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Preface

This report was written for multiple audiences. Each reader will likely approach the subject from
a different perspective, seeking different information. The team that developed the document
consisted of several technical experts on MNA and included participants who were integral in the
development of US EPA’s chlorinated solvent MNA protocol (US EPA, 1998) and the
subsequent US EPA/OSWER policy directive (OSWER Directive 9700.4-17P; US EPA, 1999).
The primary assignment to our interdisciplinary team was to generate a summary of the state-of-
the-art, particularly for chlorinated solvent applications and to identify high-priority
opportunities for advancement. A diverse jury of peers reviewed the draft report; we edited the
report in response to their comments. In fact, the preface is included as a response to a peer
reviewer recommendation.

Potential technology users of MNA should find the report helpful in their decisions on site
remediation planning. The rapid increase in selections of MNA as the sole remedy clearly
indicates user interest in the approach. As a succinct documentation of the capabilities and
limitations of MNA, the report provides a good introduction. The extensive list of References
provides a complete reference library.

Regulators may use the document for information on possible forthcoming technological
advances in MNA. We consulted numerous regulators during preparation of the report to identify
current issues or concerns from their perspective. We anticipate the results of the technical
projects to be the basis for addressing the most prominent regulatory issues in an update to the
current protocol for implementing MNA. To this end, we formed a partnership with the Interstate
Technology Regulatory Council to integrate the new results into technical regulatory guidance.
This partnership is described in detail in the project implementation plan (WSRC, 2003).

Science and technology developers may scan the document for innovative ideas or for matching
their research interests and capabilities with the areas deemed high-priority. We expect a suite of
short-term research projects will be funded to pursue those areas. Project selection is scheduled
for January 2004 and completion is planned by December 2005.

Stakeholders and general readers should find the document useful as a primer on MNA and the
more aggressive Enhanced Passive Remediation. The section on historical review and the
supporting document that fully reports the results of that review should be of particular interest
as they provide important insight into hands-on experience.

As the project management team, we intend to use the report as a guide for expediting the use of
MNA for chlorinated ethenes at Savannah River Site and elsewhere at US DOE sites. We intend
for the results of the project to be used initially in Records of Decision due in May 2005 and
February 2007.

U.S. Department of Energy Project Managers –
              Karen M. Adams and Claire H. Sink
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Executive Summary

Efficient, effective and responsible use of Monitored Natural Attenuation (MNA) and Enhanced
Passive Remediation (EPR) for chlorinated solvents is critical to the US Department of Energy
(US DOE) as the organization shifts its efforts to site closure.  Chlorinated solvents represent
many of the largest and most challenging plumes at US DOE sites across the country – including
the Savannah River Site, Oak Ridge Site, and the Hanford Site.  To facilitate implementation of
MNA and EPR, the US DOE Office of Environmental Management has sponsored an
Alternative Project.  The project is narrowly focused to provide the scientific and policy support
to facilitate implementing appropriate passive cleanup and cost effective monitoring strategies
leading to responsible completion of active remediation activities at high risk US DOE waste
sites.  To meet this goal efficiently, a technical working group with broad national representation
was formed to strategically guide the project.  The initial result of their efforts is a list of
specific-integrated research and development targets that will serve to focus and guide the
Monitored Natural Attenuation and Enhanced Passive Remediation for Chlorinated Solvents –
US DOE Alternative Project for Technology Acceleration (hereafter referred to as the US DOE
MNA/EPR Alternative Project).

• The evaluation process consisted of several steps.  The team identified several lines of
inquiry – general research and development areas that show promise in facilitating
MNA/EPR.  Each of these lines of inquiry was assigned to a subgroup for detailed and
critical evaluation.  The line of inquiry evaluation in turn was used to identify a few items
that show particular promise to facilitate the implementation of MNA/EPR.  The overall list
was prioritized into an integrated portfolio as described below.

• The entire sequence proved to be quite effective.  The initial evaluation in the lines of inquiry
reduced the potential list of research topics from an essentially unlimited set to a short list of
47 items to prioritize. In the end, the process identified 18 high priority technical targets for
this project.  The various high priority technical items were supportive and integrated.  The
team also identified 4 high priority policy targets and a significant number of basic science
(long-term research) targets.

• MNA/EPR relies on benefical use of natural processes such as degradation, immobilization
and dispersion to reach environmental goals.  In other words, the attenuation capacity of the
system must be greater than or equal to the contaminant input, or loading.

• In keeping with the central technical concept, the team emphasized four major factors in the
prioritization evaluation: 1) the item should support the framework of attenuation capacity
and loading, 2) the item should support the transition of a site into a protective cost effective
system performance monitoring state, 3) the item should move toward direct and integrated
measures of processes (rather than indirect measures), and 4) enhancements for EPR should
be naturally sustainable.  Direct measures were deemed to be most useful to support
characterization and early monitoring stages while integrating/surrogate measures were
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deemed to be useful for long-term system performance monitoring.  The team also
considered the timeline and cost for the development to ensure alignment with the US DOE
MNA/EPR Alternative Project constraints.  By emphasizing this short list of criteria, the
team felt the ultimate portfolio would consist of synergistic items that will move MNA/EPR
strongly in the desired direction.

• The highest rated technical targets were the advanced bioassessment tools.  These tools
include molecular probes and microarrays that provide a more direct measure of attenuation
capacity.  Some of the probes identify the specific degraders and their degradation activity.
This is a powerful tool to assess MNA/EPR and could streamline documentation.  These
tools are rapidly increasing in capability and are falling in cost due to high volume
production and use for medical diagnostics, genomics and proteomics.

• Other characterization and monitoring priorities included: development of a scenario-based
key to support matching monitoring and modeling to site specific conditions, new types of
sentinel monitoring systems, measurement of “irreversible” sorption, direct flux
measurements, and a range of specific sensors.

• There were three modeling priorities that addressed specific key developments that would
support integration of modeling into MNA/EPR and to align the modeling with the
attenuation capacity-loading paradigm.

• There were two promising process enhancement (EPR) concepts including bioaugmentation
and large-scale hydrologic modification.  Phytoremediation was positively reviewed by the
team but was assigned a medium priority primarily because much work is already funded in
this area and relevant project specific studies would require an extended period of time.
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1.0 Overview

Monitored Natural Attenuation (MNA) and Enhanced Passive Remediation (EPR) are
straightforward strategies that are based on the natural and sustainable processes that degrade
and attenuate contaminants at every site.  To put this concept into beneficial use, there are two
requirements.  First, the principal degradation and attenuation processes at the site must be
verified and their attenuation capacity estimated.  Second, the resulting information needs to be
evaluated to determine if the attenuation capacity within an acceptable distance is “enough” to
attain site-specific environmental and regulatory objectives.  This conceptual approach advocates
working throughout the plume to quantify attenuation capacity.  If the capacity of the system is
not enough to address the contaminant plume, it could be determined what incremental increase
in capacity would be required to adequately address the plume. Such a combined calculation
approach provides a powerful conceptual basis for improved environmental management and
decision-making.

Chlorinated solvents are subject to a variety of physical, chemical, or biological processes that
lead to natural attenuation.  While degradation processes are the most desirable, all of these
mechanisms can play a useful role in MNA and EPR.  The strategy of balancing attenuation
capacity with potential for contaminant loading from the source leads directly to technically
based approaches for encouraging the beneficial use of natural processes and for improving
documentation of performance while minimizing costs and mitigating any adverse collateral
impacts.  In particular, such a strategy suggests the following three objectives:
• Promote activities that expand the options for natural and sustainable remediation, and to

ensure that attenuation capacity is accurately estimated,
• Promote the application of passive methods to reduce contaminant loading and enhance the

balance of loading and attenuation, and
• Integrate measures of conditions or parameters that relate to either attenuation capacity or

contaminant delivery that may provide improved monitoring and expanded confidence in
system performance.

The first two items provide a qualitative description of the opportunities for EPR versus MNA.
The last item provides a description of monitoring that may improve implementation and assure
that risks from the site are mitigated for both EPR and MNA.

This “attenuation capacity” based paradigm has the potential to build on traditional measures of
plume stability and geochemical footprints (US EPA, 1998; NRC, 2001).  The ideas support
recommendations from the US EPA that stress that natural attenuation is most appropriate when
used in conjunction with engineered reduction of contaminant sources or as a follow up measure.
The precise manner in which active remediation and MNA/EPR are combined depends on the
natural attenuation capacity (NAC) of the system.  If the NAC is relatively small, then active
measures will be needed to remove or immobilize a significant proportion of the contaminant
source.  If the NAC is relatively large (or if it can be enhanced appropriately), less active source
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treatment may be necessary for MNA to be successfully employed.  In either case, it is necessary
to verify and quantify the attenuation capacity to effectively implement this approach.

Environmental remediation technologies can be viewed on a continuum ranging from highly
invasive source excavation on one end to non-invasive MNA on the other end (Figure 1).  This
continuum represents technologies and strategies used during the period of remediation.  Over
time these approaches reduce and attenuate risks to meet the remediation goals.  This results in a
final status where the site requires no further action.  As drawn, aggressive technologies such as
direct in situ chemical destruction and thermal methods fall near the left of the continuum.
Baseline pump and treat, active bioremediation and similar methods are near the center of the
continuum.  Permeable treatment systems fall to the right.  Importantly, the area adjacent to
MNA on the continuum is designated EPR.  This includes technologies that can be implemented
and performance will be sustained in a manner analogous to MNA (e.g., permanently modifying
hydrology or the special case of bioaugmentation with a missing microorganism).  The two
requirements for MNA/EPR, as described in the first paragraph, are the key to defining the
allowable boundary of EPR.  For sites where contaminant delivery from the source is less than
the naturally sustainable attenuation capacity (after enhancements, if appropriate), then the site
falls to the right of the dashed line and EPR is viable. Conversely, for sites where contaminant
delivery from the source is greater than the naturally sustainable attenuation capacity, then the
site falls to the left of the dashed line and active remediation will be necessary.  This continuum
eliminates the historical dichotomy that has been strictly drawn between active remediation and
natural attenuation.  When combined with attenuation capacity, the continuum provides a
quantitative basis for determining when MNA and EPR are useful and appropriate and what
activities logically fit into the classification.  Importantly, a majority of contaminated sites will
require a sequence of activities for responsible cleanup – often including source
removal/destruction combined with treatment of a primary contaminant plume (the soil and
groundwater that contain moderate to high concentrations).  Virtually all sites will have a
monitored natural attenuation component, either in the more dilute portion of the plume or after
transitioning from more active treatment actions. The capacity based definitions and continuum
will support a technical determination of how and when to transition from active remediation to
MNA/EPR.

The Challenge -- Sources of Complexity in MNA and EPR

MNA and EPR are approaches that are based on the deliberate use of natural contaminant
degradation/dispersion/immobilization processes to reach site-specific remediation goals.  In
principle, the effectiveness of MNA/EPR can be evaluated as a simple balance between
contaminant delivery to, and contaminant removal from, ground-water systems.  Experience has
shown that technically reliable evaluations of MNA/EPR are much more complex than is
suggested by the simple concept of mass balance.  Understanding the sources of this complexity,
and understanding why this complexity is inevitable, is fundamental to making technical
assessments of MNA/EPR in ground-water systems.
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Figure 1 Continuum of Individual Remediation Technologies

Natural attenuation can be conceptualized as a balance between the delivery to and removal of
contaminants from ground-water systems (Figure 2).  If there is a certain mass of a non-aqueous
phase (NAPL) contaminant (Nm) in an aquifer, contaminant mass will dissolve over time and
form a contaminant plume (Gr).  Gr represents the mass discharge from the residual source and
the equivalent mass loading to the plume.  Once in solution, this dissolved contaminant will be
transported by flowing groundwater and be subject to modifying processes (these processes, as
well as Gr, are often expressed or converted into rates with units of mass/time).  Within any
“control” volume, contaminants will be diluted by dispersion (Dr), discharged by advection (Ar),
destroyed by biodegradation and abiotic degradation (Br), slowed by sorption (Sr), and removed
by volatilization (Vr), plant transpiration (Pr) and similar processes (Figure 2).  The sum of the
processes contributing dissolved contaminant mass to water (NAPL dissolution, desorption, etc)
represents the contaminant loading part of the mass balance.  Similarly, the sum of these
removal/dispersive processes (except for advection) can be thought of as the natural attenuation
capacity part of the mass balance within the control volume.  Advection represents plume
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expansion beyond the control volume.  While highly simplified, this conceptualization illustrates
how these processes can interact in the subsurface (Figure 2).

