ASSESSMENT

Uncertainty in risk assessment can be dealt with in one of three ways: (1)
using conservative cleanup goals, (2) conducting extensive long-term monitoring
to reduce uncertainty, or (3) conducting a quantitative analysis of the uncertainty
in the risk assessment. An analysis of existing risk-based approaches indicates
that most do not adequately address uncertainty (ASTM, 1995, 1998; CA
SWRCB, 1997). Decision-makers may recognize uncertainty in risk analysis,
but there has been little agreement on how that uncertainty should be incorpo-
rated into the risk management process. Almost all risk-based approaches have
traditionally relied on the use of conservative assumptions and cleanup goals to
account for uncertainty. For example, an “upper-bound” point estimate of risk is
often specified. This approach, unfortunately, does not convey the degree of
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confidence or uncertainty in the risk estimate, and it provides no information
about how likely that risk may be.

Long-term monitoring has also been historically conducted on a regular ba-
sis, although perhaps not with the stated intention of reducing uncertainty. Long-
term monitoring is effective at reducing uncertainty because it helps to further
refine the assumptions on which the risk assessment was based. It can also reveal
the effectiveness of remedial actions and warn of potential increases in risk over
time. However, long-term monitoring cannot reveal the relative importance of
different sources of uncertainty, nor can it evaluate how different management
strategies might alter those uncertainties.

Although not frequently conducted, a systematic, quantitative assessment of
the full range of risk uncertainties and their implications for risk management has
significant advantages over the previous two options. Formal uncertainty analy-
ses of risk estimates can actually help to inform decision-makers and the public
about the level of conservatism contained in the risk assessment. They can also
give risk managers an opportunity to describe the knowledge and rationale used
to develop the risk estimate. Such analyses are useful for identifying the uncer-
tainties that create the greatest differences in risk estimates (as the case study
presented in this chapter demonstrates). Research or data collection can then be
directed toward reducing these major uncertainties. Recent trends indicate that
uncertainty analyses may become more commonplace during risk assessment and
management (Finkel, 1990; Morgan and Henrion, 1990; NRC, 1994a, 1996;
Browner, 1995). The first half of this chapter discusses the major uncertainties to
consider when conducting an uncertainty analysis during risk assessment.

Source Characterization

Three conditions are necessary for a risk to exist: a source of contaminants,
one or more pathways for contaminant migration, and receptors that are suscep-
tible and exposed to the contaminants. There are significant uncertainties associ-
ated with each of these conditions that are briefly described in the following
sections and listed in Table 4-1.

Pollutants originate in source areas, either primary or secondary. Primary
source contaminants enter the natural environment as a result of specific activi-
ties. Examples include chemical storage and transmission (tanks, drums, and
pipelines), facility operations (manufacturing, weapons training, civilian ser-
vices), waste management operations (landfills, impoundments, or sludges), or
other direct sources. Secondary sources refer to contaminants that have been
transferred from primary sources to the adjacent natural environment and can
serve as contaminant “reservoirs.” Examples include residual nonaqueous phase
liquids (NAPLSs) in either the saturated or unsaturated zones and soils containing
adsorbed or precipitated contaminants.

A principal uncertainty in carrying out a risk assessment stems from various
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TABLE 4-1 Important Sources of Uncertainty in Subsurface Contaminant Risk

Assessment

Sources

Contaminant Pathways

Receptors

¢ Lack of information
on source location(s)

¢ Poorly known history
of contaminant releases
¢ Unknown variability
in mass or concentration
distributions of
contaminants

¢ Complexity in the
chemical composition of
contaminants

* Unknown pattern of subsurface
heterogeneity

» Complexities due to natural and
anthropogenic stresses

* Inability to define and
characterize physical, chemical, and
biological fate and transport
processes

* Limitations of models of
contaminant fate and transport
processes

« Difficulties in estimating
parameters for contaminant fate and

* Limitations of the dose-
response models
— extrapolation of hazard
and toxicity data
— insufficient data to
identify hazards or dose-
response relationship
— model selection
— parameter estimation for
dose-response model
* Problems characterizing
exposure and outcome
— identification of toxicants

— identification of target
population over time
— variability in receptors

transport models

unknowns associated with the contaminant source. Often, there is a lack of infor-
mation about (1) the location of the contamination source; (2) the chemical com-
position of the contamination; (3) the amount of contaminant released; (4) the
time release history of the contaminant; and (5) the present mass and concentra-
tion distribution of the contamination.

Some of these uncertainties are amenable to significant reduction. Exten-
sive, focused studies can usually reveal the composition of the contamination, the
location of the source, and the approximate mass distribution of the contami-
nants. This ability to reduce uncertainty underscores the importance of site char-
acterization in any risk-based methodology. Reducing the other uncertainties,
though, can be much less straightforward. Typically, only bounds can be put on
the quantity of contaminants present and the history of release, because records of
facility waste disposal or materials usage are often poor, and leaks may have been
undiscovered for long time periods.

There are also uncertainties in source characterization brought about by mea-
surement errors during data collection. For example, delineating a primary or
secondary source in three dimensions requires extensive sampling efforts, and a
potential source of uncertainty lies in possible errors associated with the location,
density, and handling of samples. Fortunately, these sources of uncertainty may
be assessed (or even reduced through improved techniques). Thus, sampling and
measurement errors may be considered independent of other types of uncertain-
ties in source characterization.
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FIGURE 4-1 The spatial distribution of a bromide plume in the subsurface 174 days after
injection of the bromide. SOURCE: LeBlanc et al. (1991).

Finally, variability plays a role in the uncertainties encountered during source
characterization. As discussed in more detail later, aquifer soil and rock proper-
ties are spatially heterogeneous. Variability in aquifer structure gives rise to vari-
ability in the subsurface distribution of any contaminant spill. For example, Fig-
ure 4-1 illustrates the spatial distribution of a bromide contaminant plume at the
U.S. Geological Survey’s Cape Cod research site 174 days after injection. Exten-
sive site characterization revealed a contaminant distribution that was highly ir-
regular as a result of variability in aquifer properties. Because acquiring com-
plete knowledge of the soil or rock properties is not possible, a complete
description of the concentration distribution of contaminants in the subsurface
can never be achieved. However, increasing the sampling of the subsurface (as
demonstrated in Figure 4-1) can result in more effective delineation of contami-
nant plumes.

Pathway Characterization

Pathway characterization with contaminant fate-and-transport models is an
essential ingredient of risk assessment and management. The purpose of fate-
and-transport modeling is to determine contaminant concentrations at human or
ecological receptors as a function of time, given some measured or assumed
source concentration. The receptor concentrations are used in exposure modeling
to determine the health risk.
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Development of quantitative fate-and-transport models requires understand-
ing the physical, chemical, and biological processes that control the transport and
fate of contaminants along pathways. These processes have been described ex-
tensively in the ground-water literature (e.g., NRC, 1990; Mercer and Faust,
1981). The physical processes of advection, diffusion, and dispersion are respon-
sible for transporting the contaminants. Chemical processes (radioactive decay,
sorption, dissolution/precipitation, complexation, and volatilization) and the mi-
crobial degradation of organic compounds redistribute mass among the solid,
liquid, and gas phases.

Once the prevailing fate-and-transport processes are understood, a concep-
tual model of the system and its behavior is developed. This conceptual model
leads to a mathematical model that can predict contaminant concentrations in
space and time. Examples of fate-and-transport models used in risk assessment
can be found in the ASTM RBCA standard guides (Appendixes 2 and 3) (ASTM,
1995, 1998) and other guidance documents (Moskowitz et al., 1996).

Table 4-2 summarizes the types of information required for modeling a con-
taminated site, all of which have some degree of uncertainty in their obtained
values. Uncertainties in subsurface fate-and-transport modeling arise from the
complexities of the process and the system being modeled, and because limited
information is generally available about the site. Many of the uncertainties of
fate-and-transport modeling can be reduced by collection of more data. How-

TABLE 4-2 Information Needed for Fate and Transport Modeling

¢ Aquifer heterogeneity and the spatial variability of inferred parameters
¢ Geology and geologic boundaries
Fractured vs. porous media
Consolidated vs. unconsolidated
Confined vs. unconfined
Single vs. multiple aquifers
Location of bedrock
¢ Hydrologic boundaries
Rivers, lakes, water table
¢ Recharge—spatial and temporal variability
¢ Source/plume delineation
* Field measurements—hydraulic heads, solute concentrations
¢ Inferred parameters calculated from field observations
Hydraulic conductivity
Specific storativity
Effective porosity
Dispersivity
Matrix diffusion
Distribution coefficient
Chemical and biological degradation rates
Reaction rates, stoichiometry
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ever, the natural variabilities of aquifer parameters cannot be reduced, although
their effects on model outputs can be assessed.

Aquifer heterogeneity and the spatial variability of parameters. The
main feature of aquifers that gives rise to uncertainty in fate-and-transport model-
ing is the intrinsic heterogeneity of aquifer materials. Natural soils and fractured
rock formations are highly variable because of fluctuations in the geologic and
climatic processes that give rise to their formation. Hydraulic conductivity (or
permeability), the most important aquifer property controlling water movement,
has been found to vary over several orders of magnitude over small distances
(LeBlanc et al., 1991; Rehfeldt et al., 1992).

Although the heterogeneity of subsurface materials affects source character-
ization by hampering a determination of the spatial extent of contamination, its
effects on contaminant migration are more far-reaching. Not only do subsurface
heterogeneities affect the physical movement of contaminants in the subsurface
but they also affect the chemical form of those contaminants, the local sorptive
capacity of the aquifer for the contaminants, and chemical and biological rates of
contaminant degradation.

Variability in the hydraulic conductivity of subsurface materials directly af-
fects the dispersive properties of an aquifer (i.e., how the aquifer material causes
a contaminant to mix with the native ground water). When hydraulic conductiv-
ity varies over several orders of magnitude in a short distance, complex contami-
nant distributions can result, with portions of the contaminant plume traveling at
differing velocities. Measuring hydraulic conductivity distributions in spatial
detail and their effect on contaminant dispersion is, for all practical purposes, an
impossible task. However, modeling methods can be used to consider the effect
of hydraulic conductivity on contaminant transport (Gelhar, 1993).

In addition to physical heterogeneity observed in the subsurface, investiga-
tors have documented accompanying mineral or chemical heterogeneity. The
distribution coefficient (K;), which is used to quantify the extent of sorption to
subsurface materials, has also been postulated to be correlated with hydraulic
conductivity (Robin et al., 1991; Foster-Reid, 1994). The spatial variability of
field-scale biotic and abiotic decay processes is also likely due to the variability
in substrate and nutrient distribution in the subsurface. For example, variability
of substrates, such as natural organic matter, benzene, and toluene, has been
shown to impede determination of an apparent biodegradation rate constant for a
given subsurface condition (Chapelle et al., 1996).

Geologic boundaries. Basic uncertainties exist regarding how to represent
mathematically the geologic boundaries of a contaminated site. Necessary infor-
mation includes whether the subsurface is porous or fractured, whether it is con-
fined or unconfined, whether it can be represented as single or multiple aquifers,
and the location of bedrock or other confining layers. Although this kind of
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information is unknown at the beginning of a modeling project, it can be approxi-
mated with such routine methods as field reconnaissance and examination of any
existing geologic maps. Therefore, this source of uncertainty can be reduced
with a known level of confidence.

Hydrologic boundaries and recharge. Constant-head boundaries, such as
streams, lakes, and the water table, exhibit temporal variability, a source of un-
certainty that may be difficult to quantify and will require examination of histori-
cal hydrologic records. The temporal and spatial variability of recharge to an
aquifer due to rainfall is also an important phenomenon that must be quantified
because of its significant effect on the downward migration of contaminants.
Although it is fairly easy to assess temporal variability of precipitation from rain-
fall records, spatial variability cannot generally be assessed.

Measurement errors. Field measurements used as direct inputs to fate-and-
transport mathematical models, such as aquifer properties, hydraulic head, and
solute concentration, are all subject to uncertainty because of errors associated
with making such measurements. These sources of uncertainty can usually be
quantified.

Parameter estimates. The parameters of ground water flow and solute trans-
port models are hydraulic conductivity, specific storativity, effective porosity,
dispersivity, matrix diffusion, distribution coefficients, decay coefficients, and
reaction rates. These parameters are inferred by fitting mathematical models to
measured head and solute concentration data. If there are errors in the measured
values of head and concentration, these errors will affect the calculated parameter
values, which will give rise to uncertainty in the risk assessment.

Like the uncertainties in source characterization, many uncertainties in path-
way characterization can be reduced with intensive data collection. However, for
dissolved plume and vapor transport pathways, the most important uncertainty is
the variability of aquifer properties. Although uncertainties due to variability
cannot be reduced, they can be quantified by examining the statistical properties
of model inputs and the way these statistics propagate to the model output.

Models that can represent variability in their output are termed stochastic,
while deterministic models generate a single output. The use of stochastic mod-
eling implies that the input parameters, and therefore the outputs, are not known
with certainty. One of the most common methods of stochastic modeling is the
Monte Carlo simulation, in which various realizations of equally plausible, spa-
tially variable input parameters are numerically generated and then the appropri-
ate transport model is applied. The mean output, as well as the variability about
the mean, is calculated. In this way, confidence limits can be specified for both
the inputs and outputs, and the inherent uncertainty in the model output due to
aquifer heterogeneity can be quantified. Monte Carlo analysis has been used
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successfully to represent uncertainty in fate-and-transport modeling derived from
the variability in hydraulic conductivity (Maxwell et al., 1998) and biodegrada-
tion rates (McNab and Dooher, 1998).

Receptor Characterization

Uncertainties in human and ecological receptors arise because basic biologic
processes of most organisms and systems are not well understood, exposures are
not easily established and are often complex, and sufficient data are not available
to estimate health effects. In general, the uncertainties in receptor characteriza-
tion are as significant as those in source and pathway characterization, and they
are less amenable to assessment and reduction.

Human health was the initial focus of environmental regulations and has
received considerably more study than ecological health. Assessing the impact
of contamination on ecological health presents additional complexities because
of the variety of potentially affected organisms and their inter-relations, and the
impact of contamination on habitat and natural resources.

Human Receptors

Receptor characterization during risk assessment requires the quantifying of
two parameters, both of which are characterized by uncertainty: (1) probable
exposure to chemical contamination and (2) the resulting outcome (how the re-
ceptor responds to a given exposure).

Exposure. Two principal types of uncertainty are characteristic of human
exposure to toxicants: uncertainty concerning the bioavailability of toxicants in
environmental media and uncertainty regarding actual doses. Bioavailability re-
fers to the actual concentration of a toxicant that is accessible by humans, which
depends greatly on the chemical form of the toxicant. Whether contaminants are
bioavailable to humans depends on (1) the particular medium in which the con-
taminant occurs and (2) a variety of co-factors that will vary among individuals
and in the same individual at different times. For example, absorption of ingested
contaminants is strongly affected by the presence or absence of food and micro-
nutrients in the gastrointestinal tract.

Determining the actual dose received by humans is challenging. Human
exposure to chemicals occurs through intake of food, air, water, soils, and dust. If
contaminants have traveled through the subsurface, variable aquifer parameters,
such as hydraulic conductivity, will create variable exposure patterns for recep-
tors. This variability can be eliminated only if toxicants are measured directly at
the point and time of exposure.

Humans are often exposed to complex mixtures of chemicals. Uncertainty
may derive from a lack of data about the effects of certain compounds, incom-
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plete knowledge about chemical reactions occurring in the mixture, and not know-
ing how best to approximate exposure to mixtures (either by adding or multiply-
ing the exposures from the individual contaminants).

Human behaviors vary greatly, resulting in substantial differences in expo-
sure even in the same environment. For example, children eat, drink, and breathe
more per unit of body weight than adults, and their normal behavior results in
greater ingestion of soil and dust. Variations in cultural practices may also result
in varying ingestion rates. Future research on identifying exposure biomarkers
may improve our ability to assess human exposure to toxicants.

Outcome. The outcome of exposure to chemicals can be as difficult to as-
sess as the actual exposure, since, for most chemicals, the health outcome is un-
known. This uncertainty is troubling because of the enormous range of known
toxic effects of chemicals. Outcome uncertainties can also be caused by variabil-
ity in the sensitivity to chemical exposures. Among the most important factors
contributing to variability are genetic make-up, age, state of health, and previous
exposures. The unique genetic make-up of individuals results in inherent differ-
ences in the ability to absorb and metabolize toxicants and to repair cellular dam-
age. Gender, body size, and relative fat content affect the response to chemical
challenges. Age is possibly the factor that results in the greatest range of sensitiv-
ity to chemicals in otherwise healthy people. Children’s immature physiologic
systems may prevent them from efficiently detoxifying toxicants, while the eld-
erly have a decreased ability to repair genetic and cell damage. The state of
health at the time of exposure contributes to the variability in response. Cardiac
or respiratory disease, liver disease, and pregnancy can influence susceptibility to
toxicants. Finally, previous chemical exposure contributes to individual variabil-
ity of response and can be difficult to assess.

Dose-Response Relationship. Uncertainties arise when relating exposure
and outcome with a dose-response curve. These result from a lack of information
about underlying principles of chemical toxicity and the need to make estimates
based on available data. Use of a dose-response relationship requires extrapola-
tion from high-dose animal experiments to the low-dose scenarios characteristic
of human exposure. When adequate human data are available, extrapolation from
short-term to long-term exposure scenarios is necessary.

Of the uncertainties described above, the uncertainty of the toxic potential of
unstudied or incompletely studied compounds is probably of greatest significance.
Differences in chemical toxicity can vary by a billion-fold or more (Kamrin, 1990,
p- 7). Among the remaining uncertainties, human variability as a function of age
can greatly influence the effect of a toxicant. For reasons stated above, risk as-
sessment models that consider only adult receptors may underestimate the impact
of any particular waste site on children. This problem can be overcome by re-
placing single exposure models based on adult males with a series of models that
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take into account children, pregnant women, and the elderly, with adjusted pa-
rameter values for food, water, and air intake and other significant physiological
and behavioral parameters.

Assessing the uncertainty in human receptor characteristics can be accom-
plished with the same stochastic mechanisms used to model contaminant fate and
transport. For example, Monte Carlo analysis can also be used to express the
degree of variability of human exposure (Price et al., 1997; Maxwell et al., 1998).
However, unless more animal studies, mechanistic toxicology studies, and well-
defined epidemiological studies are conducted, reducing the uncertainties associ-
ated with the toxicity and dose-response curves of most chemicals is unlikely.

Ecological Receptors

Most of the uncertainties that affect human health risk assessment have close
analogues in ecological risk assessment. However, ecological risk assessment
must address a vast array of organisms about which little is known, rather than a
single species about which much is known.

Exposure. Like human receptors, uncertainty in the exposure of ecological
receptors is related to the bioavailability of toxicants and to the actual doses re-
ceived. Many factors influence the dose received by an organism. The mobility
of organisms and the temporal and spatial variability of toxicants produce consid-
erable uncertainty regarding the amount of a specific toxicant absorbed and its
resulting internal concentration in target organs. For vertebrate animals exposed
primarily through ingestion of contaminated food, rather than from direct dermal
contact with environmental media, additional uncertainties relate to the chemical
concentrations found in food, the ingestion rates of different foods, and the ab-
sorption of chemicals in the gut. Behavioral factors can cause variability in expo-
sure as well, as animals may be either repelled by or attracted to contaminated
media.

Outcome. As with humans, there is significant uncertainty about the way an
ecological receptor will respond to toxicant exposures. These uncertainties de-
rive from inherent limitations in the available toxicity testing methods, differ-
ences in individuals, and differences between species. Different ecotoxicological
testing methods, which expose groups of organisms to known chemical concen-
trations, have inherent uncertainties related to extrapolating the results to the
responses of intact organisms. Variability in individuals can also introduce un-
certainties. The organisms tested in laboratories are typically genetically homo-
geneous and are raised under specific conditions. In addition to genetic differ-
ences, the age, developmental stage, nutritional status, parasite loads, reproductive
condition, and previous exposure history can affect the response of an organism
to chemical exposure.
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The above uncertainties are essentially the same as the uncertainties in hu-
man health risk assessments. Two additional types of uncertainty are unique to
ecological risk assessment, and are potentially more important. First, there is
variability in the response of different taxonomic groups of organisms to a given
contaminant release. The diversity of physiological processes and chemical sen-
sitivities among green plants, fungi, arthropods, mollusks, annelids, vertebrates,
and many other types of organisms is much greater than the differences between
different human receptor groups. The second and more important uncertainty in
ecological risk assessment concerns the ultimate effects of contaminant expo-
sures on the integrity of ecosystems. Under normal conditions, the reproductive
potential of most organisms is far greater than is needed for each generation to
replace itself. This excess reproductive capacity permits populations to maintain
themselves indefinitely in a variable environment. Variability outside the normal
range, however, can cause irreversible collapse of ecosystems; the scale of distur-
bance that can be tolerated is generally unknown.

It might appear from the above discussion that successful management of
ecological risks is an impossible task. However, over the past several decades,
ecological risk assessors have developed a variety of strategies for identifying
and dealing with these uncertainties, such as site-specific studies of impacted

Western gulls nesting on a landfill at the Alameda Naval Air Station. Courtesy of the U.S.
Navy.
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ecological receptors. Although imperfect, these strategies have led to improve-
ments both in the scientific foundation of ecological risk assessment and in the
quality of ecosystems exposed to toxicants.

Conclusions and Recommendations Regarding
Uncertainty in Risk Assessment

This chapter opened by identifying three options that could be taken to deal
with uncertainty, assuming a risk-based approach is used: (1) use conservative
cleanup goals, (2) perform more extensive long-term monitoring to reduce uncer-
tainty, and (3) conduct an analysis of the uncertainty in the risk assessment. De-
pending on which option or combination of options is chosen, uncertainty in the
risk assessment process will have a greater or lesser effect on risk management
decisions.

The committee strongly supports the use of a properly designed and
implemented long-term monitoring program to reduce uncertainty at con-
taminated sites. Long-term monitoring provides data that can be used to evalu-
ate assumptions made during fate-and-transport modeling, and these data can be
used to improve the estimates of various model parameters, thereby leading to a
reduction in modeling uncertainty. Long-term monitoring is also the best way to
demonstrate the effectiveness of risk management strategies that have been imple-
mented, and to guarantee that risks do not increase over time. Because most
cleanup scenarios already involve some long-term monitoring, enhancing the
monitoring program to reduce uncertainty should not require substantial addi-
tional expenditures of time and money. It should be noted that although long-
term monitoring is an effective strategy for reducing uncertainty, there will al-
ways be some “residual” uncertainty about a site (unless the density of monitoring
points is impractically large).

To complement long-term monitoring, the committee favors a formal
analysis of uncertainty over the use of conservative cleanup goals. Uncer-
tainty analyses allow the user to know the level of uncertainty in a risk estimate,
and they reveal the relative significance of different sources of uncertainty (al-
lowing uncertainties to be ranked). This has important implications for future site
characterization efforts, for choosing the remedial option, and for design of long-
term monitoring networks. As a hypothetical example of the way an uncertainty
analysis might focus cleanup efforts, consider a site contaminated by a leaking
underground storage tank (UST). If the UST contained highly degradable petro-
leum products for which the toxicological data, exposure pathways, and biodeg-
radation pathways are well established, the most significant uncertainty may in-
volve the quantity of contaminant released from the tank. At an identical site
where MTBE is also present, the greatest uncertainty may shift to the toxicologi-
cal effects of MTBE on human and ecological receptors. If the UST contains
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primarily TCE, a highly mobile, relatively nondegradable substance, the variabil-
ity in aquifer parameters may pose the greatest uncertainty.

Though the preceding example is highly simplistic, uncertainty analyses are
complex and must be crafted on a site-by-site basis. It is possible that Navy
facilities will need to call on the expertise of ground-water modelers and risk
assessment professionals. Forming interdisciplinary partnerships to carry out risk
assessment calculations may be a future direction that should be promoted if risk
assessment calculations are to become more accurate. The decision to conduct an
uncertainty analysis must be made early in the cleanup process prior to the collec-
tion and assessment of data. Ideally, the interested public should be involved in
this decision-making so that the uncertainty analysis is not perceived as a way to
avoid conservative cleanup goals.

Little information is available concerning the cost of conducting an uncer-
tainty analysis. Because it relies on extensive site characterization and the exper-
tise of professional risk assessors, it is likely to be an expensive undertaking.
However, the monetary benefits to be gained from an uncertainty analysis can be
substantial if such an analysis results in less overestimation of the risk than is
typical when using conservative exposure parameters. This is clearly shown in
the unique case study by Maxwell et al. (1998) found in Box 4-1. First, the case
study demonstrates how an uncertainty analysis resulted in a substantially less
stringent cleanup goal than would have been specified by a conservative cleanup
goal. The study suggests that quantifying uncertainties may save money in the
long run, even though the cost of modeling and data collection to quantify the
uncertainties may be high up front. Second, the case study provides a clear ex-
ample of how variability in the hydraulic conductivity of natural materials and
variability in human receptors can be quantitatively incorporated into risk assess-
ment calculations. The same method could be expanded to include uncertainties
in other parameters. Finally, the example demonstrates that risk should not be
thought of as a single value but rather as a range of values.

UNCERTAINTY IN RISK MANAGEMENT

The uncertainties inherent in conducting risk assessment comprise a major
source of the overall uncertainties in the cleanup of hazardous waste sites. Be-
yond uncertainties in the risk assessment calculation, though, there are more quali-
tative uncertainties associated with the risk management process. Decisions on
appropriate treatment technologies and whether to use engineering and institu-
tional controls in situations where cleanup is not possible are marked with signifi-
cant uncertainty. Much of the uncertainty arises from factors that have already
been discussed; for example, the effectiveness of some treatment technologies is
uncertain because of subsurface heterogeneities. These factors, as well as the
qualitative uncertainties unique to risk management, are discussed below.
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BOX 4-1
Uncertainties Caused by Geologic Heterogeneity and
Variability in Human Exposure During Risk Assessment

Part 1: A recent study by Maxwell et al. (1998) quantitatively illus-
trates the impact of uncertainty in aquifer hydraulic conductivity and hu-
man exposure patterns on risk assessment. A hypothetical ground water
flow system was considered in which a plume of perchloroethene (PCE)
is located upstream of 36 pumping wells (Figure 4-2). As with most field
sites, hydraulic conductivity could not be measured everywhere, so a
model was used to generate different scenarios of hydraulic conductivity.
For each scenario, the mean and variance of hydraulic conductivity val-
ues are approximately the same, but the detailed spatial pattern of hy-
draulic conductivity differs, revealing the variability typical of the subsur-
face.

A ground water transport model was run for each case, resulting in a
time history of PCE concentrations at all pumping wells for each hydrau-
lic conductivity scenario. Ten of these time histories, for equally likely
hydraulic conductivity scenarios, are shown in Figure 4-3. The differ-
ences between the 10 curves represent the uncertainty in PCE transport
due to variable hydraulic conductivity. In the fate-and-transport model,
the contaminant was assumed to be conservative and all other param-
eters were assumed known and certain.
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FIGURE 4-2 This site diagram shows the contaminant source relative to the 36
ground water wells, numbered from top to bottom and forward to back.