Figure 2 Schematic diagram of contaminant loading and natural attenuation capacity
in ground-water systems.

For example if the contaminant loading to the plume (Gr), is greater than the sum of the removal
mechanisms

Gr > Dr +  Br  +  Sr + Vr +  Pr         (1)

then the dissolved plume will expand over time (i.e., Advection is carrying contaminants beyond
the control volume).  Conversely, if contaminant loading is less than the sum of the removal
mechanisms

Gr < Dr +  Br  +  Sr + Vr +  Pr         (2)

then the dissolved plume will contract over time.  Finally, if contaminant loading is equal to the
sum of the removal mechanisms

      Gr = Dr +  Br  +  Sr + Vr +  Pr         (3)
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then the dissolved plume will be stable.  The regulatory basis for evaluating MNA as a remedial
strategy often rests upon whether a contaminant plume is stable, expanding, or contracting.

As implied in the conceptual model, the first step in the mass balance approach is developing a
clear and agreed definition of the target plume volume and then determining the balance between
contaminant loading and the natural attenuation capacity of that given vadose-ground-water
system (Figure 2).  Under this scenario, the feasibility of MNA is related to the contaminant
loading (Gr) combined with the composite “rate” of the relevent attenuation processes.
Similarly, the overall timeframe of remediation is related to the source quantity (Nm ) combined
with the composite “rate” of the relevent attenuation processes.  If the attenuation capacity is too
low for plume stability, options for EPR can be examined.  There are many complexities in
implementing this approach.  For example: what is the best method to account for spatial and
temporal variation in the attenuation capacities? and what is the best approach to quantify these
rates in a simple fashion for practical use at real-world sites?  These topics are the basis of some
of the key science and technology targets for advancing MNA and EPR.

This conceptualization also illustrates another characteristic of evaluating natural attenuation.
Except in cases where the system itself provides unambiguous information that the plume is
stable or shrinking (a direct measure of the balance), then the individual contributors to the
balance need to be determined.

The different components contributing to the mass balance of a given site cannot
necessarily be directly measured. Rather the measured components are indirect

indicators of the attenuating mechanisms.

Each component of equations 1-3 is a definable quantity (Figure 2), but not necessarily one that
can be directly measured.  Because of this, actual evaluations of natural attenuation must rely on
indirect measurements and indicators for each component of the mass balance problem.  This is
analogous to an artist who must draw a portrait from the shadow of the person being sketched.
Drawing an accurate image from a shadow is much more challenging then observing the subject
directly.  The indirect nature of the evidence used to assess MNA imposes similar difficulties and
challenges to the environmental professional.  A clear extension of this discussion is the concept
that new technologies which provide more direct measures of the key processes are potentially
beneficial in illuminating the picture.

The indirect nature of the evidence used to assess natural attenuation capacity can be illustrated
using biodegradation processes as an example.  Biodegradation processes of chlorinated ethenes
are highly complex, and consist of reductive, fermentative, oxidative, and cometabolic processes.
Furthermore, one or more of these processes may occur simultaneously, sequentially, or not at all
as contaminants are transported along the hydrologic gradient.  Direct measurements of which
processes occur at particular points in a system, and at what rate these processes occur, are not
presently technically feasible.  Thus, a series of indirect indicators are used to assess which
biodegradation processes occur and at what rate they occur.  The most common of these indirect
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indicators is concentrations of dissolved oxygen in groundwater.  If dissolved oxygen
concentrations are higher than about 2 mg/L in a system, then reductive dechlorination of TCE
will not occur efficiently whereas oxidative degradation of vinyl chloride will be highly efficient.
In the same manner, the presence of methane (methanogenesis), sulfate/sulfide (sulfate
reduction), ferrous iron (Fe(III) reduction),  nitrate/nitrous oxide (nitrate reduction), and
concentrations of dissolved hydrogen are indirect indicators of which biodegradation processes
(reductive dechlorination, anaerobic oxidation, etc) are occurring, what their spatial distribution
is, and how rapidly these processes occur.  There is also an interaction between the different
attenuation terms.  Sorption stabilizes a plume causing it to grow and contract more slowly and
providing more residence time for destruction processes.  The interactive benefits of sorption, or
the potential to adversely impact a site by releasing sorbed contaminant during EPR, are clear
examples of interactive impacts. Assessing how much biodegradation is contributing to the
overall natural attenuation capacity is an indirect, highly interpretive process.  These concepts
are not unique to biodegradation, but also hold for each individual component of natural
attenuation capacity (Figure 2).  The indirect nature of the methods used to assess natural
attenuation capacity makes evaluating MNA an inherently complex procedure.

Finally, another source of complexity stems from the heterogeneous nature of groundwater
systems.  Biodegradation rates, sorptive capacity, and volatilization can differ by orders of
magnitude over distances of just a few centimeters. Rates of groundwater flow can vary over
several orders of magnitude in time and space.  Due to this inherent, ubiquitous, and unavoidable
heterogeneity, it is difficult to obtain representative estimates for each component of natural
attenuation capacity at real sites.  As a result, monitoring tools that integrate processes over an
appropriate scale represent another potentially high priority research and technology
development target.

The technical working group strongly supported the conceptualizing of MNA/EPR as a balance
between contaminant loading and attenuation capacity.  MNA/EPR performance evaluation
based on a balance of attenuation capacity and loading is intuitive and powerful.  It provides an
understandable organizing framework that is compelling and yet flexible enough to handle real
world complexities and technically challenging situations.  The ideas can be supported by the
multiple lines of evidence that are necessarily embodied in MNA and EPR protocols.
Importantly, when framed in terms of attenuation capacity and loading, the confusion that is
often associated with long lists of required and optional analytes can be overcome.  Why are
certain parameters collected? How should they be used?  The loading-capacity balance concept
is also adaptable to each site.  At some sites, unambiguous measurement of plume stability or
shrinkage provides a field scale verification that attenuation capacity is greater than or equal to
loading and little further evidence will be necessary.  For sites where there is more uncertainty,
more challenges or where enhancements to MNA are being considered, additional data and
complexity can be added as needed – always within the framework.  The concept is also portable
in terms of modeling – simple and complex models can easily generate results that explicitly
allow the balance to be calculated.  Finally, and most importantly, an approach that balances
contaminant loading and attenuation capacity is exactly the type of tool needed to link
MNA/EPR into the overall planning necessary at a contaminated site.
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Recent scientific studies for source remediation are examining performance in terms of mass
discharge from the source to the plume.  The mass discharge from the source is the initial
contaminant loading to the plume and provides a direct link to support decision making and
answering the difficult questions that often arise at chlorinated solvent sites.  How much source
needs to be removed to integrate with the overall long term goals for the site?  When can an
active treatment system be turned off?  How can the mass balance approach be integrated into an
overall strategy to protect receptors and reduce risk (e.g., account for exposures through all
routes – indoor air, etc.)?  The concept also suggests a few changes in the types of data that
would be most useful.  In source removal or destruction efforts, for example, a measurement or
estimate of the reduction in mass discharge, rather than total mass, would be of value.  All of the
efforts that are currently being invested in estimating mass discharge from the source can be
directly applied to improving environmental decisions.  Similarly, understanding the flux or
loading in different portions of a plume will provide a powerful tool for determining the size of
an active plume treatment and the appropriate conditions that would justify transition to
MNA/EPR.
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2.0 Key Definitions

There are several terms used consistently throughout this document.  To help the reader, these
terms are defined in this section.  Several of these terms, such as MNA, have been defined by
other fields, such as the engineering field, or by federal agencies, such as the US EPA.  It is our
goal to be true to the intent/spirit of the definition.  However, in some cases we have changed the
words to show the linkage with the purposes and goals of this project.

Attenuation Capacity – The sum of all physical, biological, and chemical processes serving to
disperse, biodegrade, chemically transform, immobilize, or permanently sequester chlorinated
ethenes in a ground-water system.  Processes that contribute substantially to attenuation capacity
include advection, hydrodynamic dispersion, biodegradation, sorption, volatilization, abiotic
transformations, and uptake by plants.  Capacity and loading are normally measured in units such
as Kg/year.

MNA – Monitored Natural Attenuation – Managing all or part of a contaminant plume in soil
and groundwater by utilizing the existing decontamination and attenuation mechanisms of the
natural system and by documenting the resulting attenuation capacity.  MNA is a viable
alternative if the attenuation capacity equals or exceeds the potential contaminant loading from
the plume source and/or if the plume is shown to be stable or shrinking and will not impact a
receptor.  Consistent with the US EPA definition there is no “no human intervention” in the
attenuation and remediation processes.

EPR – Enhanced Passive Remediation – Managing all or part of a contaminant plume in soil and
groundwater by initiating and/or augmenting natural and sustainable decontamination and
attenuation mechanisms and by documenting the resulting attenuation capacity.  EPR is a viable
alternative if the resulting attenuation capacity equals or exceeds the potential contaminant
loading from the plume source and/or if the plume is shown to be stable or shrinking and will not
impact a receptor.  EPR is based on the definition of MNA but allows for “human intervention”
that will result in natural and sustainable mechanisms.

Active Remediation – Managing all or part of a contaminant plume in soil and groundwater by
active or frequent intervention using processes that are not naturally sustainable over the time
frame required for plume remediation.

Source Treatment – Destruction or enhanced removal processes for high concentration
contaminant source zone(s).

Source Excavation – Physical removal followed by isolation or surface treatment of contaminant
source zone materials.
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3.0 Historical and Regulatory Perspective

3.1 Historical Background

As noted above, natural attenuation processes occur at every site.  Recognition, evaluation
and reliance on these processes for remediation and final polishing of contaminated sites
has been limited but has steadily increased over the past twenty years.  A critical
component of advancing the technical bases for the use of MNA/EPR is documenting this
historical development and assessing, using a retrospective survey, what is working and
where there are barriers to implementation.  Early variants took the form of “alternate
concentration limits” (ACLs) or “mixing zones”.  These concepts provided a useful tool for
relatively low risk sites and were based on modeling – the goal was to calculate a target
concentration in the plume that would not result in an exceedence of an applicable or
appropriate standard at an agreed exposure location.  The guidelines for ACL modeling did
not emphasize the full range of natural attenuation and remediation mechanisms.  As a
result, scientists, regulators and policymakers began a process to develop improved
guidelines that would encourage responsible and disciplined use of remediation and site
management strategies that rely on natural processes.  These efforts were squarely focused
on natural attenuation processes and led to the definition and understanding of the term
“MNA” (US EPA, 1998 and US EPA, 1999).  The efforts were customized, as appropriate,
to major classes of common contaminants.  This allowed the most applicable mechanisms
to be identified and specific guidelines and protocols to be established for the most
widespread problems.  Importantly, the “M”, or monitoring, aspect of MNA was a key
factor and was critical to the acceptance and success of MNA for all contaminants as
various protocols were developed.  It is particularly instructive to examine the timing of
protocol development efforts for various classes of organic contaminants.

Figure 3 provides a timeline for the technical protocol and regulatory protocol development
for monitored natural attenuation (MNA) for petroleum hydrocarbons and for chlorinated
solvents. It is clear from the timeline that development of MNA for petroleum
hydrocarbons, because the underlying processes are inherently more robust and simple,
occurred earlier than the development of MNA for chlorinated volatile organic
contaminants (CVOCs).  Moreover, MNA of petroleum hydrocarbons is now widely
accepted and used.  Protocol development for CVOCs has proven to be more complex and
the viability, robustness and utility of the CVOC protocols has not been documented.  How
have they worked?  How many sites have they been applied to?  What percentage of those
sites met the requirements?  What parts of the protocol have been most useful in practice?
What parts of the protocol have been least useful?  Obtaining answers to these types of
questions is an absolute requirement for any effort whose goal is to build on and contribute
to this historical process and to the positive evolution of MNA/EPR.  The answers to key
questions are key input that will help determine the most promising research and regulatory
path.  Of particular interest are experiences in the period since 1998/1999 – after the US
EPA regulatory protocols and directives were released.  A few historical evaluations have
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been performed – normally covering a case study or a few sites.  To assist in developing a
target list of critical science and technology needs and issues to support advancing CVOC
protocols, a general historical survey was performed.

Figure 3 Recent Historical Development of MNA/EPR for Petroleum Hydrocarbons
and Chlorinated Solvents (modified from Wiedemeier and Barden, 2002)

3.1.1 The Survey

A Historical Analysis of MNA survey was developed to gain a better understanding of
the application of MNA at sites affected with chlorinated solvents.  The survey sought
to provide insights into the remediation professional’s general experience with MNA
and to gather site-specific data regarding the implementation of MNA as a remedy of a
particular CVOC plume.  The survey was distributed to approximately 230
remediation professionals in industry, government, and academia with experience in
the field of MNA.

The survey was divided into two parts:  part A) general request for information about
MNA experiences and B) more detailed data on a specific site.   Part A consisted of
four questions and attempted to gather high level information.  How many sites?  How
successful?  Typical size? Typical cost?    Part B consisted of 39 questions requesting
data for a specific plume where MNA was applied as the remedy, either solely or as a
component of other active treatment.  These questions explored many topics including
the types of monitoring and modeling, the status of the effort, and the like.  The
specific questions that were asked in both parts are noted on the graphs of the results.
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3.1.2 The Survey Results

Survey data was received from 30 individuals for a total of 178 waste sites; all
respondents provided Part A data, and site-specific data was received for 42 individual
chlorinated solvent plumes.  Data from Part A and Part B are summarized in figures 4a
– 4ll (these figures are presented after the conclusions and regulatory discussion).
Each figure is labeled with the relevant question or topic and the results provided
interesting and useful insights as summarized below.  The figures are provided to
establish visual trends in the data rather than establishing any statistically significant
results.

The results presented in this section are preliminary and were used by the Technical
Working Group during their preparation of this document.  The final results are
presented in the supplemental document “Historical and Retrospective Survey of
Monitored Natural Attenuation: Lines of Inquiry Supporting Monitored Natural
Attenuation and Enhanced Passive Remediation of Chlorinated Solvents,” WSRC-TR-
2003-00333.  The final results were consistent with the initial results reported below.

3.1.3 Key Conclusions from the Survey

Part A:

 MNA was determined to be feasible as a remedy at over 75% of the sites where the
application of MNA was evaluated (36% sole remedy, 46% with other treatment).
Importantly, MNA was determined to be infeasible at about 23% of the sites and
follow-up contacts will be conducted to elicit the reasons.

 At sites where MNA is used with an active treatment, the active treatment is still in
operation at approximately 72% of those sites.

 The average cost of the entire initial MNA study was reported to be about
$188,000 and results ranged from $10,000 to $750,000.

 The average annual cost for monitoring an MNA site was found to be $32,000 with
a range of $3,000 to $150,000.

 Nearly half of the respondents reported that the typical size of a chlorinated solvent
plume where MNA is utilized in the remedial scheme is 10 to 50 acres, while 29%
and 25% reported the average size to be less than 10 acres and greater than 50
acres, respectively.

Part B:

 MNA is used as a remedy at a variety of industrial sites with a broad range of
processes.

 The 1998 US EPA protocol (US EPA, 1998 and 1999) was most often referenced
as the guideline for MNA implementation (36%).  Notably, almost 29% used a site
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specific protocol.  Other protocols used as the basis for the reported sites included:
12% state protocol, 19% other, and 5% National Research Council (NRC) MNA
review (NRC, 2001).

 Almost 70% of respondents stated that anaerobic degradation is the primary
natural attenuation process occurring in the plume, while the remaining attenuation
processes each accounted for less than 7%

 A variety of geochemical indicators are reportedly used to assess MNA, but over
90% rely on the presence of biodegradation daughter products.

 A variety of tools were used to support MNA, including conceptual models,
analytical models, and mass flux calculations.  About 19% of the respondents
reported that none of these approaches was used in implementing MNA.

 Computer models of various types were used to evaluate MNA at 57% of the sites.
The most common model used was BIOCHLOR.

 The timeframe for remediation was estimated at over 60% of the sites, and most
(44%) expect remediation goals to be achieved in 11 to 20 years.  This result was
surprising to the technical working group (TWG) and suggests that current
conceptual models of MNA may be overly optimistic.

 For half the plumes reported, TCE is the original contaminant released.  PCE
follows at 33% of sites, with releases of cis-DCE, vinyl chloride, 1,1,1-TCA and
1,2-DCA also reported.

 Most plumes evaluated have a maximum length of 1000 to 5000 feet, an area of 1
to 10 acres.

 34% of the MNA sites were less than 100 feet from a downgradient discharge.
 The respondents classified the plumes as stable or shrinking at 52% of the sites.

Interestingly, the plumes were classified as expanding for 10% of the sites and
discharging for 22% of the sites.

• The most important lines of evidence in documenting MNA were concentration
decreases and geochemical footprints*.

3.2 Regulatory and Peer Review Perspective

Several key milestones where regulatory protocols and guidance directives, as well as
independent scientific evaluations, were completed are evident in the MNA/EPR timeline
presented above (figure 3).  These critically important enabling documents are discussed
below as the central context to support future science and technology development /
prioritization efforts.

* “Geochemical footprint” is a term that was widely introduced by the National Research
Council of the National Academy of Sciences in their independent review of US EPA’s
MNA protocol and directive.  The term relates to spatial mapping of MNA related
parameters (e.g., sulfate, nitrate, oxygen, daughter products) and documentation that the
patterns are consistent with MNA conceptual models and goals.
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The first step in the decision-making process for use of MNA/EPR at a particular site is to
determine the regulatory program or programs under which the cleanup will be conducted
and to establish what the cleanup goals are for that site.  The cleanup of many sites,
including those at federal sites, is overseen jointly by US EPA and the responsible state
environmental agency.  The specific roles and responsibilities of the regulator agencies are
usually agreed to and documented in agreement documents signed by all parties involved.
Cleanup goals will typically include both intermediate (shorter-term) goals as well as the
ultimate (final and/or longer-term) cleanup goals for the site.  For federal cleanup
programs, such as RCRA Corrective Action or Superfund, intermediate goals will
typically include preventing contaminants from reaching human and environmental
receptors, controlling sources, preventing plume migration, and other goals needed to
protect human health or the environment.  Ultimate goals for these federal programs will
typically include returning the contaminant plume to cleanup levels appropriate for
potential beneficial uses of the groundwater, which in most cases are federal and state
drinking water standards.  (Note that the term “cleanup goal” can sometimes be
misinterpreted as a desired target rather than a regulatory requirement.  For this reason, the
term remedial action objective (RAO) is used in US EPA Superfund guidance when
referring to a required outcome.  In this document, “cleanup goal” is intended to have the
same meaning and is used in place of the term “remedial action objective.”)

US EPA’s Office of Solid Waste and Emergency Response (OSWER) finalized the policy
directive: “Use of Monitored Natural Attenuation at Superfund, RCRA Corrective Action,
and Underground Storage Tank Sites” in April 1999, as shown on the timeline in Figure 3.
In developing this US DOE document, the authors have assumed that federal and state
cleanup programs will consult and follow the guidelines established in the US EPA policy
when evaluating proposals for use of MNA as a component of the remedy at a particular
site.  For this reason, users of this document are encouraged to become familiar with the
US EPA directive.  Also, key elements of the US EPA policy directive are highlighted
below:

• MNA should not be considered a “no action,” “default” or “presumptive” remedy.

• Use of MNA should not result in plume migration or impacts to receptors that would be
“unacceptable to the overseeing regulatory authority.”

• Selection of MNA should be based on thorough site characterization and comparison
with other cleanup methods.

• In general, MNA should be used with other cleanup measures or as follow-up to such
measures (e.g., source control, pump and treat [P&T] of plume hot spots).

• The timeframe for MNA to attain site-specific cleanup goals should be “reasonable”
when compared to the time required by active methods.
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• A contingency remedy should be included when selection of MNA was based mostly
on predictive analysis.

• Progress of an MNA remedy should be carefully monitored.

• A remedy is not considered complete until cleanup objectives have been met.

A review by the National Research Council of the National Academy of Sciences (NAS,
2000) generally supported the concepts of MNA as articulated by US EPA.  Some of the
key chlorinated solvent related conclusions emerging from this independent effort, and
some of the alternative recommendations included:

• Community groups are generally wary of MNA as a remedy.  Stakeholders often want
to be convinced that dilution is not the primary process and that some form of
contaminant destruction is in place.

• Community groups should be involved early in the decision process.

• Decreases in concentration may not provide sufficient basis for selecting MNA.   Data
documenting attenuation mechanisms are also needed.

• Greater level of effort is needed to document MNA at complex sites.

• A long-term monitoring plan, including a contingency plan, should be specified for
every MNA remedy.

• Future protocols should minimize use of highly simplified general "scoring systems"
for decisions on MNA remedies.

It is clear, from the historical survey and from the regulatory and review documentation
that MNA is a promising tool and that there has been significant success in implementation
since the publication of protocols in 1998 and publication of an OSWER Directive in 1999.
The retrospective analysis provided some clear indications of approaches that have worked,
approaches that have not worked, and the regulatory framework that govern any MNA
implementation. This information, in turn is a critical factor in determining and prioritizing
future science and technology efforts.

Figure 4 Graphs of Historical Survey Results (follow)
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Figure 4a

Figure 4b
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Figure 4c

Figure 4d
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Figure 4e

Figure 4f
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Figure 4g

Figure 4h
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Figure 4i

Figure 4j
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Figure 4k

Figure 41
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Figure 4m

Figure 4n

Which Geochemical Footprints were used to Evaluate
MNA at the site?
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Figure 4o

Figure 4p

What Type of Model(s) was used to Evaluate MNA at the Site?
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Figure 4q

Figure 4r

What was the Purpose of Using a Model to Evaluate the Plume?
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Figure 4s

Figure 4t

Was an Analysis of Remediation
Timeframe for the Plume Performed?
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Figure 4u

Figure 4v

What are the Cleanup Concentration Goals for the Primary Chlorinated
Constituent?

64%

20%

12%

4%

0%

10%

20%

30%

40%

50%

60%

70%

<0.005 mg/L 0.005 mg/L -0.1 mg/L >0.1 mg/L Don't Know

What is the Remediation Timeframe?

4%

8%

44%

12%

32%

0%
0%

10%

20%

30%

40%

50%

<5 yr 5 yr - 10 yr 11 yr - 20 yr 21 yr - 30 yr > 30 yr Don't Know



WSRC-TR-2003-00328
February 19, 2004

                                                                                                                                                            

                                                                                                                                                            
28

Figure 4w

Figure 4x

What was the Original Chlorinated Compound Released at the Site?
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Figure 4y

Figure 4z

What is the Max Conc of All Chlorinated Constituents in the Well with Highest 
Total Conc? (mg/L)
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Figure 4aa

Figure 4bb

What is the Area of Largest Chlorinated Solvent 
Plume at the site? (acres)
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Figure 4cc

Figure 4dd

Does the Condition of cis-DCE "stall"
Appear to be a Problem at the site?
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Figure 4ee

Figure 4ff

What is the Distance between the Downgradient Edge of the
Plume to a Surface Water Discharge Point?
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Figure 4gg

Figure 4hh

When was MNA-specific Data First Collected at the Site?
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Figure 4ii

Figure 4jj

When was the Primary MNA Report Issued?
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Figure 4kk

Figure 4ll

What is Your Professional Background?
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4.0 Critical Evaluation Process

The initial activities of the national MNA/EPR Technical Working Group have focused on
identification and evaluation of the specific science, technology, implementation, and regulatory
concepts that have the potential to accelerate and facilitate the use of MNA/EPR and to identify
those that are most promising.  This evaluation was performed from March 2003 through July
2003 and the results are documented herein.  This report will serve as the foundation of the US
DOE sponsored MNA/EPR Alternative Project, helping direct technical decisions and the
overall direction of the work, as the activities move into the field research and protocol
development phases. This critical evaluation process is the primary mechanism for the project
to manage costs, maintain schedule, and to assure that the product will provide the best value to
US DOE.

4.1 Lines of Inquiry

The Technical Working Group critically evaluated past MNA/EPR protocols and
performance, along with related research.  This critical review process was
organized into several lines of inquiry as specified below.  The team documented
the potential benefits of progress in each line of inquiry and the resulting
improvement in the applicability and usability of MNA.  For each line of inquiry,
the evaluation factors included specific benefits resulting from progress (with the
most credit going to items that result in a positive “step change” in MNA/EPR
performance); regulatory/stakeholder acceptability; collateral and lifecycle issues;
potential cost of the required science and technology; and the potential for
leveraging existing science efforts.  The lines of inquiry were set up in two general
categories that address: 1) the scientific basis of MNA/EPR (processes) and 2) the
validation and verification of MNA/EPR (characterization and monitoring).