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

UNCERTAINTY IN RISK-BASED METHODOLOGIES

BOX 4-1 continued
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FIGURE 4-3 Concentration breakthrough curves at a well directly downgradient
from the PCE source for 10 equally likely scenarios of hydraulic conductivity.
Variation between curves represents the uncertainty associated with the aquifer
hydraulic conductivity.

Part 2 : To determine how these uncertainties in hydraulic conductiv-
ity affect the risk assessment calculation, Maxwell et al. (1998) linked the
variable PCE concentrations present at the wells to the potential expo-
sure of humans. Exposure assumptions were: (1) individual well water
was mixed before distribution into the drinking water system; (2) expo-
sure duration was 30 years; and (3) exposure pathways included inges-
tion of tap water, indoor inhalation of vapors transferred from tap water,
and sorption through the skin in baths and showers.

Maxwell et al. (1998) also evaluated the uncertainty in the receptor
population by considering variability in ingestion rate, inhalation rate, skin
permeability, and other parameters. To do this, Monte Carlo sampling of
the exposure parameters was used to generate 7,500 “types” of individu-
als. The variable exposure of individuals is characterized by the differ-
ence between two curves: (1) the 50th fractile curve, which represents
the “average” exposed individual and (2) the 95th fractile curve, which
encompasses 95 percent of the population.

The variable exposure scenarios and PCE concentrations at the wells
were combined to determine the increased cancer risk to humans. Figure
4-4 shows how the cancer risk calculations are affected by both hydraulic
conductivity variability and receptor variability. Each of the two curves
corresponds to a particular fractile of the exposed population, so the dif-
ference between the curves demonstrates the uncertainty due to recep-
tor population variability. Any particular curve represents the cumulative
probability distribution of cancer risk over all the hydraulic conductivity
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BOX 4-1 continued

scenarios for the given fractile of the receptor population. Therefore, the
spread of each curve reflects the uncertainty in cancer risk due to the
uncertainty in the hydraulic conductivity scenario. Figure 4-4 shows that
the “average” exposed individual (the 50th fractile curve) has about a half
an order of magnitude less cancer risk than the 95th fractile individual.
The spread of each curve reveals that the hydraulic conductivity uncer-
tainty also causes about a half an order of magnitude variability in cancer
risk estimates. An important conclusion of this study is that uncertainty in
aquifer parameters and exposure parameters exert equal influence on
the estimated risk, which is a significant new finding.
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FIGURE 4-4 Cumulative probability distribution over all 400 hydraulic con-
ductivity scenarios for the 50th and 95th fractile individuals in the receptor popu-
lation. The difference between the two curves represents the effect of variability
in the receptor population on the risk estimate, while the spread of each indi-
vidual curve represents the effect of variability in hydraulic conductivity on the
risk estimate. As can be seen, the effects of these two variabilities on the risk
estimate are similar in magnitude.

Part 3: Maxwell et al. (1998) compared their uncertainty assessment
to more traditional approaches for setting cleanup goals that do not con-
sider uncertainty explicitly. Results are summarized in Figure 4-5. Tak-
ing hydraulic conductivity and exposure parameter uncertainty into ac-
count generates curves D and E, which are approximately equivalent to
curves in Figure 4-4. All the vertical lines in Figure 4-5 are cases in which
uncertainty in hydraulic conductivity is neglected. Lines A and C demon-
strate a risk methodology that considers uncertainty in the receptor popu-
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BOX 4-1 continued

lation but neglects uncertainty in the aquifer parameters. Comparing
lines A and C with curves D and E shows that neglect of aquifer param-
eter uncertainty leads to an underestimation of the increased cancer risk.

Lines B and F represent a methodology that ignores uncertainty in
both receptor exposure and hydraulic conductivity parameters by using a
fixed value for each of the uncertain exposure parameters and the hy-
draulic conductivity. Line B considers “average” exposure parameters,
while line F assumes 95th percentile values of the exposure parameters,
which would be highly conservative. Line F demonstrates that choosing
conservative exposure parameters can lead to a dramatic overestimation
of the cancer risk. This hypothetical case study suggests that the ap-
proach of neglecting uncertainty and using conservative values for the
exposure parameters can lead to an overly stringent estimation of con-
taminant cleanup goals.
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FIGURE 4-5 Comparison of predicted cancer risk for three methods: (1) uncer-
tainty in both receptor exposure and hydraulic conductivity parameters (curves
D and E); (2) a homogeneous aquifer model with uncertainty in only the recep-
tor exposure parameters (curves A and C); (3) neglecting all uncertainty and
using fixed values for hydraulic conductivity and exposure parameters (curves B
and F). Curve F represents conservative exposure parameters.
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Technological Solutions

One of the difficulties in managing risks from ground water and soil con-
tamination is the uncertainty of treatment technologies and engineering controls.
In making risk management decisions for contaminated ground water and soil,
policy makers and risk managers have generally not had enough information to
judge the capabilities of technological solutions for the diversity of conditions at
waste sites. The historic premise of CERCLA is that ground water should be
restored to its beneficial uses (generally to drinking water standards), and many
state ground water cleanup programs require the restoration of ground water to
pristine conditions (NRC, 1994b). Until recently, insufficient attention was paid
to the feasibility of restoration using current technologies. Even now, evaluating
the performance of treatment and containment technologies is generally limited
to short-term considerations since many of these systems have not been operating
for long periods of time (more than 10 years).

Feasibility of Technological Solutions

Determining the feasibility of technological solutions is subject to significant
uncertainty for many of the reasons already discussed in this chapter. Difficulties
in characterizing the subsurface affect not only source and pathway characteriza-
tion but also complicate the design of effective cleanup and containment systems.
Many technologies require the flushing of fluids, such as water, air, and steam,
through the subsurface. Uncertainty about the physical heterogeneity of the sub-
surface complicates predictions of the flow paths of these treatment fluids (NRC,
1994b, 1997). In addition, cleanup and containment systems often require direct
contact between treatment fluids and contaminants. The difficulty in locating
contaminant mass, along with inaccessibility of contaminants entrapped in low-
permeability zones or in micropores of geologic materials, will limit contact be-
tween the treatment fluids and the contaminants, contributing to the uncertainty
in system performance (NRC, 1994b, 1997).

Considerable attention has recently been given to the limitations of both treat-
ment technologies and engineering controls. In a 1994 study, the NRC reviewed
the performance of conventional ground water cleanup systems, known as pump-
and-treat systems, in achieving cleanup standards (NRC, 1994b; MacDonald and
Kavanaugh, 1994). Whether these systems would achieve cleanup standards was
found to be highly uncertain. After examining 77 active pump-and-treat systems
in detail, it was determined that only 8 of the systems had achieved ground water
cleanup goals. Whether the remaining systems would achieve cleanup goals was
unlikely at 34 of the 77 sites. The NRC found that it was common for contami-
nant concentrations to rebound above cleanup goals after these goals had appar-
ently been achieved and the pump-and-treat systems shut down. Although the
limitations of pump-and-treat systems for complete remediation are now widely
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This Soil Vapor Extraction Treatment System is being used for removing petroleum va-
pors from the underlying vadose zone above the ground water aquifer. Courtesy of the
U.S. Navy.

recognized, these systems are still the most common treatment technology at large
contaminated sites (used at 93 percent of CERCLA sites where ground water
restoration is under way, according to the most recent available EPA data [NRC,
1997]).

As yet, no innovative ground water cleanup technology that can overcome
all of the major difficulties in subsurface cleanup has been identified. In a recent
review of cleanup technologies, the NRC concluded, “The current state of
remediation technology development is relatively rudimentary” (NRC, 1997).
Technologies are available for treating mobile and reactive contaminants (such as
petroleum hydrocarbons and, to a lesser extent, chlorinated solvents) in perme-
able, relatively homogeneous geologic settings. However, the treatment of recal-
citrant contaminants (such as metals and polychlorinated biphenyls) in complex
geologic settings is subject to significant technological limitations.

Reviews of the performance of containment systems have also produced
mixed results. Although shown to have limited effectiveness as a treatment tech-
nology, pump-and-treat systems that establish hydraulic barriers to isolate con-
taminant sources can be highly effective in preventing the spread of contaminant
plumes. Of the 77 sites reviewed by the NRC (1994b), containment of the con-
taminant plume was achieved at 40 sites, although cleanup goals were achieved at

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

102 ENVIRONMENTAL CLEANUP AT NAVY FACILITIES: RISK-BASED METHODS

only 8 sites. Of the 40 sites, 31 were categorized as hard-to-clean sites because of
unfavorable hydrogeologic conditions and the type of contamination. Thus, there
is less uncertainty associated with the use of pump-and-treat systems when the
objective is containment rather than achievement of cleanup goals.

Physical containment systems, such as engineered barriers, have also been
investigated for their effectiveness. A review of 34 sites containing vertical bar-
rier walls or caps found that only 4 systems had detectable leaks (Rajaram, et al.,
1997). Of 27 horizontal containment systems using liners made of various mate-
rials, 10 were found to be ineffective (Bass et al., 1985). A clear understanding of
the performance and long-term reliability of containment systems will be critical
to the use of risk-based approaches to remediation, which rely less on source
removal and more on engineering and institutional controls. In fact, the develop-
ment of innovative containment systems has been partially attributed to the in-
creased use of risk-based approaches (International Containment Technology
Conference, 1997).

The technologies available for treating major classes of contaminants
(WASTECH, 1994; NRC, 1997; WASTECH, 1998) and for containing sources
of contamination (Rumer and Mitchell, 1995) are extensively discussed in the
literature. Whether the technologies can remove contaminants to achieve cleanup
goals or contain contaminant sources may be uncertain at the outset of remediation
and may need to be determined by trial and error after remediation commences.
Risk managers may need to adjust risk management goals based on the capabili-
ties of currently available remediation technologies. This feature is discussed in
Chapter 5 as an important criterion for a risk-based approach.

Reducing Uncertainties in Technological Solutions

Several approaches can be taken to manage the uncertainties in the use of
treatment technologies and engineering controls.

Use an iterative approach to remediation in which the cleanup or con-
tainment system is adjusted in response to data from a monitoring system.
With an iterative approach, the accuracy of initial performance estimates can be
determined and the system can be adjusted accordingly. Although this approach
is presently available, in the committee’s experience there is little evidence that it
is used on a routine basis or written into decision documents.

At complex sites make greater use of expert panels to review cleanup
plans and the feasibility of achieving cleanup goals. A panel of independent
reviewers could provide guidance on the site conceptual model, design of the
cleanup system, probability of achieving cleanup standards, and the need for a
containment system when achievement of cleanup goals is not feasible. This
level of oversight will ensure that the remedial options are more durable and
scientifically defensible. It will also result in reduced operations and mainte-
nance costs and sustained risk management results.
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Develop a data base containing information on the performance of
cleanup and containment systems at Navy sites that can be used to reduce
uncertainties in future applications of cleanup technologies. This data base
would contain information on the specifications of each contaminated site, design
parameters for the cleanup or containment system(s) employed, and performance
and cost data. The EPA has data bases of RODs and other technologies, but they
contain limited information on system performance and cost.

Institutional Controls

Institutional controls are an essential element of the risk-based approach to
remediation. When the elimination of pathways or removal of receptors is used
to reduce risk, rather than removal of the source itself, there must be some mecha-
nism to ensure an adequate margin of safety for the life of the hazard. These
mechanisms often are controversial, because the contamination problem passes
from the responsible party to neighbors or future users of the property. For many
reasons, institutional controls generally require long-term monitoring and strict
enforcement to be effective.

Institutional controls are defined as non-engineering measures that restrict
the use or access to a site or facility to prevent or reduce exposure to hazardous
substances (EPA, 1998). The most common scenario involves restrictions on
use that significantly reduce public access to contaminated land (e.g., fences,
deed restrictions, and restrictive zoning). Another common institutional control
is to limit access to ground water by shutting down drinking water wells and
restricting new well drilling.

Although risk-based cleanups are often described with zoning terminology
(e.g., residential, commercial, industrial), a zoning ordinance is not an effective
institutional control, as it is rarely considered sufficiently permanent to limit ex-
posures to hazardous material. Risk assessors, therefore, do not consider zoning;
rather, they focus directly on exposure pathways and potential receptors. Institu-
tional controls should block exposure pathways, including inhalation, ingestion,
and dermal contact with contaminated media.

Uncertainties in Institutional Controls

At both active bases and closed or former military bases, the lack of enforce-
ment of institutional controls is a major source of uncertainty. Initial decisions
about appropriate institutional controls can be difficult because of the conflicting
goals of the military, nearby residents, and potential land owners. The military,
in an effort to lower cleanup costs, tends to support less stringent cleanup goals
that will restrict land use. In contrast, nearby residents and future land owners do
not want to be restricted from construction on or access to land, and generally
advocate the highest possible cleanup level.
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Security fencing is one type of access control used at Navy facilities. Courtesy of the U.S.
Navy.

At closed and former military bases, regulators have used various legal in-
struments to impose long-term controls, including deed restrictions, deed notices,
and negative easements. These mechanisms are generally unreliable because
they are not supported by long-term oversight. Often institutional controls are
adopted with no review by local planning bodies. Even when local communities
are consulted (through Restoration Advisory Boards, Local Reuse Authorities, or
local governments) there is no guarantee that restrictions will last.

Enforcement of legal institutional controls at active military bases is even
more difficult, since there is no property deed, and local governments have no
zoning authority. The military has a poor record for keeping track of toxic haz-
ards because it is not subject to local building codes. In addition, the repeated
turnover of management, including base commanders, undermines the enforce-
ment of controls. In California and Florida, regulators and the military have
developed a plan to rely on a variety of documents, including Federal Facilities
Agreements and base master plans, to reinforce institutional controls, but it is too
soon to measure their success.