In their evaluations, the team identified science and technology advancements that
had the most potential to make a substantive contribution in a short period of time
(circa three years) and those that had promise but would likely require a
significantly longer period of development.  Because of the objective for
acceleration, the prioritization activities favored those concepts that would provide
early contributions and the remainder clearly identified for consideration as
promising candidates for funding in basic science programs such as the
Environmental Management Science Program (EMSP).  Finally, each of the team
members reviewed the historical survey information as it was generated to
determine if the field experience provided diagnostic information about what was
working and what is needed.  This was an important check and balance in the
process to help avoid developing and prioritizing a solution for something that is
working.
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The two general categories of the lines of inquiry are discussed below followed by a
summary of each of the specific lines of inquiry.  The full text of the lines of
inquiry are provided in a series of supplemental documents as shown below:

Main document:

Natural and Passive Remediation of Chlorinated Solvents: Critical Evaluation of
Science and Technology Targets, WSRC-TR-2003-00238

Supplemental documents:

Baseline Natural Attenuation Processes: Lines of Inquiry Supporting Monitored
Natural Attenuation of Chlorinated Solvents, WSRC-TR-2003-00329

Potential Enhancements to Natural Attenuation: Lines of Inquiry Supporting
Enhanced Passive Remediation of Chlorinated Solvents, WSRC-TR-2003-00330

Multiple Lines of Evidence Supporting Natural Attenuation: Lines of Inquiry
Supporting Monitored Natural Attenuation and Enhanced Passive Remediation of
Chlorinated Solvents, WSRC-TR-2003-00331

Potential Enhancements to the Characterization and Monitoring of Natural
Attenuation: Lines of Inquiry Supporting Monitored Natural Attenuation and
Enhanced Passive Remediation of Chlorinated Solvents, WSRC-TR-2003-00332

Historical and Retrospective Survey of Monitored Natural Attenuation: Lines of
Inquiry Supporting Monitored Natural Attenuation and Enhanced Passive
Remediation of Chlorinated Solvents, WSRC-TR-2003-00333

4.1.1 Scientific Basis for MNA/EPR – Process Lines of Inquiry

The process lines of inquiry align with the conceptual model, approach, and
core values described in the approved US DOE Project and Implementation
Plans (US DOE, 2002b; WSRC, 2003):

• Processes must be based on natural mechanisms.
• Processes must be sustainable and allow transition of the site from active

treatment to a passive-monitored status.
• Approaches can include both MNA and EPR—to allow enhancements and

reconfiguration (as long as the resulting mechanisms are naturally sustainable)
• Approaches should build on and link to past MNA protocols and regulatory

guidance.
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• Approaches should focus on the basis for transition from active to passive to
MNA/EPR and define a valid and environmentally protective exit strategy for
active remediation.

• Approaches should emphasize the concept of working toward an end-state where
the site poses minimal risk.  The type of end-state and the risk objectives should
be technically based and developed in collaboration with stakeholders, tribes and
regulators.

For both the process lines of inquiry and the characterization and
monitoring lines of inquiry, explicit ground rules such as these were
developed to support the efforts of the team.  In addition for each line of
inquiry, supporting baseline discussions were prepared to simplify the
evaluations.  New approaches were discussed in terms of differences
(pluses and minuses) versus the baseline rather than requiring each line of
inquiry to separately document the baseline. The following is an outline of
the process related baseline and lines of inquiry, including specific
examples of some of the science and technology that was evaluated.
Importantly, the outline includes a relatively comprehensive list of ideas
that are being examined in current research programs, only a subset of
these were determined to be promising or appropriate to incorporate into
the “next generation” protocol.

• Natural Processes—Incorporation of latest research on mechanisms and
rates of processes that occur without any enhancement.  This includes
abiotic degradation, anaerobic biodegradation, aerobic biodegradation, and
phytoremediation (either in the rhizosphere or through uptake and
subsequent processes).  This would also include the latest research on
abiotic degradation and consider sorption, dispersion and possibly in-
stream processes such as volatilization.

• Enhancements to Natural Processes—Incorporation of latest research on
processes that create permanent or semipermanent (sustainable) treatment
capacity in the system.  This includes:
o Microbial treatment zones – such as the possibility of halorespiring

zones, substrates and conditions needed to generate and maintain such
zones, addition of microorganisms, etc.  This would link to the
potential applicability of inexpensive characterization and monitoring
of the bulk conditions (a surrogate) or microbial nucleic acids (low-
cost bioassessment) as improved documentation techniques.  Evaluate
how far down this path is appropriate for a MNA/EPR protocol – is
fertilization or other periodic maintenance acceptable with criteria to
transition to monitoring only?

o Incorporation of research on deployment and enhancements based on
large-scale modification of hydrology, reconfiguration of the system,
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and similar actions.  One example is—expanding existing interfacial
zones where treatment is occurring but total treatment is needed to
fully address plume delivery (flux).  Other examples include various
methods for deployment of sustainable treatment zones, modification
or alteration of plants (community structure and biomass, fertilization),
isolation schemes (for deep fractured system for example), and
schemes for sustainable large-scale alteration of bulk properties and
master geochemical variables (pH, redox, etc.).

• Processes at System Interfaces—Incorporation of research on the active
biological, chemical and physical processes occurring at major system
interfaces such as the vadose groundwater interface and the groundwater
surface water interface.  Examine MNA/EPR potential for NAPL source
zones or areas near NAPL sources (i.e., areas with aqueous concentrations
close to saturation) (as is being studied extensively in US DOD).

• Examination of Scenarios – what are the needs and uncertainties associated
with different conditions – notable “outcropping systems” such as those in
the east, “vadose systems” as in the west, and fractured/karst systems.

4.1.2 Characterization and Monitoring Lines of Inquiry

The structure and concept for efforts to advance Characterization and
Long-Term Monitoring are the same as those for the process lines of
inquiry – i.e., 1) review of the state of practice and the state of science,
and 2) critical evaluation of the potential benefits of different types of
activity organized into lines of inquiry. The ground rules for these lines
of inquiry are derived from the conceptual model, approach, and core
values described in the approved US DOE Project and Implementation
Plans (US DOE, 2002b; WSRC, 2003):
• Develop clear strategies for the distinct needs associated with

MNA/EPR characterization and then monitoring.
• Emphasize integrating measures where possible, such as

flux/loading, remote sensing and other averaging and volumetric
methods.

• Refine the idea of “multiple lines of evidence” in current protocols
and develop a defensible approach to define a “quorum of evidence”
that will be acceptable (given natural variability and uncertainty).
The goal is to refine and streamline characterization and monitoring,
not to add more parameters to a long list of requirements for
MNA/EPR.

• Emphasize large-scale design and monitoring concepts.  Document
performance and robustness using overall mass balances and MNA
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process/condition mapping to supplement or replace the traditional
requirement of “plume stability.”

• Emphasize system and ecosystem monitoring concepts.

The overarching goal of the characterization and monitoring
developments was to facilitate MNA/EPR by reducing costs while
maintaining or enhancing the information available to document that the
system is protecting human health and the environment.

The following is an outline of the lines of inquiry and specific examples
of science and technology evaluated.  As noted above, the outline
includes a relatively comprehensive list of ideas that are being examined
in current research programs.  A subset of these ideas was determined to
be promising or appropriate to incorporate into the “next generation”
protocol.

 Characterization and Monitoring Strategy (baseline) – examine the
various stages of an MNA/EPR process and lay out the specific
objectives of the stages in a manner that supports a technically based
selection of the type and quantity of data needed.

 Multiple Lines of Evidence (baseline and enhancements) --
Incorporate latest research and scientific logic to enhance the
existing multiple lines of evidence concept.  This includes a
responsive characterization process based on conditional rules (i.e.,
is there really a need to measure reduced gases at aerobic sites).
Develop a paradigm that includes some of the spatial process
mapping and other items highlighted by National Academy of
Sciences (NRC, 2001).  Lay out a clear “quorum of evidence”
concept. Incorporate the latest research on surrogate measures to
reduce costs.  These include bulk and master variable properties such
as redox potential, as well as indicator species (e.g., Cl-) and
specialized tools such as total halocarbons, degree of chlorination
sensors, etc.
o Incorporate the latest bioassessment tools.  These include nucleic

acid probes, fatty acid profiles, taxonomy, structure and function
screening profile systems, fluorescence methods, and other tools.
Many of these technologies have been examined for innovative
field deployment in US DOE – at ORNL, SRTC, and other labs.
Other bioassessment tools include hyperaccumulators (possibly
coupled with remote sensing) and macrobioaccumulators (clams,
etc.), and biomarkers (ecosystem structure and species
composition).  These latter tools integrate exposure and may
provide a more realistic measure of impact.
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o Nonstandard Monitoring Concepts—Incorporate latest research
on remote sensing, geophysics, and flux monitoring.  This
includes both instrumentation and interpretation and deployment
options (horizontal wells, lidar1, remote sensing, and others).
Examine lessons from agriculture and soil science (“smart
farming”) and potential for cross over applicability.

o Modeling—Incorporate latest research on bioinformatics and
modeling.  This includes data mining, neural networks,
incorporating new types of data, integrating diverse types of data,
working at sites with large amounts of data and determining the
value of data to justify reducing the number and frequency of
analyses.  Consider the latest progress in both forward and
inverse predictive modeling and the potential value of large-scale
mass balance models (i.e. simple balancing delivery and
treatment capacity) as an alternative that might be used at many
sites.

o Sensors – Incorporate the latest research on state-of-the-art
sensors.  Determine the value of sensors in characterization and
in monitoring MNA/EPR systems.  Examine the need for sensors
that provide high frequency data.  Examine alternative
configurations that use on-off sensor signals rather than
concentration signals as a way to reduce costs.  Evaluate passive
and cumulative sensors that would act similarly to
bioconcentration.

o Monitoring system configuration.  This includes the geometry
and numbers of monitoring points, focusing designed or
identified diagnostic locations (weak points that would serve as
indicators of performance throughout the system), and interface
monitoring.

4.2 Output from the Line of Inquiry Evaluations

The team completed their examinations of the various lines of inquiry and the results are
presented below.  Summaries of the baseline evaluations are provided first followed by
summaries of the enhancement lines of inquiry and the prioritization results.

1 LIDAR is an acronym for “light detection and ranging.”  As used in the text, it refers to
open path spectroscopy to estimate the total flux of VOC from the ground surface to the
atmosphere over a long path length.
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5.0 Scientific Basis for MNA and EPR

5.1 Summary of Natural Attenuation Processes--Without Enhancements

The natural attenuation capacity of ground-water systems may be thought of as the capacity
of an aquifer to lower contaminant mass as groundwater flows downgradient away from a
contaminant source area.  This capacity is the sum of all the physical, biological, and
chemical processes serving to disperse, biodegrade, chemically transform, immobilize, or
sequester contaminants in a ground-water system.  These processes consist of physical
processes such as dispersion, advection, and volatilization, chemical processes such as
sorption and abiotic transformations, and biologic processes such as biodegradation and
uptake by plants.

Advection refers to the migration of solutes due to the flow of water.  The effect of
advection is directly proportional to the velocity of groundwater flow.  However, because
of the heterogeneity of hydraulic conductivity in ground-water systems, the velocity of
groundwater is also highly variable.  The traditional method for accounting for this
variability is the concept of hydrodynamic dispersion.  Hydrodynamic dispersion is the sum
of dispersion due to molecular diffusion and the mixing of water due to variations in
groundwater velocity in the system.  Because the effects of hydrodynamic dispersion are
additive as the plume migrates, it is highly scale dependent with long plumes exhibiting
more dispersion then short plumes.  Disperson was cited in the historical survey as an
active process in documenting MNA at over 70 percent of the MNA sites, but was
considered the primary mechanism in the overall natural attenuation capacity in only about
5 percent of the sites.

Volatilization can be an important mechanism removing contaminant mass from ground-
water systems.  Chlorinated ethenes, particularly cis-DCE and VC, are highly volatile, and
can be removed from contaminant plumes as they migrate downgradient.  In general,
volatilization is more important in contaminant source areas and in ground-water discharge
areas where groundwater comes in close contact with the unsaturated zone.

Sorption is a class of chemical processes that serve to partition solutes between the aqueous
and solid phases in aquifers.  Thus, sorption can serve either to remove solutes from
solution (sorption), or to add solute to solution (desorption).  When sorption/desorption
processes are relatively fast and are equally efficient, they are referred to as reversible
sorption.  Reversible sorption temporarily sequesters contaminants on the solid phase, and
tends to retard the rate that contaminant plumes develop over time.  When desorption is
less efficient than sorption, and mass is sequestered in the solid phase and resistant to
release, this is referred to as “irreversible sorption” or time-variable sorption.  Time-
variable sorption is an important component of natural attenuation capacity only if it
removes contaminants from solution for an extended period of time and provides
attenuation in excess of linear sorption.  Sorption and retardation were cited as active
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processes in 65 percent of the MNA sites surveyed.  However, sorption was considered as a
minor mechanism in the overall natural attenuation capacity at most MNA sites, such that,
it represented a predominant process in less than 5 percent of the sites.  In some cases,
sorption may be more of a hindrence than a help to MNA because the slow release of
contaminant can extend the timeframe needed to reach agreed target concentrations.