The effectiveness of access controls—responses designed to keep receptors
away from hazards—varies with ownership. At active bases, the Navy can effec-
tively enforce such controls, since access to most facilities is restricted for na-
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tional security purposes. (Whether enforcement actually occurs, however, is de-
pendent on facility size, the land use in surrounding areas, and other factors.) On
former military property now in the hands of other federal agencies (the Depart-
ment of the Interior, for example), access controls are more difficult to maintain.
The mission of land management agencies is to encourage, not limit, public use
of public lands. Finally, at property transferred to private and other non-federal
entities, access controls are also difficult to sustain. Most new uses (economic
development, recreation, transportation, and education) require greater public ac-
cess to the property. Local reuse authorities, developers, and owners have virtu-
ally no interest in fencing or patrolling potentially hazardous property.

Even when an institutional control has been agreed to by all relevant parties,
there may be unforeseen future changes in land use that negate the effectiveness
of the control. At active military bases, if the military must change its use for a
section of the base or, more likely, if the installation is later designated for clo-
sure, remedies based on institutional controls could backfire.

Reducing Uncertainties in Institutional Controls

Institutional controls are most successful in areas that have physical attributes
that are consistent with the controls, or in combination with containment systems.
Examples of such controls include:

* building restrictions on a capped landfill in an area already designated,
because of its unique habitat, permanent open space;

* building restrictions on runways constructed to withstand a nuclear attack
in an area that wants a large airport; or

* restrictions on well drilling into aquifers already classified as nonpotable
because of high levels of saltwater intrusion.

Such physical foundations for institutional controls, however, do not eliminate
the need for continued monitoring of their performance.

In the absence of favorable physical conditions, enforcement of institutional
controls is more difficult. The most important requirement is that institutional
controls be reliable in the long run, when the present-day stakeholders are gone.
The following recommendations for improving enforceability are made.

Strengthen the legal basis of deed restrictions and easements by modify-
ing real estate law and by writing them explicitly into cleanup Records of
Decision or other enforceable agreements. Today, such restrictions are subject
to challenge, particularly after multiple transfers of ownership.

Encourage local jurisdictions to sustain land use restrictions through
zoning, subdivision maps, building permits, and other activities. Currently,
institutional controls may be imposed as part of a cleanup without notifying the
local planning body. Furthermore, since local planners have no jurisdiction over
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federal property until transfer takes place, local reuse authorities need to negoti-
ate institutional controls so their rules and designations match those assumed by
the military.

For current and former federal properties, establish a national entity
that regularly audits the effectiveness of institutional controls. This could be
done by the EPA’s Federal Facilities Enforcement Office. The EPA should de-
velop criteria for determining whether institutional controls are functioning prop-
erly and under what conditions controls can be relaxed. (The five-year review
under CERCLA is designed to make this determination, but there appears to be
no standard process for translating such reviews into the arena of institutional
controls.)

Encourage public pressure as an oversight tool by systematically pro-
viding more information to the public (such as the Toxic Release Inventory
and the 800-number hotlines used for utility trenching). A comprehensive na-
tional registry, or a network of standardized state registries, of contamination-
based institutional controls would be particularly effective. Increasing public
awareness about the use of institutional controls should help ensure their protec-
tiveness.

Uncertainties that arise in the long-term effectiveness of institutional con-
trols should make responsible parties and regulators cautious when proposing
them. Interim controls remain necessary under any system, and at sites where
cleanup is technically impracticable, they may be unavoidable. In other cases,
decisions to substitute institutional controls for cleanup to unrestricted use must
be carefully weighed. The following two case studies (Boxes 4-2 and 4-3) illus-
trate the success and failure of institutional controls.
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BOX 4-2
An Institutional Control Success Story

In 1986 the Smuggler Mountain Superfund Site in Aspen, Colorado,
was placed on the National Priority List because of elevated levels of
metals, particularly lead, in soil in the vicinity of residences. The EPA’s
proposed remedial options, which included the removal of substantial
amounts of soil and the deposit of funds in escrow accounts for future
environmental cleanup, were opposed by the community. A catalyst for
the opposition was a blood-lead survey that found lead concentrations in
the children living near the site below that for the general population.

In an effort to resolve differences between the Aspen community and
the EPA, a Technical Advisory Committee (TAC) reviewed documents
pertaining to the site; received testimony from experts representing Aspen
and the EPA; and answered questions relating to the level of present
human risk, future human risk, and any public health measures that
should be taken. The TAC concluded that there was no current health
threat to any of the residents on or near the site. In addition, the likeli-
hood of a future threat was thought to be small if the demographics, land
use, and environmental conditions remained essentially unchanged.
Consequently, the TAC recommended the following institutional controls:

e A program of blood-lead surveillance should be established for
young children.

e The contaminated berm adjacent to the mobile home park and the
Smuggler tennis courts should be capped, covered with clean soil, and
planted with appropriate vegetation (a type of engineering control). Moni-
toring should be instituted to ensure the integrity of the cap, and actions
should be taken to correct any breach.

* Vegetable gardens should be planted in raised beds with at least 12
inches of clean soil.

* Soil testing should be made available upon request by residents.

* Proposed changes in site use should be reviewed by the city and
county health departments.

These institutional controls have been in place since 1992 and have so
far been successful in protecting public health.
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BOX 4-3
Institutional Control Failures

Examples of the failure of institutional controls are difficult to obtain
because of the varying definition of institutional controls and the contro-
versy surrounding controls that fail. The potential for institutional controls
to fail in protecting humans from hazardous waste sites first became ap-
parent with the Love Canal hazardous waste site. The site in upstate
New York was filled with chlorinated hydrocarbons, residues, process
sludges, flyash, and other materials from both Hooker Chemical Com-
pany and the City of Niagara Falls. After dumping ceased in the 1940s,
the site was covered over.

In the early 1950s, the City of Niagara Falls School Board became
interested in the site for development and construction of a school. Under
threat of condemnation, Hooker Chemical, which owned the property,
conveyed the site to the School Board in 1953. At that time, institutional
controls were poorly defined and standardized mechanisms for imple-
menting institutional controls did not exist. To convey the dangers asso-
ciated with the site, Hooker warned of the presence of chemicals and the
need to keep the Canal covered and advised the School Board not to dig
through the waste. However, the deed for the property did not restrict
land use, and in 1954, the School Board built an elementary school near
the central section of the Canal.

Residential housing expanded adjacent to and around the Canal, and
by 1972 housing development was virtually complete. Over the years
there were periodic complaints of chemical odors in homes. The heavy
snows of 1977-1978 resulted in increased runoff, which coincided with
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Box 4-3 continued

reports of chemicals at the surface of the Canal and in runoff in the
streets, and of odors in basements. These events set off a chain of
investigations and environmental and health assessments that led to the
closure of the elementary school and the relocation of families adjacent
to the Canal. These events also spurred the regulation and control of
hazardous waste by state and federal agencies and were the major im-
petus to the creation of CERCLA.

Other than Love Canal, which has been defined as a failure of institu-
tional controls (Applegate and Dycus, 1998), only anecdotal evidence
exists for most failures (Abernathy, 1998). One documented case comes
from the state of Oregon, which has a comprehensive planning law de-
signed to prevent contaminated sites from being used inappropriately.
This state statute requires all municipalities to submit land use plans to
the Oregon Department of Environmental Quality for review. Land use
plans are evaluated for their compatibility with existing environmental
conditions, especially at sites that contain residual contamination. Re-
cently, state employees discovered that a housing unit had been built on
top of a closed landfill (Environmental Law Institute, 1995). The state
had previously informed the county that the site could not be built upon
without state approval, but this institutional control had failed. Sampling
of drinking water wells on the residences at the site revealed contamina-
tion, and the residents were instructed to use bottled water. These types
of failures are expected to become more frequent in Oregon as develop-
ment encroaches on rural areas that had been previously used for haz-
ardous waste disposal.
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Conclusions and Recommendations

THE NAVY’S ENVIRONMENTAL CHALLENGES

This report is the culmination of efforts to help the Navy solve problems in
its Environmental Restoration Program. The goals of the first phase of the study
were to review the ASTM RBCA standard guides and other relevant methodolo-
gies and consider their implementation at Navy facilities. As stated in Chapter 2,
the ASTM standard guides and the EPA guidance to which they were compared
are risk-based methodologies that contain elements of both risk assessment and
risk management. Risk management is considerably more difficult to conduct
than risk assessment because it involves issues that go beyond purely scientific
considerations. This fact was reflected in discussions with Navy personnel, who
characterized their risk assessment process as relatively straightforward, but their
risk management decision-making process as complex, variable, and unstructured.
The major hurdles the Navy Environmental Restoration Program is struggling to
overcome are summarized below.

Cost Control

Environmental remediation competes with the Navy’s obligations to main-
tain a seaworthy and battle-ready fleet. Because of the balanced budget agree-
ment, there is a direct trade-off between money spent on hazardous waste site
cleanup and money spent on other Navy activities. As a result, the Navy’s budget
for performing cleanup of hazardous waste sites is limited. The combined De-
fense Environmental Restoration Account and BRAC funding for FY97 was $549
million, and the Navy is under pressure from Congress to reduce that figure in
future years.

111
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Over the last five years, there has been a trend at Navy facilities toward
spending more money on cleanup and less on the study phase that precedes
cleanup. The Navy feels this is a move in the right direction in terms of justifying
the large amounts of money spent (Department of the Navy, 1998). However, for
the most part, the true fiscal requirements of cleanup exceed the budget allocated
to the Navy for that purpose. This is because most of the technological solutions
are expensive, especially for sites containing highly recalcitrant compounds.

The monetary pressures brought on by the waste cleanup process are not
unique to the Navy. General experience in environmental remediation indicates
that considerable resources have been spent remediating sites over long periods
of time with little to show in terms of percent contaminant removal or risk reduc-
tion (NRC, 1994).

The CERCLA process, which the Navy uses for 66 percent of its hazardous
waste sites, is complicated and lengthy, and is perceived by some in the Navy as
being too expensive. The Navy is seeking alternative strategies that will save
money in cleaning up both petroleum and non-petroleum sites. Other risk-based
methodologies, such as ASTM RBCA, in which the focus is shifted from treat-
ment technologies to engineering and institutional controls, were perceived as a
less expensive way to close sites. The variability between state RBCA programs
makes it difficult to assess the validity of these perceptions. However, a recent
report summarizing data from 18 states suggests that RBCA could lower cleanup
costs for petroleum underground storage tanks by as much as 36 percent (En-
vironmental Information, Ltd., 1997).

Timely Site Close Out

A second problem confronting the Navy is the need to close sites more
quickly. As discussed in Chapter 1, pressure to close out sites is coming mainly
from communities and developers in areas adjacent to BRAC facilities. Develop-
ers are eager to convert the land to other uses, and community members want to
maintain the employment levels that existed when the base was active. There is
also DOD-wide pressure for the military to complete all necessary environmental
remediation. Meeting its cleanup obligations as soon as possible is viewed by the
military as an opportunity to focus its resources on objectives relating to national
security (Eikenberry, 1998).

The average time needed to complete the CERCLA process has been 10.6
years from initial site investigation to construction of a remedy (GAO, 1998).
The Navy has increasingly used removal actions (interim remedial actions) to
eliminate sources of contamination before a complete RI/FS is accomplished,
thereby accelerating the CERCLA time line. Unfortunately, these actions are
effective only if removal of contaminated soils, tanks, and pipes eliminates risk to
potential receptors. Very often, enough residual contamination in the soil or tank
spillage has leached to the ground water to form a secondary source of contami-
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nation. In such cases, removal actions have accomplished important long-term
benefits by preventing the contaminant pool from growing, but an RI/FS is still
needed to facilitate cleanup or containment of the secondary source. In the same
way that other risk-based approaches were perceived as possibly saving the Navy
money, they were also thought to accelerate the site closure process. (Experience
with the ASTM RBCA methodology in Oklahoma to date has not indicated any
increase in the number of sites closed per year.)

Conflicting Regulatory Requirements

Responsible parties like the Navy are faced with multiple regulatory prob-
lems. A plethora of federal, state, and local agencies are responsible for the
protection of public health and the environment. Empowered by different legis-
lative mandates, each operates with a program- or agency-specific bias. Environ-
mental statutes and regulations are inconsistent across the nation, often differing
between agencies within a state. For example, each of the nine Regional Water
Quality Control Boards in California operates as an independent regulatory body
with its own cleanup criteria for contamination from underground storage tanks.

The result is a conflicting regulatory maze for the regulated community.
Responsible parties operating at the national level, like the Navy, would benefit
greatly from a consistent risk assessment process and risk management strategy
that could be modified to satisfy the various oversight agencies. Adoption of a
carefully designed risk-based methodology could be one way of providing such
consistency.

Conservative Regulatory Approaches

Some of the regulatory agencies responsible for cleanup oversight at waste
sites use conservative assumptions regarding the level of cleanup. This conserva-
tism stems partially from uncertainties in the risk assessment process that force
the agencies to adopt safety margins. One result of this conservatism, however, is
that responsible parties may feel they are being asked to continue cleanup beyond
that required to achieve maximum risk reduction. Responsible parties may also
perceive the conservatism of regulatory agencies as being inconsistent with the
current limitations in cleanup technology.

Complexity of Naval Facilities

Chapter 1 described many of the features of Navy bases that differentiate
them from a typical hazardous waste site. The magnitude of the Navy’s environ-
mental liability is extremely high because of the tremendous complexity associ-
ated with its installations. Most Navy facilities are large and contain multiple
types of hazardous waste sites. In individual sites there may be a variety of toxic
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The coastal location of the recently capped McAllister Point Landfill in Newport, Rhode
Island, aptly demonstrates it susceptibility to multiple contaminant migration pathways
and ecological receptors. Courtesy of the U.S. Navy.

substances, many unidentified and most in unknown quantities because of acci-
dents, outdated management practices, or a lack of recordkeeping. The location
of many naval facilities along coastlines introduces potential pathways of con-
taminant migration and potential human and ecological receptors that are not
characteristic of inland facilities. The complexity of most naval facilities sug-
gests that the cleanup of waste at these facilities will be difficult, potentially
expensive, and time consuming.

ELEVEN CRITERIA FOR A RISK-BASED METHODOLOGY

The Navy’s request for this study reflected the challenges outlined above.
The perception by many involved in the environmental cleanup business is that
CERCLA is slower and more expensive than other risk-based approaches to
cleanup. The committee recognizes the attraction of a new risk-based approach
to the Navy Environmental Restoration Program, but remains cautious in recom-
mending its use at Navy facilities. This is because risk-based approaches are
more likely than source removal or technology-based approaches to result in rem-
edies that leave contamination in place. The committee agrees that risk-based
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solutions can have significant short-term benefits. However, it does not believe
that the long-term ramifications of leaving contamination in place are sufficiently
considered in the methodologies that were reviewed. If a risk-based approach to
environmental remediation is to be used at naval facilities, it must overcome the
weaknesses that characterize solutions in which contamination is left in place.

Based on its review of federal, state, and other risk-based methodologies,
interviews with and presentations from Navy personnel, previous NRC reports,
and the expertise of its members, the committee has identified 11 important crite-
ria for a risk-based methodology that addresses hazardous waste sites at Navy
facilities. These criteria outlined below take into account the complex character-
istics that distinguish Navy facilities from other types of hazardous waste site
complexes.

1. An effective risk-based methodology should facilitate prioritization
of contaminated sites at individual installations. One of the strengths of a risk-
based approach noted in Chapter 3 is the ability to prioritize sites based on their
relative risk. This feature is especially important at facilities harboring multiple
waste sites. Ranking of sites based on their relative risk can help determine
which sites pose immediate threats to human health and the environment, which
sites should be cleaned up first, and how much money should be devoted to indi-
vidual sites. This process should be relatively simple so that its use early in the
remediation process can be expedited. Thus, prioritization does not have to occur
with the same risk assessment and risk management paradigms that characterize a
comprehensive methodology. However, initial data collected for the priority-
setting analysis should be easily incorporated into an expanded framework.

2. It should provide a consistent mechanism for addressing all types of
sites. The Environmental Restoration Program of the Navy must be able to en-
compass low risk sites that contain simple, well identified chemicals, as well as
high risk sites characterized by multiple, recalcitrant chemicals and unfavorable
hydrogeological conditions. Thus, if the Navy adopts a risk-based methodology
for environmental remediation, it must include a systematic approach for con-
ducting site investigations of differing complexity.

A risk-based methodology that facilitates the evaluation of both simple and
complex sites should allow for the replacement of conservative, generic cleanup
goals with less conservative but more site-specific cleanup goals when appropri-
ate. Site-specific cleanup goals ensure that carefully considered and effective
solutions are brought to bear on well-defined problems, minimizing the potential
for the misallocation of limited resources. On the other hand, when time and
resources cannot allow for protracted studies to generate site-specific informa-
tion, generic cleanup goals should be available that reflect a level of conservatism
consistent with the lack of knowledge about the site.
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3. It should provide guidance on data collection needed to support the
development of site-specific cleanup goals. Because risk-based approaches may
suggest remedies in which some contamination is left in place, extensive site
characterization and data collection must accompany their use to ensure that they
are truly protective of human health and the environment. Currently, there are
methods to characterize sources and pathways with known levels of confidence
that will bolster the scientific defensibility of the resulting risk estimate. A satis-
factory risk-based methodology will provide guidance for setting data collection
methods and data quality objectives. It will suggest ways to conduct an initial
site assessment that will aid in prioritization of sites, as well as methods of site
characterization that can be used to generate site-specific cleanup goals. Consis-
tency in the methods for conducting site characterization is essential for multi-
state responsible parties like the Navy.

4. It should provide for integrated assessment of sites affecting the same
human or ecological receptors. At large facilities containing multiple hazard-
ous waste sites with complex chemical mixtures, such as military bases and
Superfund sites, the risk from exposure to contamination may derive from mul-
tiple sources. A risk-based methodology must be able to assess quantitatively all
of the sources that affect individual human or ecological receptors. First, it must
include cumulative risk assessment, which evaluates the effects on potential tar-
get receptors of multiple chemicals and multiple exposure pathways originating
from a single waste site. Second, an integrated assessment of sites must be con-
ducted to determine the overall facility-wide risk encountered by potential target
receptors. As discussed in Box 5-1, an integrated assessment of the potential
risks posed by multiple waste sites has not traditionally been performed at naval
facilities.

5. It should encourage early action at sites (a) where the risk to human
health and the environment is imminent and (b) for which the risks are de-
monstrably low and remediation is likely to be more rapid and inexpensive.
A risk-based methodology will allow for source removal and pathway interrup-
tion to eliminate risk to potential receptors before the remedial option has been
chosen. It will also facilitate rapid action at sites that are easy and inexpensive to
remediate, as defined by the nature of the contaminants present and the affected
subsurface (NRC, 1994).

If all contamination is not removed as a result of these early actions, the
methodology should evaluate the long-term consequences of removal actions and
pathway interruptions with long-term monitoring. If such monitoring shows that
contamination remains above acceptable risk levels, further remedial action, such
as the implementation of engineering or institutional controls, may be necessary.
Although interim removal was never intended to bypass the normal timeline for
cleanup under either the EPA or ASTM RBCA methodologies, in practice re-
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moval actions often become the only actions taken at a site because of time and
money constraints (see Criterion 8).

6. It should consider relevant uncertainties. This report has emphasized
the significant uncertainties in risk-based approaches to remediation, e.g., model
and data uncertainty, lack of understanding concerning ecological or environ-
mental risk, uncertainty in dose-toxicity relationships, and incomplete knowledge
about the enforceability of institutional controls. This uncertainty directly trans-
lates to uncertainty in risk estimates, associated cleanup levels, and the effective-
ness of the proposed solutions. A quantitative risk-based methodology will allow
for the explicit consideration of these uncertainties and suggest options for reduc-
ing these uncertainties. For uncertainties that cannot be reduced, the methodol-
ogy should allow for the use of stochastic modeling approaches, such as the Monte
Carlo simulation, rather than deterministic models, in order to represent the de-
gree of uncertainty associated with the risk estimates.

7. It should provide a mechanism for integrating the selection of the
remedial option with the establishment of remedial goals. It should also
provide quantitative tools for developing risk management strategies. A risk-
based methodology provides guidance for calculating the risk of a hazardous
waste site (with risk assessment), setting goals for the cleanup process, and deter-
mining methods for meeting those goals. This process is sometimes conducted
sequentially, with the setting of cleanup goals preceding the selection of a reme-
dial option. In many instances, however, there are no remedies technologically
capable of meeting those goals, which can significantly confound the process if
cleanup goals are immutable. A risk-based methodology should allow flexibility
in setting cleanup goals and selecting remedies by using an iterative approach
during which the responsible party and oversight agencies cycle back and forth
between these issues.

Currently, the selection of remedial options is qualitative, and relies on the
limited guidance embodied by the nine criteria in the NCP (or other similar crite-
ria, as found in the ASTM RBCA standard guides). At least three of the nine
criteria, short- and long-term effectiveness of the remedy and cost, are amenable
to quantitative analyses. The committee acknowledges that “cookbook” solu-
tions for conducting remedy selection are not workable. However, it believes
that quantitative tools for evaluating multiple remedial options can be developed
to improve the remedy selection process. Such tools are likely to balance effec-
tiveness and cost and consider risk reduction per dollar of expenditure.

8. It should have options to revisit sites over the long term. Risk-based
approaches to the management of contaminated sites must have the ability to
quantify and control future risks, both short-term and long-term. Thus, a risk-
based methodology may call for future evaluations of risk if site conditions change
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BOX 5-1
Using Risk for the Cleanup of USTs at
North Island Naval Air Station

A type of risk-based methodology, the Risk-Based Cleanup Index,
was prepared for the Navy by Bechtel National, Inc., to address closure
of underground storage tanks (USTs) at North Island Naval Air Station
(Bechtel National, Inc., 1997). A general description of North Island Na-
val Station can be found in Box 1-1. A total of 190 individual USTs have
been identified at North Island, including tanks currently in use, closed
and abandoned tanks, and tanks planned for upgrading or replacement.
This index addressed the closure of petroleum tank sites containing gaso-
line, diesel fuel, marine diesel, and the jet fuels JP-4 and JP-5. It ex-
pressly excluded tanks containing chlorinated compounds, acids, met-
als, and non-petroleum products that met the criteria for classification as
non-RCRA hazardous waste. A detailed description of this study is be-
yond the scope of this report. However, a summary of the key points is
relevant to Criterion 4 of a risk-based methodology.

* Because the ground water beneath North Island has been declared
unsuitable for drinking water, human exposure to contamination was lim-
ited to inhalation of volatile organics and to exposure from dissolved con-
taminants that migrate to San Diego Bay or to the Pacific Ocean. Calcu-
lations of environmental risk indicated little potential exposure of human
occupants to volatile organic contaminants present in ground water.
Thus, the methodology focused on ecological receptors in the waters
surrounding North Island.

over time. Internal DOD and Navy guidance, as well as CERCLA and the other
regulatory processes that govern Navy cleanup, are flexible enough to allow site
decision makers to adapt to changing site conditions. But the standard practice,
encouraged by the pressure to close out sites, is not sufficiently flexible. In the
committee’s experience, many remedies consist of single actions, such as one
remedial action or removal action. This approach may be acceptable when the
source of contamination can be completely removed with currently available tech-
nologies. However, it is likely to be inappropriate when contamination remains
on site after the remedy is in place. The affected public and regulatory agencies
may be more willing to accept short-term decisions that appear to leave sources in
place if they believe responsible parties are willing to take additional future ac-
tion. Therefore, the Navy would be best served by a flexible risk-based method-

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

CONCLUSIONS AND RECOMMENDATIONS 119

BOX 5-1 continued

* Contaminant transport by ground water to the marine environment
was the main pathway by which pollutant sources were assumed to reach
potential receptors. Ground water flow models and estimated biodegra-
dation rates were used to calculate allowable concentrations (cleanup
goals) for target indicator compounds present in petroleum at the indi-
vidual UST locations (BTEX, naphthalene, and polynuclear aromatic hy-
drocarbons). These allowable concentrations were back calculated from
compliance limits set for San Diego Bay and the Pacific Ocean by regu-
latory authorities. The net outcome of this approach was to provide a
risk-based cleanup level for petroleum-based contaminants in the North
Island aquifer.

* In determining these cleanup levels, the Navy did not analyze the
cumulative impacts of all USTs on potential receptors, but instead exam-
ined each tank in isolation. This runs counter to the committee’s recom-
mendation that any risk-based methodology used by the Navy should
perform an integrated risk assessment of all sites affecting the same
human or ecological receptors. It is not known whether an integrated
assessment of sites would have made a difference in the cleanup levels
generated at North Island. However, considering each site separately
may lead to situations where no action is taken at individual sites even
though the overall facility-wide risk is significant.

ology that simultaneously addresses short-term and long-term risk. Box 5-2 pre-
sents two common scenarios at Navy facilities that illustrate why risk-based ap-
proaches should include options to revisit sites over the long term.

This criterion for revisiting sites over the long term applies to both active and
BRAC facilities. It should be noted that in some circumstances, current DOD
policy relieves the Navy of responsibility for performing additional cleanup ac-
tivities on BRAC facilities that have been transferred to the private sector. For
example, a future change in land use by the new owner, if it goes against a stated
deed restriction or institutional control, does not require the DOD to return and
provide additional cleanup. However, the military will return to conduct addi-
tional cleanup if (1) the selected remedy is no longer protective (because of its
failure), (2) new contamination is discovered, or (3) regulatory agencies require
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BOX 5-2
Revisiting Sites over the Long Term

Dense nonaqueous phase liquids

A frequent scenario at Navy facilities is ground water contaminated
with dense nonaqueous phase liquids (DNAPLs). Existing technologies,
such as pump-and-treat systems, are robust enough to control plume
migration, but in most cases they cannot bring contamination down to
risk-based regulatory goals. In such cases, remedies should be designed
to accomplish short-term goals, such as containment, while the respon-
sible parties and others support the research and development of reme-
dial technologies that can more completely or more cost-effectively re-
duce contamination to acceptable risk levels (NRC, 1994).

Landfills

A typical problem at most Navy bases is the presence of one or more
landfills, usually an unlined pit containing household garbage, landscape
refuse, construction debris, and industrial waste. There may be unknown
quantities of containerized industrial chemicals, such as waste oils or
paints in 55-gallon drums. Often very little is known about what was
buried and what remains that could potentially pose a threat if a drum
were to start leaking. A “one-shot” solution might have to be extremely
costly or intrusive to guard against that worst case scenario. However,
an approach that allows sites to be revisited over time could guard more
effectively against evolving risks. If regulators and the public are confi-
dent that the Navy (or other responsible party) is monitoring such sources
as leaking drums and pathways of contaminant migration (or other new
signs of risk), and has a plan in place to respond quickly to such evi-
dence, the response can be both more protective and less costly.

additional cleanup (Department of Defense, 1997). Any risk-based methodology
adopted by the Navy should contain provisions for revisiting sites under these
circumstances.