A variety of abiotic chemical degradation processes can contribute to the natural
attenuation capacity of ground-water systems.  The most common of these include
hydrolysis, dehydrohalogenation, and reductive elimination.  Hydrolysis of chlorinated
methanes and ethanes have been well documented, and the half-lives of these compounds
can be on the order of days.  Chlorinated ethenes, however, are relatively resistant to
dehydrohalogenation.  It has been shown that abiotic dechlorination of PCE and TCE can
be catalyzed by the mineral surfaces of pyrite and magnetite.  In addition, iron sulfides
(FeS) will catalyze the abiotic transformation of chlorinated ethenes as well. Hydrolysis
was an active NAC process in about 8 percent of the sites surveyed and the other abiotic
reactions also were active in 8 percent. However, abiotic reactions, with the exception of
hydrolysis, were not considered important NAC processes until very recently and thus have
not been investigated on a large scale.  Based on recent literature, further investigation is
likely to indicate that abiotic processes may be important for the many sites that are at least
sulfate reducing.  In the historical survey, hydrolysis was considered as a primary process
in about 5 percent of the sites.

Biodegradation processes are an important component of the natural attenuation capacity of
chlorinated ethenes.  The mechanisms by which chlorinated ethenes are transformed
depend on whether they serve as electron donors or electron acceptors in microbial
metabolism.  In reductive dechlorination, chlorinated ethenes serve as electron acceptors.
In oxidative degradation, chlorinated ethenes serve as electron donors.  The more highly
chlorinated an ethene is (i.e. PCE), the greater its tendency to undergo reduction and the
less its tendency to oxidize.  Conversely, the lightly chlorinated ethenes (VC) have less
tendencies to reduce and more tendencies to oxidize.  Intermediately chlorinated
compounds, such as cis-DCE, can be degraded either reductively or oxidatively.  However,
because cis-DCE is neither highly oxidized nor highly reduced, it tends to be more
recalcitrant in ground-water systems than other chlorinated ethenes.  Because of the redox-
dependent nature of chlorinated ethane biodegradation processes, understanding the
distribution of redox processes in ground-water systems is an important part of assessing
biodegradation processes.  Often, it is the sequence of redox processes that determines the
overall contribution of biodegradation to natural attenuation capacity.  For example, if
strongly reducing methanogenic or sulfate-reducing conditions are dominant in a
contaminant source area, these conditions favor the reduction of PCE and TCE to cis-DCE
and VC.  As groundwater flows downgradient, and redox conditions grade to more
oxidizing, Fe(III)-reducing, and even oxic conditions, cis-DCE and VC will rapidly
oxidize.  Hence, this succession of strongly reducing to oxidizing conditions favors the
complete biodegradation of chlorinated ethenes.  Conversely, the opposite succession of
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redox conditions (oxic to methanogenic) is less favorable for the complete biodegradation
of chlorinated ethenes.

There have been significant advances in recent years in identifying the actual
microorganisms involved in chlorinated ethene biodegradation.  Dehalococcoides
ethenogenes strain 195 has been shown to completely dechlorinate cis-DCE to ethene.
Other isolates such as Desulfitobacterium, Dehalobacter restrictus, Desulfuromonas, and
Dehalospirillium multivorans have been shown to dechlorinate one or more chlorinated
ethenes.  There have been several reports that the extent of dechlorination is proportional to
the presence or absence of Dehalococcoides sp., a finding which may allow the efficiency
of reductive dechlorination to be accessed by quantifying the abundance of these
microorganisms.  Molecular methods for quantifying the presence of dechlorinating
bacteria are potentially powerful tools for evaluating the contribution of reductive
dechlorination to natural attenuation capacity.  However, the phylogeny of microorganisms
involved in oxidative biodegradation of chlorinated ethenes has not advanced as rapidly as
those involved with reductive dechlorination.  This reflects the difficulty of isolating
environmental strains of bacteria in pure culture where their physiology can be
characterized.  It is likely that only a small minority of the microbial species capable of
biodegrading chlorinated ethenes is presently known.

Anaerobic biodegradation was cited in the historical survey as an active NAC process in
over 90 percent of the sites and the most important NAC process in approximately 70
percent of the sites.  Aerobic biodegradation was not as active as anaerobic or physical
processes at most of the sites, being listed as an active NAC process in about 30 percent of
the sites.  Aerobic biodegradation was not considered an important NAC process at any of
the MNA sites.  Importantly, anaerobic degradation is relatively effective for highly
chlorinated solvents (such as PCE and TCE) while aerobic processes are effective for less
chlorinated solvents (e.g., DCE and vinyl chloride).  As a result, the optimum attenuation
condition can vary from site to site, and from one part of a site to another.  The data suggest
that the presence of oxygen (or by analogy any other strong oxidant or alternate electron
donor such as nitrate, perchlorate or sulfate) will strongly inhibit anaerobic degradation
while lack of an alternate electron donor will strongly inhibit aerobic oxidation.  Some sites
have dissolved oxygen present and many sites are co-contaminated with electron donors
with a resulting influence on MNA/EPR strategy and viability.

Another biological process that can be significant to the natural attenuation capacity of
ground-water systems is uptake by plants.  Certain plants can remove, transfer, stabilize,
and destroy chlorinated ethenes in soils, sediments, groundwater, and surface water.  A
prerequisite for plant uptake of contaminants is that they be non-toxic to plants.  Research
has shown that plants have the ability to withstand relatively high concentrations of organic
contaminant concentrations without interfering substantially with plant metabolism.  This,
in turn, indicates that plant uptake of chlorinated ethenes---what has been termed
phytoremediation---can contribute substantially to the natural attenuation capacity of
ground-water systems.  A number of processes including rhizodegradation, rhizofiltration,
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phytodegradation, phytovolatilization and photodegradation, phytoextraction, and
phytostabilization (including hydraulic containment) contribute to this overall capacity.  An
important factor in the efficiency of these processes is the access the plants have to
contaminated water.  For this reason, phytoremediation tends to be most efficient in areas
with shallow contamination such as groundwater discharge areas where plant roots have
direct access to the saturated zone.

5.2 Enhanced Passive Remediation Opportunities

The physical, chemical, and biological components of the natural attenuation capacity have
an impact on the magnitude of the flux of contaminants reaching a receptor.  However,
these processes may not be sufficiently robust to reduce the flux to within acceptable limits
in undisturbed systems.  Therefore, this section considers what potential actions might be
feasible that will enhance their effectiveness by stimulating a natural process to be more
active, work faster (improved kinetics), proceed to a more favorable end-state, or to
improve the overall attenuation of contaminants beyond what is occurring naturally.  The
fundamental question is, “Can we either manipulate the system (e.g. hydrology) and/or the
processes to achieve a desired end-state?”

There are several major objectives of any proposed enhancements.  Enhancements must a)
increase attenuation of the contaminant (and/or decrease the flux of contaminants from the
source that is feeding the plume) and b) once implemented, be sustainable (within
acceptable limits).  In this line of inquiry we consider a range of enhancements to the
following general processes:

• Microbiological degradation
• Abiotic processes
• Plant-based processes
• Large-scale hydrologic processes
• Modifications at interfaces

Data indicates that some of these processes do not work efficiently enough in some natural
systems to provide sufficient attenuation within a plume to meet regulatory requirements.
For example, under certain circumstances native bacteria provide incomplete degradation
of the solvents such that toxic intermediate constituents such as DCE or VC are formed, but
not destroyed at appreciable rates.  Are there ways to stimulate the existing consortia (or
add new, more favorable bacteria) to more completely degrade contaminants?  Will such an
enhancement, once implemented, be sustainable with little or no further intervention?

With respect to plants (herbaceous and woody) there are several dimensions to the
possibility of enhancements.  For example, can one take steps to improve the ability of the
native plants to uptake and transpire or metabolize the contaminant?  Can one enhance the
biochemical processes naturally taking place in the root zone of native plants to increase
the in situ destruction of the contaminants?  Alternatively, one can consider introducing a
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new suite of plants that have been selected to have special properties for removing the
contaminant either due to enhanced uptake/metabolism (e.g. hyperaccumulators) or
improved/refined root-based reactions.  Finally, careful manipulation of the type of trees
introduced, their density of growth, and their specific placement relative to the contaminant
plume can manipulate the amount of uptake and transpiration of groundwater and thereby
modify the groundwater flow system or the amount of infiltration reaching the water table.
The purpose of this enhancement is to manipulate the groundwater flow system in desirable
ways or reduce the flux of contaminants reaching the aquifer from a contaminated source
zone.

Large-scale hydrologic modifications are designed to either fully or partially isolate the
source of the plume or modify the flow system throughout the plume footprint by simple
engineered methods in order to reduce the mass flux of contaminants within limits that can
be accommodated by other natural attenuation processes.  These can include various forms
of surface caps and covers as well as subsurface engineered barriers that reduce the flux of
contaminants by altering groundwater flow patterns.

The question of sustainability of enhancements is fundamental to the EPR approach.  There
is no specific timing for the frequency of intervention that is explicitly acceptable or
unacceptable.  Biennial application of fertilizer to sustain favorable plant growth may not
be too intrusive within the context of cost, level of effort, and results attained.  In contrast,
replacement of engineering enhancements (e.g. caps or covers) on a decadal time-scale
may be too frequent.  Therefore, the question of sustainability must be considered on a
case-by-case basis.

The following sections will develop potential lines of inquiry that may lead to strategies for
enhancing the effectiveness of natural attenuation processes.  Figure 5 identifies these lines
of inquiry at a high level.  Detailed discussion of them is contained in the supplemental
document, Potential Enhancements to Natural Attenuation: Lines of Inquiry Supporting
Enhanced Passive Remediation of Chlorinated Solvents, WSRC-TR-2003-00330.

In principle, enhancements to these natural processes can be implemented throughout the
entire contaminated system (source, plume, and discharge region).  However, the value of
such a spatially encompassing strategy probably is limited because the potential
effectiveness of any enhancement is not uniform, but frequently confined to relatively
small regions.  Selectively applying enhancements to those localized regions where the
greatest impact can be achieved for the lowest cost is most appropriate.



WSRC-TR-2003-00328
February 19, 2004

                                                                                                                                                            

                                                                                                                                                            
47

Figure 5 Lines of inquiry for the principal components of natural attenuation where
enhancements may improve their efficiency.

For example, using engineered or phyto-based approaches in the source region has the
potential to reduce the flow of groundwater or infiltration of recharge water through the
source zone.  These modifications directly impact the contaminant flux or mass loading to a
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plume.  Likewise, in the vicinity of the discharge zone, conditions are favorable for
microbial contaminant degradation and phytoremediation.  Enhancements that improve the
efficiency of these processes can be localized to greater benefit.  In contrast, for the bulk of
the contaminant plume, access is more difficult and costly and the scale of the plume itself
may make application of enhancements less desirable in this region.  Figure 6 is an
illustration of the concept of spatial distribution for implementation of enhancements.

Figure 6 Locations within a watershed most favorable for introducing enhancements
to natural processes.

5.2.1 Microbiology

Biostimulation is a technical approach that utilizes the addition of electron donor or
electron acceptor at a contaminated site to enhance in situ microbial activity.   The
primary goal of biostimulation is to provide reactants that are currently limiting a
targeted in situ microbial activity.  In some cases, biostimulation may be used to alter
fundamental in situ conditions (e.g. pH, redox, sulfate/nitrate removal) to facilitate a
desired remediation strategy.  A prerequisite to the successful use of biostimulation is
the development of a clear technical strategy developed from a scientific
understanding of microbiology, geology, hydrogeology, groundwater chemistry, etc.
Biostimulation is typically utilized at sites which have a latent in situ biopotential that
is currently under-utilized due to limitation of one or more key components.