9. It should be implemented in a public setting with all stakeholders
involved. Implementation of any risk-based methodology adopted by the Navy
should take place in a public forum. The assumptions and relevant science used
during the risk assessment process and the proposed remedies, along with all
relevant value judgments, must be presented to and understood by interested
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stakeholders. To facilitate public scrutiny and debate, the methodology must be
explicit, scientifically defensible, and traceable. Fortunately, the Navy already
has policies requiring public involvement in its remediation activities through
Restoration Advisory Boards (though some stakeholders feel these policies are
unevenly implemented). This criterion for a risk-based methodology should not
be as difficult for the Navy to implement as it could be for other responsible
parties.

10. Its guidance document should undergo both external, independent
scientific peer review and public review. Any proposed risk-based methodology
must be the product of rigorous and broad external scientific peer review. All
interested stakeholders must be allowed to review the risk-based approach, and
supporting policies, during a public comment period prior to its implementation.
Adoption of any methodology developed by a limited stakeholder group will
insert potentially misleading biases into the remediation process. It also discour-
ages (perhaps inadvertently) the pursuit of improved risk-based methodologies.

11. It should comply with relevant state and federal statutory programs
for environmental cleanup. Cleanup of contaminated Navy sites is governed by
a variety of regulatory agencies and state and federal environmental statutes. Any
risk-based methodology adopted by the Navy must comply with relevant laws
and regulations, including CERCLA and RCRA. The methodology must be flex-
ible enough to incorporate the regulatory policies of the states and the EPA, in-
cluding all relevant generic cleanup criteria that have been developed.

COMPARING ASTM RBCA TO THE ELEVEN CRITERIA

The Navy asked that the ASTM Risk-Based Corrective Action standard
guides be evaluated for possible implementation at Navy facilities. The commit-
tee has reviewed the documents (Chapter 2) and discussed their strengths and
weaknesses (Chapter 3). This section reviews ASTM RBCA with respect to the
specific criteria outlined above.

The following assessment of the ASTM publications is based on a strict read-
ing of the guides. It does not imply that the RBCA approach could not be modi-
fied to take some of these criteria into account. Most states have modified the
ASTM petroleum RBCA standard guide to some extent prior to implementation
for cleanup of USTs.

Prioritization of Sites

ASTM RBCA allows for the ranking of sites by risk. As stated in Chapters 2
and 3 in this report, prioritization is accomplished during the initial site assess-
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ment and classification. Table 1 in petroleum RBCA describes the necessary site
characteristics that lead to classifications of immediate threat, short-term threat,
long-term threat, or no demonstrable threat. This information can be used to
direct immediate response actions and prioritize sites for cleanup. The ASTM
document stresses that Table 1 is only an example. The prioritization method can
be modified according to the user, and it may include additional levels of
prioritization.

Consistent Mechanism for Addressing All Site Types

The tiered approach of ASTM RBCA is a systematic mechanism that is
applicable to both low and high risk sites. In addition, generic cleanup standards
can be replaced with site-specific cleanup levels given the appropriate data
collection. The tiered approach expedites the closure of low risk sites that are
relatively simple, while allowing high risk sites to undergo more intensive site
characterization.

Data Collection and Site Characterization

At many Navy facilities, there are hazardous waste sites with unknown types
of contaminants. Any risk-based methodology adopted by the Navy should re-
quire data collection sufficient to delineate unidentified sources of contamina-
tion. Petroleum RBCA lists the types of data that may be collected as part of a
tier 1 or tier 2 evaluation, but it does not require that these data be collected.
Chemical RBCA greatly improves on petroleum RBCA by (1) adding to the types
of data that are collected; (2) making data collection mandatory; and (3) requiring
the development of data quality objectives. Users are referred to other ASTM
documents and EPA guidance for developing data quality objectives. The dis-
cussion of site characterization in chemical RBCA is only minimally adequate.
Users would greatly benefit from more information on data quality objectives,
monitoring methods, appropriate sample size, and performance criteria for data
collection methods.

Integrated Risk Assessment

The petroleum RBCA standard guide makes no mention of either cumulative
risk assessment or integrated risk assessment. Chemical RBCA calls for cumula-
tive risk assessment during a tier 2 evaluation; however, the standard guide does
not define cumulative risk. It is not clear whether both multiple exposure path-
ways and multiple chemicals are considered and whether their effects are additive
or combined in some other fashion. An integrated assessment of multiple sites
that affect target receptors is not part of either RBCA standard guide. This type
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of analysis is likely to increase considerably the complexity of any risk-based
methodology.

Early Action

ASTM RBCA does allow for source removal actions and actions to interrupt
pathways of contaminant migration. Once an early action is completed, the user
returns to Site Classification and Initial Response Action, and then to a tier 1
evaluation (see Figure 2-3). This refunneling of sites back into the main cleanup
process ensures that early actions do not lead directly to site closure. Care must
be taken by oversight agencies to ensure that the methodology is not abused by
allowing interim remedial actions to lead directly to site closure.

For low risk sites for which remediation is expected to be inexpensive and
timely, the tier 1 evaluation can expedite site closure. If chemical concentrations
at such sites are below generic cleanup levels found in the look-up table, a tier 1
evaluation can lead directly to site closure.

Uncertainty

The ASTM RBCA methodology does not adequately consider uncertainty in
the data and the models of fate and transport used in the risk assessment process.
This pertains to data on the concentrations of the chemicals of concern, data used
to develop the dose-response models, and the actual models of fate and transport.
The standard guides do not require that the user determine the uncertainty of the
data collected; all data are assumed to be error-free. An assessment of the vari-
ability of certain parameters, such as hydraulic conductivity and individual re-
sponse to toxicants, is not required.

The ASTM RBCA approach to modeling is inherently deterministic and ig-
nores the myriad of very real uncertainties associated with subsurface modeling
that are enumerated in Chapter 4. The use of conservative model parameters in
no way characterizes the uncertainty in model output. Uncertainty in transport
model parameters due to soil heterogeneity could be incorporated into ASTM
RBCA by using a Monte Carlo analysis. The ASTM documents do suggest using
Monte Carlo techniques as part of a tier 3 analysis. Evidence from state programs
implementing the petroleum RBCA standard guide indicates that most contami-
nated sites never reach tier 3 because of the costs associated with conducting
extensive site characterization, so this suggestion is rarely realized. Monte Carlo
analysis should be suggested for tier 2 evaluations as well as tier 3.

None of the qualitative uncertainties associated with risk management are
mentioned in ASTM RBCA. Chapter 4 in this report discusses several important
unknowns in both technical and nontechnical remedial options that can seriously
hamper remedy selection. A more thorough discussion of these uncertainties and
suggestions for assessing and reducing them are needed.
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A comprehensive assessment of uncertainty will increase the complexity of a
risk-based methodology, and a high degree of expertise may be required to ad-
equately implement such a methodology. Nonetheless, given the pervasiveness
of uncertainty in risk assessment and risk management, a quantitative risk-based
methodology must incorporate a more thorough evaluation of uncertainty than
can be found in the ASTM RBCA methodology.

Linking Cleanup Goals and Remedial Options

ASTM RBCA is a flexible, iterative risk-based methodology that allows the
user to cycle between deciding on the cleanup level and choosing the remedial
option. Under RBCA, remedial options can be considered at each tier evaluation.
If remedial options are not technically capable of reaching the cleanup levels
developed for that tier, then more site-specific cleanup goals are generated as part
of a higher tier evaluation.

ASTM RBCA lacks a quantitative, consistent method for choosing remedial
options based on their effectiveness and cost. The petroleum RBCA standard
guide provides virtually no guidance on choosing the remedial option, while
chemical RBCA states only what criteria must be considered (similar to the nine
criteria of the NCP). It should be noted that ASTM is producing other documents
relating to specific remedial options, such as a standard guide for the use of natu-
ral attenuation at petroleum release sites. In addition, the RBCA standard guides
specifically discuss the use of institutional controls as remedial options. While
similar guidance for the other types of remedial options would be beneficial, what
is needed most is a quantitative method for analyzing various remedial options
during each tier evaluation.

Revisiting Sites over the Long Term

Petroleum RBCA provides almost no guidance on how long monitoring
should be conducted to ensure protection of public health, nor does it discuss how
the risk at a hazardous waste site can be assessed at a later date. This stems from
the long-held assumption that petroleum products biodegrade relatively quickly
in the natural environment (Bouwer and Zehnder, 1993). However, the discovery
of MTBE in many petroleum mixtures has demonstrated the fallacy of this as-
sumption. The absence of wording about long-term monitoring in petroleum
RBCA is a significant weakness.

Chemical RBCA, on the other hand, addresses each of these issues in a more
satisfactory manner. The purpose of long-term monitoring is clearly stated as
“(1) demonstrating the effectiveness of the chosen remedial option, (2) confirm-
ing an improvement in conditions over time, and (3) verifying model assump-
tions and conditions.”

Chemical RBCA discusses the very real possibilities of ineffective remedial
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In preparation for transfer of the property to the private sector, considerable cleanup was
conducted at the Derecktor’s Shipyard located at the Newport Naval Education and Train-
ing Center. Courtesy of the U.S. Navy.

options and future changes in land use, although the wording is not as strong as
might be desired. If long-term monitoring demonstrates that the remedial option
is ineffective, the user should either reevaluate the remedy or return to the appli-
cable tier evaluation. Similarly, if future land use changes during the implemen-
tation of a remedial option, the user may return to the applicable tier evaluation.
Chemical RBCA does not, however, mention what to do when changes in land
use occur after the remedial action is complete and after site closure.

A somewhat surprising feature of chemical RBCA related to long-term con-
siderations of risk is the inclusion of Figure 2 (see Figure 2-5 in Chapter 2) in a
tier 1 evaluation. This figure allows for a preliminary assessment of the com-
pleteness of the pathways connecting sources to receptors. Depending on how
the figure is interpreted, demonstrating a break in that pathway can lead to site
closure before concentrations of chemicals of concern are compared to generic
cleanup levels. This is problematic because in the absence of any control strate-
gies, currently incomplete exposure pathways may be completed at some point in
the future. If interpreted in this way, this figure negates many of the improve-
ments of this document over the petroleum RBCA standard guide.
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Broad Stakeholder Participation in Implementation

Public involvement during implementation of petroleum RBCA is minimal.
During the site classification, petroleum RBCA requires that the appropriate authori-
ties, property owners, and potentially affected parties be notified of the risk posed
by the contamination. Chemical RBCA, on the other hand, mentions public in-
volvement during the collection of site assessment information, following site
classification, and during remedy selection (although public involvement still does
not appear at explicit points in the RBCA flowchart). The appendixes of chemical
RBCA contain detailed information on potential public involvement activities.

External Scientific Peer Review and Public Review

Both ASTM standard guides were designed and approved by a limited group
of stakeholders. Petroleum RBCA was the product of negotiations between the
oil industry, state regulatory programs, members of ASTM, and the EPA. Chemi-
cal RBCA was created by oil and chemical industries, a small number of state
regulatory agencies, members of ASTM, and the EPA (which officially abstained
from voting for approval of the standard guide). Environmental advocacy orga-
nizations were not involved in the design of either standard guide. Nor did the
ASTM RBCA standard guides undergo external scientific peer review, although
they did win approval in the ASTM consensus balloting. Because the general
public and the scientific community were not given an opportunity to comment
on the standard guides before being approved by ASTM, it is likely that the meth-
odologies reflect biases that might not have been present if these groups had been
involved at an earlier stage.

Compliance with Current Statutory Guidelines

Both of the ASTM RBCA standard guides outline a framework that encom-
passes all aspects of the cleanup process, from initial site discovery to eventual
site closure. Depending on the particular regulatory environment, only portions
of the methodology may be amenable to adoption by state and federal environ-
mental cleanup programs. The ASTM petroleum RBCA standard guide is being
adopted by many states as the regulatory framework for their UST programs.
Because USTs are regulated primarily under RCRA, which does not mandate any
specific cleanup framework, integration of petroleum RBCA has been successful
in many states. Most states have made modifications to the RBCA framework
that reflect particular state laws and regulations regarding cleanup of USTs.

The implementation of chemical RBCA for contaminated sites regulated un-
der RCRA may be accomplished with similar ease. Especially for Brownfields
sites and voluntary cleanup efforts, the chemical RBCA framework may be an
attractive way for state hazardous waste programs to become more standardized.
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At 66 percent of its hazardous waste sites the Navy uses CERCLA, a federal
statute that dictates a specific cleanup framework. The integration of RBCA into
the CERCLA framework is not at all clear. For example, in circumstances where
ground water must be restored to drinking water quality because of other statutes
(ARARYs), the tiered approach of RBCA could not be used to generate site-spe-
cific cleanup levels that were greater than MCLs.

State environmental laws would also have to be consulted prior to the use of
chemical RBCA. Some state laws are more stringent than the corresponding
federal laws and contain non-degradation or resource conservation provisions
that would eliminate any risk-based methodology from consideration.

To its credit, the chemical RBCA standard guide, unlike the petroleum RBCA
standard guide, repeatedly stresses that it is a voluntary methodology meant to
complement state and federal regulatory programs rather than replace them. It
suggests strongly that the appropriate regulatory authorities should be contacted
to assist users with a myriad of technical policy decisions that would have to
precede its use at the state level. Unfortunately, the standard guide does not
present an example of how the methodology could be integrated with existing
regulations, suggesting that this is a formidable task.

RECOMMENDATIONS

The committee recognizes that consideration of risk as well as resource con-
servation is an important element of environmental remediation. The high costs
associated with environmental remediation combined with limited financial re-
sources mean that all sites cannot be cleaned up to background levels. A consid-
eration of risk is an important and pragmatic way to help determine which sites
should be cleaned up.

Risk-based approaches are more likely than source removal or technology-
based approaches to result in remedies that leave contamination in place. This
can lead to a variety of problems that have been described in detail, including the
appearance of previously unidentified compounds or pathways after site closure,
less interest in the development of innovative technologies for source removal, a
reliance on institutional controls, and a loss of public support and trust. Unless a
risk-based approach is formulated to prevent these problems, the committee does
not believe that such an approach can provide a long-term solution to environ-
mental contamination at Navy facilities.

Use of the ASTM RBCA Standard Guides

The ASTM RBCA standard guides are a strong attempt to provide a uniform
risk-based approach to environmental remediation. The chemical RBCA stan-
dard guide is an improvement over the petroleum RBCA standard guide because
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of the increased attention given to ecological risk assessment, cumulative risk,
the selection of the remedial option, long-term monitoring, and the establishment
of a RBCA program at the state level. In fact, if the Navy currently were using
RBCA programs based on the petroleum standard guide, the committee would
recommend that it adopt the chemical standard guide in its place.

Despite these improvements, however, the committee does not recommend
the adoption of either the petroleum or chemical RBCA standard guides at
Navy facilities unless they are modified to satisfy the 11 criteria outlined
above. As currently written, the ASTM RBCA methodology does not satisfy all
11 criteria listed above as characteristics of an effective risk-based methodology.
Petroleum and chemical RBCA fall short in their guidance on site characteriza-
tion and cumulative risk assessment. The methodology does not integrate the
effects of multiple sites on individual receptors. Although some consideration of
uncertainty is present in the methodology, an explicit assessment of uncertainty is
suggested only during a tier 3 evaluation, which would encompass very few clean-
ups. Uncertainties associated with remedial options are not discussed at all.
Chemical RBCA includes a preliminary assessment of source, pathways, and re-
ceptors that might allow site closure prior to any tier evaluation. Although crite-
ria for remedy selection are provided in chemical RBCA, no quantitative frame-
work is suggested for balancing those criteria. ASTM RBCA was drafted by a
limited group of stakeholders and did not undergo independent, external scien-
tific peer review or public review. Finally, its successful integration into such
existing statutory programs as CERCLA is unclear.

There are several practical reasons to recommend against the use of ASTM
RBCA at Navy facilities. One of the advantages of ASTM RBCA is the per-
ceived time and cost savings associated with its use at petroleum USTs. It may be
true that minimal treatment of low risk sites, such as leaking petroleum USTs,
could generate cost savings. These benefits of ASTM RBCA are less likely to
accrue to the Navy because of the complexity of its hazardous waste sites. Navy
sites contain mixtures of such contaminants as fuels, chlorinated solvents, metals,
and other organic compounds. Often, neither the quantity nor the type of con-
tamination is known, especially for landfills. The array of potential receptors
surrounding naval facilities is particularly broad because of their proximity to
coastlines and their location in densely populated areas. Navy facilities are lo-
cated throughout the country, and are thus subject to oversight by a wide range of
regulatory agencies, many of which may have inconsistent requirements for envi-
ronmental remediation. These complexities make it unlikely that significant time
and cost savings would follow implementation of ASTM RBCA.

Two other practical considerations are: (1) Federal Facilities Agreements at
naval facilities on the National Priorities List would have to be altered to reflect
the use of ASTM RBCA. This reopening of a negotiated legal document could
delay cleanup efforts and introduce considerable public opposition; and (2) the
use of a new methodology will involve retraining personnel. Earlier attempts to
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use ASTM RBCA were opposed by some Navy personnel, who described the
methodology as too complicated for widespread implementation. However, this
challenge will accompany the adoption of any legitimate risk-based approach,
not just the ASTM standard guides.

Although not necessarily the intention of its authors, it is clear that the ASTM
RBCA approach is attractive because it is perceived by responsible parties to be a
short cut to cleanup that will lead to faster site closure. This perception is par-
tially due to examples in both ASTM standard guides in which site closure is
obtained relatively quickly and with minimal cleanup efforts. Our analysis indi-
cates that most (not all) of the states have developed a short-term view of risk,
increasing the possibility that ASTM RBCA might be misinterpreted to allow for
premature site closure. The committee is reluctant to advocate fully a risk-based
methodology that is perceived as supporting a no-cleanup alternative.

A Risk-Based Approach

After reviewing the problems in its Environmental Restoration Program, it is
clear that the Navy would benefit from a consistent approach to environmental
cleanup at all sites across the country. The committee’s evaluation of existing
risk-based approaches, the type of approach specifically desired by the Navy, did
not reveal a methodology the committee could fully endorse for use at Navy
facilities. Recognizing the merits of risk-based environmental remediation and a
significant increase in its use across the country, the committee recommends
that the Navy develop a risk-based methodology for its Environmental Res-
toration Program that incorporates the following 11 criteria:

1. Prioritization of contaminated sites at individual installations.

2. Provision of a consistent mechanism for addressing all types of sites.

3. Guidance on data collection needed to support the development of site-
specific cleanup goals.

4. Integrated assessment of sites across entire installations affecting the same
human or ecological receptors.

5. Early action at sites (a) where the risk to human health and the environ-
ment is imminent and (b) for which the risks are demonstrably low and
remediation is likely to be more rapid and inexpensive.

6. Consideration of relevant uncertainties.

7. Integration of the selection of the remedial option with the establishment
of remedial goals. Provision of quantitative tools for developing risk manage-
ment strategies.

8. Revisiting of sites over the long term.

9. Implementation in a public setting with all stakeholders involved.

10. Both external, independent scientific peer review and public review for
the guidance document.
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11. Compliance with relevant state and federal statutory programs for envi-
ronmental cleanup.

These criteria overcome many of the weaknesses associated with the use of
risk-based methodologies. In particular, if a risk-based methodology gives suffi-
cient attention to long-term risks (Criterion 8), the presence of potentially danger-
ous unidentified compounds and the use of institutional controls become less
problematic. Public trust in such an approach is likely to be greater because of
the continued involvement of the responsible party in long-term monitoring and
enforcement of institutional controls. The development of innovative technolo-
gies for removing sources of contamination may still be slowed, but risk-based
methodologies have been shown to spur the development of other technologies
that accomplish pathway interruption and long-term monitoring.

Because of the diversity of Navy facilities and sites within those facilities,
the committee suggests developing a broad framework that can be customized for
use at individual facilities. A possible starting point for constructing this frame-
work could be the ASTM RBCA methodology, but this is not a requirement. If
the ASTM RBCA methodology is used as a guide, care should be taken to avoid
the weaknesses currently found in the ASTM standard guides. The framework
must be flexible enough to work with existing state and federal environmental
statutes. Any risk-based approach must be capable of gaining the approval of the
EPA and its state counterparts. To identify weaknesses and make improvements,
the committee recommends pilot testing the methodology at one facility before
commencing its widespread use.

The 11 criteria identified as important for any risk-based approach to
environmental remediation, as well as the problems identified by Navy per-
sonnel, point to several avenues for further study. First, the process by which
the remedial option is chosen requires significant analysis, explanation, and re-
finement. One possible study could expand on Criterion 7. The goal of this study
would be to develop quantitative analytical tools to assist with remedy selection
by evaluating the cost and effectiveness of remedies (including long-term main-
tenance of engineering and institutional controls). As currently envisioned by the
committee, one tool would be based on the paradigm of optimizing risk reduction
per dollar spent for a suite of available remedial options.

Another important aspect of an effective risk-based approach is its ability to
assess risk over the long term. Improving long-term monitoring at sites in which
contamination is left in place will be critical to the use of a risk-based approach.
Such monitoring is critical to ensure the effectiveness of chosen remedies and to
reduce uncertainty in risk assessment. Techniques that allow for successful, effi-
cient monitoring of the site’s responses to natural processes, treatment technolo-
gies, containment technologies, and institutional controls should be the focus of
such efforts.
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Assessing and reducing uncertainties in both risk assessment and risk man-
agement should accompany the implementation of a risk-based approach to envi-
ronmental remediation. Formal considerations of uncertainty must be incorpo-
rated into a risk-based methodology in an understandable and convenient way. It
will be important for the Navy to develop guidelines aimed at remedial project
managers for (1) using more sophisticated analytical techniques during risk as-
sessment, (2) reducing the uncertainty associated with site characterization and
treatment technologies, (3) conducting uncertainty analyses when appropriate,
and (4) enforcing a wide variety of institutional controls.

Success Metrics

The committee has observed that on-site project managers in the Environ-
mental Restoration Program often strive to meet vague or inconsistent goals re-
garding the level of cleanup required to close a site. This is partly because, until
recently, few people in management positions in regulated or regulatory agencies
had spent much time determining what site completion actually meant. As de-
scribed in Chapter 1 and in Figure 1-3 of this report, the Defense Environment
Security Office has recently clarified “terminology for work after remedial de-
sign” (Office of the Deputy Under Secretary of Defense, 1998). This apparently
new terminology represents a step forward compared to the vague concepts of
“completion” and ‘“close-out.” The definition of “response complete” makes it
clear that monitoring is often required beyond the operation and maintenance
stage. The DOD’s recent clarification of site completion milestones is a signifi-
cant step in the right direction. The committee recommends that the inter-
agency task force on site completion (Air Force/Army/Navy/EPA, 1998)
reach consensus on processes that use or adapt that terminology. It further
recommends that project managers for regulatory agencies and the military
be quickly apprised of the terminology and associated goals.

As currently employed, the site completion track of the DOD’s cleanup pro-
gram focuses too heavily on site closeout as its metric of success. The commit-
tee feels that metrics of success should reflect the characteristics of indi-
vidual sites. For those sites where closeout may never be feasible because of the
type of contaminants present and the ineffectiveness of source removal technolo-
gies, the committee recommends that the Navy put more emphasis on “response
complete” as the most important metric of success. “Response complete” more
adequately addresses progress at sites where contamination remains in place by
rewarding the effective operation of the remedial option(s). The military might
even consider developing multiple “response complete” milestones or replacing
“response complete” with one or more “response taken” milestones. In this way,
progress toward long-term monitoring, containment, and enforcement of institu-
tional controls would be considered an achievement, even though additional re-
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sponses would still be recognized as necessary. Developing improved metrics of
success for sites in which contamination remains in place could go a long way
toward increasing the public acceptance of risk-based approaches to environmen-
tal remediation.
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Appendix A

Survey of State Risk-Based
Decision Making

STATE:

1. How is it determined which state agency/department/division regulates a re-
lease to the environment?

a.) By contaminant

b.) By industry

c.) By geographical area

d.) By media impacted

e.) Other, explain

2. Does your state allow any flexibility in the establishment of cleanup levels?
On what basis?

Soil?

Ground water?

3. With regard to petroleum-impacted sites, do your state’s rules risk-
based decision making?

a.) forbid

b.) allow

c.) encourage

d.) require

4. Is an evaluation of the risk of MTBE required?
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5. Is an evaluation of the risk of Total Petroleum Hydrocarbons (TPH) required
and, if so, how is that accomplished?

6. With regard to nonpetroleum-impacted sites, do your state’s rules risk-
based decision making?

a.) forbid

b.) allow

c.) encourage

d.) require

7. Does your state have a nondegradation policy?
Soil?
Ground water?
Surface water?

8. Is all ground water considered a drinking water supply?
9. Is all ground water considered a receptor?
10. Is risk a factor in prioritizing impacted sites in your state?
11. Even if risk-based decision making is not used to establish cleanup levels,
can a case be closed by risk assessment?
Petroleum-impacted sites?
Nonpetroleum-impacted sites?
12. Do background concentrations affect the cleanup levels set for a site?
13. How familiar are you with ASTM’s RBCA methodology?
a.) no familiarity
b.) a little familiarity
c.) some familiarity

d.) very familiar

14. How does your state’s risk-based decision making differ from ASTM’s
RBCA methodology?

15. What is the acceptable target risk level for carcinogens?
Current conditions?
Future conditions?

16. What is the acceptable hazard quotient for toxins?
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17. Are the risks for exposure to carcinogens or toxins considered additive?

18. Are there any pathways that are not considered viable conduits in your state?
19. Have criteria been established for evaluating risks to ecological receptors?

20. Has your state been divided into different hydrogeological regions for the
application of certain fate and transport parameter values?

21. Do your rules set any minimal requirements for aln ASTM RBCA] Tier I or
Tier II evaluation?

22. Can off-site cleanup levels vary from what are established on site?

23. Has your state developed any software for its risk-based decision making?
24. Is commercial software acceptable?

25. Is this software applicable to more than just petroleum releases?

26. Under what conditions is natural attenuation an acceptable remediation strat-
egy?

27. Can cases with free product be closed under your state’s risk-based decision-
making rules?

28. At what step is public notification required?
a.) at case activation
b.) prior to setting cleanup levels
c.) anytime, but prior to case closure
d.) not required

29. Is notification of more than current or identifiable future potential receptors
required?

30. When evaluating for completed vapor pathways, is there a practical depth
limit below which the pathway is no longer considered complete?

31. What happens to a case where the best available technology has failed to
reduce contaminant concentrations to below established cleanup levels?

32. Pump-and-treat systems often discharge treated ground water into a surface
waterbody. Soil vapor extraction systems discharge vapors into the atmosphere.
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Considering that most engineered remediation efforts involve transferring the
contaminant from one media (soil, water, air) to another, is there any formal
mechanism for comparing the risks to receptors if such a remediation system’s
treatment breaks down versus not implementing the system at all?

33. Are there any proposed rules that will change any of the answers to the prior
questions? If so, please elaborate and give an estimated date of implementation.