Biostimulation for chlorinated solvent remediation most commonly utilizes the
addition of electron donors at sites that are carbon-limited.  The addition of
exogenous organic substrate results in stimulation of in situ microbial activities and
enhanced capacity for biodegradation of chlorinated solvents.  In recent years, there
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have been numerous reports that in situ microbial degradation of chlorinated solvents
was successfully stimulated by the addition of a variety of carbon sources.  Typically,
these reported projects have utilized continuous or repeated injection of organic
substrate.  The most widespread active biostimulation successes have used
proprietary reagents such as Hydrogen Release Compound (HRC from Regenesis
Inc), lactate (many practicioners), or sugars/molassas (e.g., ARCADIS and others).
More recently, there has been growing interest in the use of longer-lived materials
such as vegetable oils or extended release HRC for biostimulation.  As discussed
below, this latter group of compounds may be useful to help move toward EPR from
active biostimulation.

A key technical opportunity area for biostimulation is the need for improved,
cost-effective sources of electron donors designed to enable the sustained release of
organic substrates over long timeframes.  This need could be met with improved
slow-dissolution materials designed for strategic placement into a contaminated
system (e.g., bark mulch and peat based treatments).  Alternatively, an opportunity
also exists to engineer passive delivery systems that reliably deliver nutrients over
longer time frames.  In both cases, the benefits of this proposed technology
development is to enable biostimulation to be conducted in a more passive manner
resulting in reduced operating and maintenance costs.   In addition, improved passive
biostimulation will also indirectly benefit bioaugmentation since bioaugmentation
often requires biostimulation to produce and maintain acceptable in situ conditions to
support the augmented microbial processes.

Bioaugmentation is the addition of a prepared culture of microorganisms with desired
degradative properties to a contaminated medium to exploit the degradative qualities
to enhance contaminant biotransformation.  The cultures can be either pure or mixed
microbial strains consisting of exogenous or indigenous microorganisms.  While the
concept of bioaugmentation is not new, the historic aggressive promotion of various
bacterial preparations for the remediation of non-chlorinated hydrocarbons that failed
when applied in the field has hindered the acceptance of bioaugmentation as a viable
technology for in situ applications.  These early attempts proved futile due to a lack of
understanding of the specific requirements of the introduced cultures.  For example,
the competition between the indigenous and introduced microorganisms, limitations
of microbial transport, transport of nutrient additions and electron-donor/acceptor
substrates with the microbial culture, and the effects of the site geochemistry had not
been investigated adequately at test sites.  In addition, the results of some of the initial
bioaugmentation field tests were ambiguous because those tests failed to employ
experimental designs that provided sufficient control to allow a true test of the
technology (e.g., it was difficult to separate the effect of introduced cultures from the
effects of indigenous cultures, added nutrients, and dilution due to groundwater
mixing).
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As the popularity of monitored natural attenuation/bioremediation remedies has
increased in recent years, the incidence of failure of these technologies has also
increased.  In some cases, these technologies have failed due to inadequate site
characterization and/or poor engineering design.  In many other cases, however, these
technologies have failed because the rate of biodegradation achieved by indigenous
microflora is insufficient to meet remediation objectives.  This is fueling the trend
towards the consideration and application of bioaugmentation to improve the rate and
extent of biodegradation processes when the capabilities of the indigenous microbial
population are insufficient.

For site remediation, recent scientific and engineering involvement has led to
advancements in the understanding of the underlying principals of bioaugmentation.
Field applications are now under way with success being achieved.  These successes
are contributing to the advancement of the technology toward reliable and effective
ex situ field applications.  The latest development in the bioaugmentation arena is the
successful demonstration of the technology for in situ treatment of contaminated
groundwater.  Particularly in the case of chlorinated solvents, several rigorous
demonstrations have been completed recently that establish the principal design
parameters for successful implementation of the technology in sand and gravel
aquifers.  Furthermore, a rigorous, longer-term and relatively large-scale
demonstration of bioaugmentation, using the KB-1 culture, has been successfully
demonstrated at the Caldwell Trucking Superfund Site in Northern New Jersey.  This
successful demonstration led to US EPA Region II allowing the initiation of a
Focused Feasibility Study leading to a Record of Decision Amendment for the site.

The success of bioaugmentation has benefited, in part, from an improved
understanding of the key microorganisms that mediate biodegradation reactions (e.g.,
Dehalococcoides ethenogenes in reductive dechlorination of cis- dichloroethene and
vinyl chloride).  For certain bioaugmentation cultures, the development and
application of DNA-fingerprinting techniques now allows practitioners to detect and
monitor augmented cultures in the subsurface with relatively high sensitivity.
Through application of these molecular monitoring techniques, researchers are now
better able to directly measure and distinguish the effect of bioaugmentation from the
background processes.  The recent success of bioaugmentation has also been made
possible by advancements in the understanding of factors affecting transport,
interaction, and survival of exogenous cultures in contaminated ground-water
environments.

5.2.2 Abiotic Processes

The potential for enhancing abiotic degradation of CVOCs is currently unknown.
The most promising approach appears to be a blend of microbiological and biological
processes and is applicable to the anaerobic zone near the region of groundwater
discharge where addition of sulfate (in the form of slowly dissolving gypsum)
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stimulates microbial reduction and generation of H2S.  Reaction between H2S and
dissolved Fe(II) yields FeS, which then can react with and degrade CVOCs.  This is
an active research area with significant promise based on data from past MNA sites.
In addition to abiotic degradation, there are opportunities to better quantify and to
enhance other abiologic reactions (e.g. sorption).

5.2.3 Phytoremediation

The goals associated with enhancing phytoremediation are to 1) increase our
fundamental understanding of the biochemical basis for phytoremediation, 2) explore
strategies where increased transpiration can be used as an improved removal
mechanism for CVOCs (by translocation to the atmosphere and direct metabolism)
and to modify the large-scale hydrology of the system, 3) deploy available plants that
maximize CVOC microbial destruction in the rhizosphere, and 4) enhance
phytoremediation by genetic transformation to produce larger root mass and other
favorable modifications.

To a large extent the utility of phytoremediation as a means of controlling the flux of
contaminants in a dissolved phase plume is dependent on plant root interactions.
Therefore, many enhancements to phytoremediation potential are fundamentally
linked to efforts that improve favorable plant root properties.  For example, plant
roots are associated with the following processes:
• Uptake of water
• Uptake of contaminants
• Exudation of biochemicals (organic acids, etc.)

Processes that increase the surface area of contact of roots with soil and contaminants
are likely to enhance water uptake and a spectrum of associated phytoremediation
processes.  For example, the main pathway for uptake of trichloroethylene (TCE) is
passive via the plant transpiration stream.  Beyond uptake and translocation of
contaminants to the atmosphere, phytodegradation results from direct metabolism of
CVOCs by plants.  Therefore, the greater the rate of contaminant uptake the greater
the amount of degradation that occurs through metabolic pathways.  Another key role
of plant roots may be in modifying the rhizosphere to promote microbial degradation
of the contaminant, primarily through the production and release of organic acids and
water-soluble carbohydrates (rhizodegradation).

There are several approaches that can be employed to increase the root mass and
enhance its impact on phytoremediation.

Fertilization:  Fertilization can be used to promote plant growth of existing species,
improve microbial degradation, and modify soil chemistry (e.g. pH) in favorable
ways.  There are tradeoffs, however, as excessive fertilization can depress phenolic
concentrations (e.g., salicylates) in plant tissues, as most of the organic solutes are
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required for biomass production and a lower proportion of the fixed carbon is
partitioned into secondary carbon (phenolic) metabolism.  However, increased dry
matter production following fertilization increases carbon input from the turnover of
fine roots, which increases carbon availability as well as the potential for increased
organic acid exudation from roots.  Nitrogen (N) fertilization has a profound effect on
increasing the flux in organic acid production, where the organic acids produced in
the tricarboxylic acid cycle (Krebs cycle) are used as carbon skeletons to assimilate
the applied N into amino acids.  Fertilizer application needs to be timed to when it is
most beneficial for plant-microbial interactions.

Selection of alternate species:  Ideal plant species for phytoremediation 1) are
widely adapted and fast-growing perennials (required for long-term phytoremediation
of contaminated sites), 2) allocate a large fraction of assimilated carbon to root
production and maintenance (required to occupy and affect large soil volumes), 3)
produce and exude high concentrations of organic acids and water-soluble
carbohydrates that can sustain the plant-microbe interactions, and 4) continue to
function (as described in items 1-3) even under stresses, such as drought.  A wide
range of plant species has demonstrated varying degrees of phytoremediation
capability, either directly on TCE or indirectly via stimulating rhizosphere
interactions (Anderson et al. 1995).

Members of the genus Populus, in general, are fast-growing, woody perennials
ideally suited for phytoremediation.  Most taxa within the genus are cross-fertile, thus
allowing numerous, broadly adapted hybrids to be created (Stettler et al. 1980,
Dickmann and Stuart 1983).  Hybrids currently exist that are tolerant of drought, high
salt concentrations in soils, or periodic flooding (Tuskan 1998).  A further advantage
of Populus is that once selected, individual hybrids can be easily cloned, permitting a
superior genotype to be propagated and utilized across a large number of sites.
Furthermore, US DOE is sponsoring a large research effort that will elucidate the
genome of Populus within the next year.  This milestone will open new opportunities
for selecting clones and generating transgenics that express key genes that will
enhance phytoremediation capabilities.

Structural root systems of many poplar hybrids occupy and affect a large volume of
soil, penetrating to depths of 6 to 12 feet depending upon the soil texture and depth to
water table.  Fine root turnover occurs at a rate of  ~0.5 dry tons per acre per year
(Dickmann et al. 1996).  Fine root turnover is important because it ultimately
increases soil carbon content (Hansen 1993) and may alter soil pH, both of which are
factors in sustaining soil microbial populations.

Genetic transformations:  Genetic transformation offers the potential to improve a
plant’s ability to detoxify, sequester or isolate contaminants by modifying plant
morphology or physiology.  Increased root mass in genetically transformed plants
enhances the production (quantity and quality) of secondary carbon metabolites and
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microbial activity in the rhizosphere, thus increasing the capacity of vegetation to
translocate TCE and other VOCs from soils to aboveground plant components.

Genes responsible for detoxification of several organic contaminants have been
identified. Phytoremediation using genetically-transformed plant materials currently
includes the breakdown of trichloroethylene and other chlorinated halogens via
naphthalene degradation (NAL) genes.  Profound increases (640x) in the metabolism
of TCE have been accomplished by the introduction of a gene with the enzyme
oxidizing TCE, ethylene dibromide, carbon tetrachloride, chloroform and vinyl
chloride (Doty et al. 2000).  Other enzyme systems that result in TCE degradation can
be identified in effective organisms, with the genes then similarly transferred into
poplar clones to further enhance TCE degradation capability.

There is an issue related to the potential for unforeseen environmental consequences
when the use of transgenic plants in the field is considered.  These concerns have
been addressed by the Animal and Plant Health Inspection Service (APHIS) of the
U.S. Department of Agriculture.  In general, if a field trial with transgenic plants is
contemplated, notification must be submitted to APHIS for review and approval.  If
the duration of the trial does not extend to the point of flowering of the plant, then
approval usually is granted.  For longer field trials or commercial-scale releases,
APHIS maintains a rigorous permitting process that must be completed before the
transgenic plants can be released.

Some of the direct benefits of increasing root mass and root processes include:

Improvement of plant-rhizosphere interactions:  Plants can be used as sources of
soil carbon to enhance plant-rhizosphere interactions.  For example, structural root
systems of many poplar hybrids occupy and affect a large volume of soil, penetrating
to depths of 6 to 12 feet depending upon the soil texture and depth to water table.
Fine root turnover occurs at a rate of  ~0.5 dry tons per acre per year, an important
consideration because it ultimately increases soil carbon content and may alter soil
pH, both of which are factors in sustaining soil microbial populations.

There is a need to better understand what rhizosphere mechanisms allow plants and
microbes to effectively process contaminants in soils.  Carbon inputs to soils improve
the environment for degradation of TCE by bacteria.  The carbon input occurs both
from the microbial-driven breakdown of plant tissues (decay of abscised roots and
leaves), and from the direct exudation of organic solutes from living tissues.  There is
a need to determine the constitution of organic solutes in fine roots that are likely to
be important in phytoremediation.  Specifically, tricarboxylic organic acids, phenolic
acids and water-soluble carbohydrates can support soil microbes.

Populus species and hybrid clones display great variability in the organic acids
produced from root exudates.  Examples include citric acid, malic acid, oxalic acid,



WSRC-TR-2003-00328
February 19, 2004

                                                                                                                                                            

                                                                                                                                                            
54

salicylic acid, and their higher-order phenolic glucosides that are complexed with
caffeic acid and benzoic acid (populin, tremuloiden, tremulacin, salireposide,
salidroside, etc.) (Tschaplinski and Tuskan 1994, Tschaplinski and Blake 1994,
Tschaplinski and Blake 1989a,b).  The function of hybrid poplar in phytoremediation
has been largely attributed to the production of these organic acids and phenolics
released as root exudates when roots are exposed to contaminated environments, but
details of which clones and which specific compounds are most stimulatory of plant-
microbial interactions that foster TCE breakdown are not well known.  Prudent clone
selection can be used to maximize production of those organic acids, water-soluble
carbohydrates and phenolic compounds that will enhance microbe availability and
TCE metabolism.

Transpiration as a hydrologic control mechanism:  Another potential benefit of
large root mass and high transpiration rates is the ability of trees to alter water
infiltration fluxes and to manipulate the shape of the water table that can result in
changes in the location and geometry of contaminant plumes.  Consumption of 30-54
inches of water per acre per year by some hybrid poplars may be sufficient to have a
significant effect on subsurface soil moisture and to modify groundwater flow and
contaminant migration in predictable ways.

One approach is to use plants to control the flux of infiltrating recharge through the
vadose zone.  This has been suggested as a method for reducing the dissolution rate
and associated flux of contaminants from a CVOC source in the unsaturated zone.  A
second approach is to use the high transpiration rates of trees such as poplars to
modify the shape of the water table.  It may be feasible to use this strategy to create
hydrologic barriers to influence contaminant migration pathways in desirable ways.
For example, it may be possible to use this strategy to reduce the zone of discharge to
surface streams or wetlands and to optimize placement of other treatment and
monitoring facilities.

5.2.4 Active Processes at System Interfaces – Potential Role in MNA/EPR

Figure 7 is a simplified diagram of a generic site where a source of chlorinated
solvents in the vadose zone migrates downward to the groundwater.  The vadose zone
(“I”) and the other major zones along the plume trajectory are designated sequentially
using roman numerals.  Once in the groundwater (“II”), the plume moves along a
curvilinear path, controlled by the large scale sources and sinks of subsurface water
and the geological structure toward the downgradient wetlands (“III”) and stream
(“IV”).  If the natural attenuation capacity in zones I through III does not match or
exceed the contaminant loading from the source, the plume will crop out into the
wetland and/or stream system.  The location of the source, the relative thickness and
geometry of the various zones, and specific geologic features control the specific
location and the nature of the transition from the subsurface into the surface water
system (hyporheic, riparian or fluvial).  Several versions of this simple paradigm in
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which the nature of the source and setting are varied have been examined in
developing and prioritizing critical science associated with natural attenuation – all of
the versions, however are represented in a general sense by the generic diagram
below.

Figure 7 Simplified schematic diagram of the major zones potentially traversed by a
chlorinated solvent plume.  I = vadose zone, II = groundwater, III =

“wetland”, IV = stream.

The landscape model described above lends itself to a qualitative examination of
processes and identification of relevant scientific literature.  In particular, there has
been substantial interest in the relatively active processes occurring at the interfaces
of the major compartments: the vadose zone groundwater interface (I-II) and the
groundwater surface water interface (II – III/IV).  Of these, the groundwater to
surface water zone appears to be the most promising for study of natural attenuation
and remediation.  This promise results from the high biomass associated with active
biological processes that often occur in wetlands and groundwater discharge zones
and from the rapid shifts in geochemical conditions.  This is generically represented
in Figure 7 using a graph of landscape-level geochemical gradients across the system.
The conditions at system interfaces in many systems may be conducive to
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degradation processes and the degradation in the vicinity of the interface may
dominate the natural attenuation capacity in the entire system.  Study of interfaces is
particularly useful for examining the relative importance of landscape-level processes
and the hydrologic processes that deliver contaminants to the interface.  For example,
an upland source located closer to the wetland interface would arrive on a flowline
that is higher in the aquifer than the one depicted and would encounter the
groundwater wetland interface earlier and would interact with the system differently.
What are the implications of such questions of simple plume structure and geometry?
Similarly, Figure 7 suggests sustainable enhancement possibilities for implementing
EPR.  If the wetland system (III) shows the presence of active degradation processes
but the capacity is insufficient for the loading, then the system could be enhanced by
physically expanding the wetland to the left and/or by increasing attenuation capacity
through a shift in biomass or community structure.

In this line of inquiry, studies of processes at these large scale interfaces were
examined.  Several specific scientific papers were summarized on topics ranging from
phyto-uptake and transpiration of contaminants to the geochemical gradients in
typical systems.  Importantly, key findings from past national reviews of processes
that occur in interfacial zones were cited and presented (see, US EPA 2000 and
Sophocleous 2002).

Several opportunities were identified as possible technical targets to support the US
DOE MNA/EPR development and acceleration effort:

Expand Groundwater Surface Water Interface for sites where associated attenuation
capacity is present but needs to be increased to match loading
Create New Interfaces within the landscape for increasing overall attenuation capacity
(e.g., sustainable permeable reactive barriers (PRBs), implementing a sustainable
aerobic fringe to stabilize plume)
Exploit the Vadose-Groundwater Zone Interface by employing a long lived light non-
aqueous phase liquid (LNAPL) to intercept and destroy contaminants as they exit the
vadose zone
Exploit Volatilization from Surface Water -- for plumes that discharge by accounting
for and maximizing water to air transfer (role of volatilization/photodegradation,
definition of plume stability, allowable loading, and overall system boundaries)

5.2.5 Summary for Large Scale Hydraulic Modifications

Most of the concepts for EPR rely on adding reactants, organisms or infrastructure to
a system to increase the attenuation capacity of the system so that it is sustainable and
exceeds the contaminant loading.  Alternative concepts based on large-scale
hydrologic modification include: 1) reducing the contaminant loading so that the
natural attenuation capacity of the site is sufficient, and/or 2) to reduce the entry of
competing electron acceptors into the contaminated area to reduce competition for
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existing electron donors.   There are a variety of different approaches that are possible
to achieve this goal.  Most of these approaches rely on reconfiguring the site to
permanently modify the large-scale water balance.  Because “loading” is the product
of concentration and flow, this term can be directly modified by altering and reducing
the flow of water.  Further, setting up permanent, sustainable, and easily documented
changes in large-scale hydrology is relatively straightforward.  Flow controls will be
in place as long as the hydraulic controls are in place.

Hydraulic controls attempt to prevent contaminated water from reaching certain
regions of the aquifer or to prevent clean water (or water containing competing
electron acceptors) from contacting contaminated zones.  Hydraulic controls alone are
often not considered in evaluating options because they do not destroy or immobilize
contaminants.  When considered in the context of MNA and EPR where the goal is to
maximize capacity and minimize loading, this concept appears promising.
Implementation can take many forms including the traditional variants (Rumer and
Mitchel, 1995): “capping near the source”, “cutoff walls”, and “building a dam.”
There are other viable concepts that may perform as well as these highly engineered
systems at a lower cost.  Alternative concepts to dams, walls and caps include:
“passive collection and bypass of clean upgradient water using a siphon or drain”, and
“increased runoff and evapotranspiration throughout the plume area”.  While not yet
widely implemented, these approaches are receiving increasing attention as US DOE
is developing strategies for sites that are contaminated with chlorinated and
radioactive contaminants. Recent examples include technical recommendations for
plumes at the US DOE Kansas City Plant and the Ashtabula Closure Project.

At some sites, a second benefit can be realized by one form of large-scale hydrologic
modification.  This second benefit, electron acceptor diversion, may be at least as
important as the reduced loading effect at some chlorinated solvent sites.  To
accelerate the natural dechlorination process for the purpose of bioremediation,
numerous research groups have focused on methods to increase the supply of electron
donors to dechlorinating bacteria.  Most researchers and technology developers add
electron donors (such as lactate, molasses, mulch, etc.) that ferment in-situ to release
hydrogen.  An evaluation of the electron donor mass balance at sites where reductive
dechlorination occurs suggests another approach for increasing the net electron donor
supply to the dechlorinators.  By employing a large-scale hydrologic barrier, it is
possible to permanently divert the transport of competing electron acceptors (oxygen,
nitrate, and sulfate) away from chlorinated solvent plumes.  This allows more electron
donor (i.e., organic substrates and/or dissolved hydrogen) to be preserved for
beneficial reductive dechlorination reactions (Newell et. al, 2001a, 2001b; Newell,
Aziz, and Cox, 2003).

In summary, modification of hydrology may provide significant benefits and may be
straightforward to implement and monitor.  The two benefits investigated in this line
of inquiry were: 1) the loading to the plume will be reduced; and 2), competing
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electron acceptors will be diverted away from the source zone, thereby increasing the
rate of naturally-occurring bioremediation and increasing mass destruction of
chlorinated solvents.   Such a hydrologic diversion system would be relatively
inexpensive, reliable, and have the potential to significantly enhance natural
attenuation processes in a passive manner.  Construction of a system might result in
the collapse of the dissolved plume downgradient of a source zone, even if the plume
were expanding prior to construction.

5.2.6 Scenario Tools for Evaluating MNA

There are a number of strategies available to simplify the implementation of
MNA/EPR.  One promising research area is the classification of chlorinated solvent
sites into different scenarios based on factors such as parent compound, plume
stability, presence of biotic reactions, presence of abiotic reactions, hydrogeologic
settings, source type, and other factors.  This approach is similar to a taxonomic key
approach in biology, where classification based on a handful of key variables
provides a powerful framework for understanding key concepts.  MNA/EPR
scenarios would help the user understand how the site works and what needs to be
done to evaluate MNA/EPR.

The application of scenarios to MNA/EPR for chlorinated solvents is somewhat
challenging.  The primary reasons for this is the explicit recognition that each site will
be unique, that MNA/EPR might be appropriate and applicable under a wide range of
scenarios, and that MNA/EPR is unlikely to always be applicable under any one
scenario.  Nonetheless, when viewed in terms of a taxonomic key leading to a
portfolio of twenty or so scenarios, the process appears tractable and useful.  Such a
key would help guide what to measure and where to measure for a particular and
relatively narrow class of sites.  Early use in a characterization and monitoring
process appears particularly useful to help efficiently focus resources.  It is both
important and valuable to add such structure to the multiple lines of evidence
approach.  As a result, some form of scenario concept should be encouraged.

For MNA/EPR, a scenario-based approach could be based on detailed descriptions of
10-30 generic types of chlorinated solvent sites (“scenarios”).  Users would navigate
through simple flowcharts of key distinguishing factors, and then select the scenario
from the portfolio that best matches their own site.  The flowcharts would serve as the
taxonomic key to help simply identify the appropriate scenario – much in the same
fashion as a field guide to identify plants or animals. Using a 2-4 page fact-sheet
format, the selected scenario would then provide the user with the following
information:

• Conceptual model graphics of chlorinated solvent plumes;
• Key MNA/EPR processes that are likely active at the site;
• Degradation pathway diagrams;
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• Observed range of degradation rate constants;
• Recommended approach to show key geochemical footprints;
• Lines of evidence that should be employed;
• Key monitoring parameters for MNA/EPR Process Monitoring;
• Key monitoring parameters for MNA/EPR System Performance Monitoring;
• Recommendations for configuration of the monitoring system;
• List of key figures and graphs needed to demonstrate MNA/EPR;
• Appropriate computer models for this type of site;
• Applicability of emerging monitoring techniques;
• Applicability of various enhancements.
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6.0 Documenting and Monitoring MNA and EPR

6.1 Overall Characterization and Monitoring Strategy for MNA and EPR

Remediation alternatives that rely on natural mechanisms ultimately depend on the
attenuation capacity of the system – the sum of the various mechanisms must be sufficient
to attenuate the contaminants and protect potential receptors.  The goal of characterization
is to provide evidence that the attenuation capacity in the system is sufficient to off-set or
balance the contaminant loading on the system in a reasonable period of time, Figure 8.
The goal of monitoring then is to verify that the attenuation capacity is maintained over
time and that if conditions vary the attenuation capacity will be maintained until
remediation objectives are met.

The strategy for MNA characterization should be based on cost-effectively
determining the contaminant loading of the system by quantifying and tracking
the contaminants and balancing this against the attenuation capacity of the system
determined by estimating the contribution of each attenuating mechanism in
reducing the contaminant concentrations.  Monitoring verifies that the attenuation
capacity is maintained over time.

Importantly, faithful adherence to this concept may encourage innovative monitoring
techniques and configurations to reduce costs while maintaining or improving performance
and protection.  Baseline approaches, along with a variety of alternative techniques and
configurations, will be examined in the characterization and monitoring Lines of Inquiry.
The potential value of the various concepts will be critically explored.