To be completed by the person who completed this survey:

Name:

Title:
Affiliation:
Telephone No.:
Date:
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Acronyms

ARARs  Applicable or Relevant and Appropriate Requirements

ASTM American Society for Testing and Materials

BRAC Base Realignment and Closure

BTEX Benzene, toluene, ethylbenzene, and xylene(s)

CERCLA Comprehensive Environmental Response, Compensation, and Liabil-
ity Act

CoC Chemical(s) of Concern

DNAPL  Dense Nonaqueous Phase Liquid

DOD Department of Defense

DSMOA Defense State Memoranda of Agreement

EPA Environmental Protection Agency
ESSRA  Enhanced Site-Specific Risk Assessment
FFA Federal Facilities Agreement
FHC Fuel Hydrocarbons
FS Feasibility Study
HEAST  Health Effects Assessment Summary Tables
HOC Hydrophobic Organic Compounds
HQ Hazard Quotient
HRS Hazard Ranking System
IRA Interim Remedial Action
IRIS Integrated Risk Information System
LLNL Lawrence Livermore National Laboratory
LT™M Long-Term Monitoring
LUFT Leaking Underground Fuel Tank
MCL Maximum Contaminant Level
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MTBE Methyl Tertiary Butyl Ether
NAPL Nonaqueous Phase Liquids

NAS Naval Air Station

NCP National Contingency Plan
NPL National Priorities List

NRC National Research Council
NSB Naval Submarine Base

PA Preliminary Assessment

PCB Polychlorinated Biphenyls
PCE Perchloroethene

POL Petroleum, Oil, and Lubricants
PRG Preliminary Remediation Goal
RA Remedial Action

RA-C Remedial Action-Construction
RA-O Remedial Action-Operations
RAB Restoration Advisory Board

RAGS Risk Assessment Guidance for Superfund
RBCA Risk-Based Corrective Action

RBDM Risk-Based Decision Making

RBSL Risk-Based Screening Level

RC Response Complete

RCRA Resource Conservation and Recovery Act
RD Remedial Design

RESC Relevant Ecological Screening Criteria
RI Remedial Investigation

RIP Remedy in Place

ROD Record of Decision

SARA Superfund Amendments and Reauthorization Act
SI Site Inspection

SSEC Site-Specific Ecological Criteria

SSG Soil Screening Guidance

SSL Soil Screening Level

SSTL Site-Specific Target Level

TAC Technical Advisory Committee

TPH Total Petroleum Hydrocarbons

UST Underground Storage Tank

WSTB Water Science and Technology Board

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

Appendix C

Biographical Sketches of Committee
Members and Staff

Epwarp J. Bouwer is a professor of environmental engineering at the Johns
Hopkins University. His research interests include biodegradation of hazardous
organic chemicals in the subsurface, biofilm kinetics, water and waste treatment
processes, and transport and fate of bacteria in porous media. He is on the
Research Advisory Council for the American Water Works Association Research
Foundation, the editorial boards of the Journal of Contaminant Hydrology and
Environmental Engineering Science, and the managing editorial board for Bio-
degradation. He received a Ph.D. in environmental engineering and science from
Stanford University in 1982. Dr. Bouwer has served on several NRC commit-
tees, including the U.S. National Committee for SCOPE, the Steering Committee
on Building Environmental Management Science Programs, and the Committee
on Groundwater Cleanup Alternatives.

GENE F. PARKIN is a professor of civil and environmental engineering at the Uni-
versity of lowa, where he was chairman from 1990 to 1995. He earned a B.S. and
an M.S. in civil engineering from the University of Iowa and a Ph.D. from
Stanford University. His teaching interests include biological wastewater treat-
ment, environmental chemistry, and remediation of hazardous wastes. He has
conducted research in bioremediation, the fate and effects of toxic chemicals (in-
cluding metals) in the subsurface and above-ground treatment systems, anaerobic
biological treatment, and biological nitrogen removal. In 1989, Dr. Parkin was
awarded the Hancher-Finkbine Medallion for Outstanding Professor at the Uni-
versity of Jowa. He recently published the fourth edition of Chemistry for Envi-
ronmental Engineering with Perry McCarty. He serves as the director of the
Center for Health Effects of Environmental Contamination at the University of
Iowa. He is a registered professional engineer in lowa.
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MicHAEL J. BARCELONA is a research professor in civil and environmental engi-
neering and director of operations at the National Center for Integrated
Bioremediation Research and Development at the University of Michigan. He
received his Ph.D. in marine chemistry and chemical oceanography from the
University of Puerto Rico in 1977. His research focuses on developing methods
for estimating the distribution, speciation, and transformation potential of con-
taminants in sedimentary and aquatic geochemical environments, with particular
emphasis in the development of improved analytical and statistical interpretative
tools for remediation technology performance measures. Since 1992, he has been
editor of Ground Water Monitoring and Remediation.

Lawrence W. BARNTHOUSE is president of LWB Environmental Sciences, Inc. He
was formerly a principal scientist in the ChemRisk division of McLaren/Hart,
Inc. and manager of the ChemRisk office in Oak Ridge, Tennessee. As a senior
research staff member in Oak Ridge National Laboratory’s Environmental Sci-
ences Division, he was involved in dozens of environmental research and assess-
ment projects involving development of new methods for predicting and measur-
ing environmental risks of energy technologies. He has authored and co-authored
more than 70 publications on ecological risk assessment, covering such topics as
population modeling techniques and problems involving cooling systems, toxic
chemicals, and watershed management. He has served on numerous NRC com-
mittees and was a recent member of the Board on Environmental Studies and
Toxicology. Dr. Barnthouse received his Ph.D. in biology from the University of
Chicago in 1976.

Jonn C. CHAMBERS is a partner with the law firm of Arent, Fox, Kintner, Plotkin,
& Kahn in Washington, D.C. His practice involves litigation, counseling, and
lobbying on such environmental issues as hazardous waste management,
remediation, recycling and corrective action; Clean Air Act permitting; and envi-
ronmental justice. Mr. Chambers frequently lectures at environmental forums
and appears as a television and radio commentator. He was featured in the 1994
International Corporate Law Magazine’s “Guide to Leading Environmental Law-
yers.” Mr. Chambers is also founder of the Brownfields Business Information
Network and currently serves as the president of the Washington Government
Relations Group. He received his B.A. from the University of Pennsylvania and
his J.D. from the Washington College of Law, American University.

Francis H. CHAPELLE is a research hydrologist at the U.S. Geological Survey in
Columbia, South Carolina. He received a Ph.D. in geology in 1984 from George
Washington University. He also holds a B.A. in music and a B.S. in geology
from the University of Maryland. His research interests focus on the impact of
microbial processes on ground-water chemistry in contaminated and pristine en-
vironments. He is the author of Ground-Water Microbiology and Geochemistry,
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a textbook that explains how microorganisms affect ground-water chemistry, and
The Hidden Sea, a book describing ground-water systems and ground-water con-
taminants throughout the United States. Dr. Chapelle was a member of the NRC
Committee on In Situ Bioremediation.

NEIL R. GARRETT is currently a project environmental analyst supervisor with the
Oklahoma Corporation Commission, where he has worked since 1994. His du-
ties include regulating the investigation, risk assessment, and remediation of
chemical (mostly fuel) releases from underground storage tanks. He has helped
to implement risk-based corrective action at all commission-regulated facilities
in Oklahoma. He has previously been a hydrogeologist at environmental consult-
ing firms, and RCRA-related investigations have taken him to several states. Pre-
vious petroleum-related work has been conducted in the south-central United
States, Gulf of Mexico, and the Persian Gulf. Mr. Garrett received his B.S. in
geology from the University of Oklahoma, his M.Ed. from the University of Cen-
tral Oklahoma, and a Hydrogeology Certificate from Oklahoma State University.

FRANKLIN W. ScHWARTZ received his Ph.D. in geology in 1972 from the Univer-
sity of Illinois. He is currently the Ohio eminent scholar in hydrogeology at Ohio
State University. His research interests concern contaminant transport in mixed
convective systems and oxidation schemes for DNAPL remediation. Dr. Schwartz
has been an active consultant to government and private industry since 1972, with
most of his work involving project management, report review, technical advice,
development and application of computer models, and field investigations. He is
an editor-in-chief of the Journal of Contaminant Hydrology and co-author of the
textbook Physical and Chemical Hydrogeology. He has served on several NRC
committees and is a former member of the Water Science and Technology Board.

Lenny M. SieGeL is the director of the Center for Public Environmental Over-
sight, a project of San Francisco State University’s Urban Institute. He has been
director of the Pacific Studies Center since 1970. He is one of the environmental
movement’s leading experts on military base contamination and has worked as a
consultant to a wide range of organizations. Mr. Siegel is or was recently a
member of several government advisory committees, including the Defense Sci-
ence Board Task Force on Unexploded Ordnance, the Federal Facilities Environ-
ment Restoration Dialogue Committee, the Subcommittee on Waste and Facility
Siting of the National Environmental Justice Advisory Committee, the Peer Re-
view Panel for the VOC Historical Case Initiative, and the Moffett Field Restora-
tion Advisory Board. Mr. Siegel edits the Citizens Report on the Military and the
Environment, and his organization runs Internet forums on military environmen-
tal issues and Brownfields.

ALICE D. StaRK is the director of the Bureau of Environmental and Occupational
Epidemiology at the New York State Department of Health. She has conducted
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health assessments in populations exposed to toxic substances from hazardous
waste sites and other sources of environmental exposure. Dr. Stark is also an
adjunct professor of anthropology at State University of New York, Albany,
where she was formerly an associate professor of environmental health and toxi-
cology and epidemiology. Dr. Stark is conducting a follow-up health study at
Love Canal and a Farm Family Health and Hazard Survey. She is a member of
the Board of Scientific Counselors, Agency for Toxic Substances and Disease
Registries. She has recently served on two National Cancer Institute committees,
one of which investigated the role of xenobiotic chemicals in causing cancer. She
received her B. S. in chemistry from the City College of New York and her MPH
and Ph.D., from Yale University in environmental epidemiology.

SamueL J. TRaINA is a professor of soil physical chemistry at Ohio State Univer-
sity. His research is focused on surface, colloidal, and complexation chemistry in
soils, and includes studying the chemical fate of organic and inorganic contami-
nants in soils, sediments, and aquifer materials. Recent work has examined the
chemical speciation and bioavailability of lead in soil, the reactions of organic
bases with clay minerals, the geochemistry of arsenic and chromium in hyper-
alkaline environments, and biotic and abiotic transformations of chlorinated
pesticides in soils and sedimentary environments. Dr. Traina received his Ph.D.
from the University of California at Berkeley in soil chemistry in 1983 and has
been a faculty member at OSU since 1985.

ALBERT J. VALOCcHI is a professor in the Department of Civil and Environmental
Engineering at the University of Illinois, where he has taught since 1981. His
research interests include modeling fate and transport of reactive contaminants in
the subsurface and mathematical modeling applications in environmental and
hydrological sciences. Several research projects reflecting those interests are
currently being conducted in his lab, including numerical simulation of reactive
transport at Yucca Mountain, transport of complex mixtures of radionuclides and
organics, and a stochastic analysis of reactive transport in heterogeneous aqui-
fers. Dr. Valocchi is an associate editor of the Journal of Contaminant Hydrol-
ogy and the American Society of Chemical Engineers Journal of Hydrologic En-
gineering. He received his Ph.D. in civil engineering from Stanford University in
1981.

Brian J. WAGNER is a research hydrologist in the U.S. Geological Survey’s Na-
tional Research Program. His research interests include data network design for
environmental monitoring and assessment, experimental design for understand-
ing contaminant fate and transport, and optimization and decision analysis for
water resources management. He received a B.S. in civil engineering from Drexel
University and an M.S. and Ph.D. in applied hydrology from Stanford University.

Copyright © National Academy of Sciences. All rights reserved.



Environmental Cleanup at Navy Facilities: Risk-Based Methods
http://lwww.nap.edu/catalog/6330.html

APPENDIX C 143

Dr. Wagner was a member of the National Research Council’s Committee on
Innovative Remediation Technologies.

Craire WELTY is associate professor of civil and environmental engineering at
Drexel University. Her research interests broadly include development and appli-
cation of mathematical models to predict groundwater flow and solute transport
in aquifers. Her current research interests focus on using a stochastic approach to
predict virus transport through aquifers; interpretation of observations of density-
coupled transport; and prediction of contaminant transport in fractured rock aqui-
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facility at the University of Kassel in Germany. She is an associate editor of
Water Resources Research and served as the 1996-1998 chair of the American
Geophysical Union’s Groundwater Committee. Dr. Welty received her Ph.D. in
civil engineering from the Massachusetts Institute of Technology in 1989. Prior
to graduate school, she was an environmental scientist in the Hazardous and In-
dustrial Waste Division at U.S. EPA.

JEFFREY J. WoNG is chief of the Human and Ecological Risk Division of the
California Environmental Protection Agency. He is responsible for (1) assess-
ment of public health and environmental effects due to exposure to hazardous
materials, (2) development and formulation of risk management and reduction
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ronmental toxicology and risk assessment modeling at UC Davis, and he has
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was a member of the NRC Committee on Remedial Action Priorities for Hazard-
ous Waste Sites.
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ence and Technology Board and the study director for this report. She is also the
study director for the Committee to Review the New York City Watershed Man-
agement Strategy. In 1998, she received a Certificate of Appreciation for Out-
standing Service from the Commission on Geosciences, Environment, and Re-
sources of the National Research Council. Dr. Ehlers received her B.S. in biology
and engineering and applied science from the California Institute of Technology
and her M.S.E. and Ph.D. degrees in environmental engineering from the Johns
Hopkins University.

KiMBERLY A. SWARTZ is a project assistant with the National Research Council’s
Water Science and Technology Board. She assisted the staff and committee in
producing the final draft of this report. She has a B.S. in sociology from Virginia
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