6.1.1 Background

Every natural system has some capacity to attenuate environmental contaminants through a
variety of physical, chemical and biological processes.  Characterization should be
designed to identify and estimate the contribution of each “significant” attenuating
mechanism, thus providing the basis for determining if monitored natural attenuation or
enhanced passive remediation is appropriate for a site.  If natural attenuation mechanisms
are shown to be acting at a rate sufficient to meet regulatory targets, monitoring is needed
to verify and validate that the identified natural attenuation mechanisms are proceeding as
predicted.  If natural attenuating mechanisms are not sufficient, an assessment of the
system should be made to determine if the natural mechanisms may be enhanced to provide
sufficient capacity in the system.
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Figure 8 Mass balance between contaminant loading and system capacity

The first formal recognition of the natural attenuation of chlorinated solvents can be
traced to the “Natural Attenuation of Chlorinated Solvents” course in Austin, TX,
September, 1997.  The Industrial Members of the Remediation Technologies
Development Forum (RTDF) Bioremediation Consortium developed the curriculum
and prepared this training course and associated workbook in cooperation with the
Inter-State Technology Regulatory Council (ITRC).  Following these training
courses, the US EPA protocol (1998) and subsequent guidance (US EPA, 1999)
acknowledge, in general, the level of site characterization and monitoring necessary
to support a comprehensive evaluation and application of MNA requires a higher
level of detail and effort than is generally required for engineered remediation
options.  For characterization there is a significant burden of proof because many of
the natural attenuation processes such as biological activity and flux can not be
measured directly, but only inferred from other parameters.  As a result, the concept
of multiple lines of evidence was developed to validate the use of MNA. The ability
to directly measure these parameters could be a significant advancement for MNA.
The US EPA directive (US EPA, 1999) also acknowledged that although performance
monitoring is a critical element of all response actions, performance monitoring is of
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even greater importance for monitored natural attenuation. This is due to the
potentially longer remediation timeframes, potential for ongoing contaminant
migration, and other uncertainties associated with using monitored natural attenuation
(US EPA, 1999).  If traditional monitoring techniques are used for the duration of the
remedy, the costs can potentially “price” natural attenuation out of contention with
other remediation options. Paradoxically, monitored natural attenuation is often
considered to represent a cost-savings over more active treatment techniques. The
inability to implement effective, but reasonably priced characterization and
monitoring is one of the biggest barriers to the implementation of monitored natural
attenuation.

Subsequent to the development of the US EPA protocols (US EPA, 1998), relevant
scientific and technical advances have been made on diverse topics ranging from
geochemical conditions as they relate to attenuation potential, to bioassessment tools.
These various developments along with recent innovations in characterization and
monitoring will be critically evaluated for incorporation within the characterization
and monitoring lines of inquiry.

6.1.2 Approach

The approach to characterization and monitoring of MNA/EPR is predicated first on
the remediation goals for the site, and secondly on the system’s mass balance or the
system’s ability to attenuate the contaminant. The remediation goals are critical to
define up front and will be used to define the boundaries of the system.  For example,
if the goal is for contaminant concentrations to be lower than a maximum
concentration at a compliance point downgradient, the system will be defined and
bounded between the contaminant source and the compliance point.  Once the system
has been defined, the attenuating mechanisms operating within those boundaries can
then be determined and an estimate of the total capacity, rate and sustainability of
those processes can then be estimated.

Ideally, in characterization, the attenuating mechanisms should be directly
determined, but currently, in most cases this is technically infeasible. Only indicators
of the actual processes can be measured and the attenuating process inferred.  This
complicates the process in two ways.  First, the case for natural attenuation must be
built on multiple lines of evidence to build a compelling argument that the attenuating
mechanisms are operating. Second, determining what parameters are needed and how
they will be used complicates the characterization process.  For example, in order to
assess the anaerobic degradation of chlorinated solvents it would be ideal to directly
measure the metabolic rate of the microbes degrading the contaminant, however,
currently this is not technically feasible.  Only indicators of this process may be
measured; e.g. dissolved oxygen concentrations, byproducts of the metabolic process
such as carbon dioxide and the presence of a food source in carbon, etc.  If enough of
these parameters are favorable, then the attenuating mechanism can be validated.
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The structure and concept for the scientific and technical efforts to advance
characterization and monitoring will be organized into four transitional phases:
screening characterization, decision characterization, process monitoring and
system verification.  We believe these four phases will be applicable regardless of the
regulatory process, US EPA or state, under which the site is being cleaned up.  In the
paragraph below we discuss the four phases as they would apply to the CERCLA
process.  These four phases are presented in Figure 9 with descriptions of key
components of each phase.  The lines of inquiry will be developed under each phase
based on 1) review of the state of practice and the state of science, and 2) critical
evaluation of the potential benefits of different types of activity.

These four transitonal phases overlay the CERCLA process with the intent to expand
the description of characterizations and monitoring and not to replace nor increase the
requirements of the Remediation Investigation/Feasibility Study (RI/FS).  In
particular, the first two phases, screening characterization and decision
characterization are part of the CERCLA RI/FS.  The initial assessment of MNA, the

Figure 9 Characterization/Monitoring Transition

screening phase, begins during the later stages of the RI and continues through the
development and screening of all technologies identified in the FS.  The decision
characterization coincides with “treatability investigations” under the CERCLA
process.  These investigations are undertaken when additional data is needed to
evaluate technology performance for the Feasibility Study.

The process monitoring and system verification phases are designed to carry MNA
through to the final disposition of the site, and begin once the Record of Decision
(ROD) has been signed.  Under the CERCLA process, implementation of the
remedial action and any monitoring associated with that are identified in the ROD.
Changes to the ROD can be incorporated during a standard 5-year review cycle.  For
MNA, perhaps more than for engineered solutions, verification that the attenuation
capacity is maintained over time and as conditions vary until remediation objectives
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are met is a critical aspect to implementation.  The process monitoring and system
verification phases provide the framework from which the remedy may be applied
through the CERCLA process.

6.1.3 Lines of Inquiry

The lines of inquiry were determined by the Technical Working Group and are
aligned under each of the major characterization and monitoring phases with the core
values embodied in the following list:

• Document performance using the mass balance of system capacity and
contaminant loading concept

• Refine and streamline characterization and monitoring

The overarching goal of the characterization and monitoring developments
will be to facilitate MNA/EPR by reducing costs while maintaining or
enhancing the information available to document that the system is protecting
the public and the environment.

The following is an outline of the lines of inquiry and specific examples of
science and technology to be evaluated.  Importantly, the list includes a
relatively comprehensive list of ideas that are being examined in current
research programs, but all of these were not determined to be promising or
appropriate to incorporate into the “next generation” protocol.  Determination
of potential value of any concept was a primary function of the critical
examination by the Technical Working Group and was the basis for the
prioritization of the relative value of the various concepts to facilitating safe
and appropriate use of MNA/EPR.

Multiple Lines of Evidence:  Incorporate latest research and scientific logic
to enhance the existing multiple lines of evidence concept.  Currently, direct
measurement of attenuating processes is technically challenging which
necessitates that a preponderance, or “quorum,” of evidence be collected to
support the use of MNA.  The people that review and approve MNA must
establish the definition of an acceptable quorum.  Develop a paradigm that
includes some of the spatial process mapping and other items highlighted in
the NAS review of the previous protocol. Included also, is the concept of a
responsive characterization process based on conditional rules (i.e., no need to
measure reduced gases at sites with measurable dissolved oxygen).

Bioassessment tools:  In an effort to directly measure some of the more
important attenuating mechanisms for chlorinated solvents (e.g.
microbiological degradation), a line of inquiry into bioassessment tools  was
developed. These include nucleic acid probes, fatty acid profiles, taxonomy,
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structure and function screening profile systems, fluorescence methods, and
other tools.  Other bioassessment tools include hyperaccumulators (possibly
coupled with remote sensing) and macrobioaccumulators (clams, etc.), and
biomarkers (ecosystem structure and species composition).  These latter tools
integrate exposure and may provide a more realistic measure of impact.

Sensors:  Determine the value of sensors in characterization and in
monitoring MNA/EPR systems.  Examine the need for sensors that provide
high frequency data.  Examine alternative configurations that use on-off
sensor signals rather than concentration signals as a way to reduce costs.
Evaluate passive and cumulative sensors that would act similarly to
bioconcentration. Emphasize “system” monitoring and large-scale design and
monitoring concepts particularly in the later “long-term” system performance
monitoring phase. Examine integrating measures, such as contaminant flux,
geochemical footprints (NRC, 2001), and other averaging and volumetric
methods in monitoring.  Incorporate latest research on remote sensing,
geophysics, and flux monitoring.  This includes both instrumentation and
interpretation and deployment options (horizontal wells, lidar, remote sensing,
and others).  Examine lessons from agriculture and soil science (“smart
farming”) and potential for cross over applicability. Incorporate the latest
research on state-of-the-art sensors.

Non-traditional Monitoring Systems:  Incorporate the latest research on
surrogate measures to reduce costs.  These include bulk and master variable
properties such as redox potential, as well as indicator species (e.g., Cl-) and
specialized tools such as total halocarbons, degree of chlorination sensors, etc.
Incorporate the latest research on monitoring system configuration.  This
includes focusing monitoring on designed or identified monitoring points
(e.g., weak points that would serve as indicators of performance throughout
the system) and focusing monitoring at interfaces.

Modeling:  Incorporate latest research on bioinformatics and modeling.  This
includes data mining, neural networks, incorporating new types of data,
integrating diverse types of data, working at sites with large amounts of data
and determining the value of data to justify reducing the number and
frequency of analyses.  Consider the latest progress in both forward and
inverse predictive modeling and the potential value of large-scale mass
balance models (i.e. simple balancing delivery and treatment capacity) as an
alternative that might be used at many sites.

Figure 10 shows the relative importance of each line of inquiry to the characterization
and monitoring phases.   Underlying all of these phases is the conceptual model that
will be continually refined and updated as new data come available throughout each
of these phases.
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Figure 10 Relative importance of each Line of Inquiry at each phase of the
characterization and monitoring process.

At the outset of assessing the use of MNA/EPR, as with all remediation assessments,
a set of remediation goals should be developed.  These goals will be used to define
the “system” in order to provide the parameters for determining the system’s capacity
as well as provide milestones or decision points to manage the characterization and
monitoring process.

6.1.4 Characterization

The approach for the characterization and monitoring of a site for MNA/EPR first
requires definition of goals and then requires a preliminary estimate of the natural
attenuation capacity.  In this screening characterization phase a preliminary
understanding of the primary attenuating mechanisms and where in the system these
processes are active will be developed. It will also be important in this initial phase to
use the data to develop a site conceptual model taking into account both spatial and
temporal variations.  This conceptual model will guide future characterization and
monitoring efforts and should be continuously updated and refined throughout the
characterization and monitoring process as additional data becomes available.  At
some sites this screening characterization phase may be straight forward, particularly
where one or two primary attenuating mechanisms provide sufficient system capacity
to degrade contaminants.  Other sites may be more complicated or it could be
determined that MNA is not technically feasible. The goal of this phase is to
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determine if MNA is potentially viable at the site and warrants more detailed
characterization to make the final decision.  This is in line with the US EPA protocol
(US EPA, 1998).

The screening phase, is followed by the decision characterization phase in which the
capacity and loading or mass balance of the system is determined by identifying what
mechanisms are active, their rates, and an estimate of the sustainability of the
processes involved.  This more detailed characterization is addressed in the Lines of
Evidence section below where a sufficient case must be built to support MNA.
Recent advances in the scientific basis of the various attenuating mechanisms has
been captured in this section to include some of the abiotic degradation processes
which at some sites may be an important attenuating mechanism.   The decision
characterization phase leads to a decision point related to whether natural attenuation
is a viable remedy for the site.  The decision could be to go forward with MNA, or
that the attenuating mechanisms need augmentation to increase the capacity and reach
a mass balance.  Depending on the data, additional characterization needs might be
defined, or it may be determined that MNA is not viable and enhancements are not
possible – in this case an active remediation technique will likely be needed to meet
the remediation goals.

6.1.5 Monitoring

If monitored natural attenuation is selected as a remedy, the characterization phase
transitions into a verification and validation phase referred to as “process
monitoring”.  In this phase attenuation capacities and rates are confirmed, data are
collected to establish a data set that verifies the process is continuing and indicator
parameters are identified to streamline data collection in the long-term.  The final
stage of monitoring, the “system verification” phase will in many applications be the
longest in duration.  It will therefore be important to make the monitoring process as
efficient as possible while still confirming baseline mechanisms and rates, and
documenting responses to changes in the system.  To accomplish this, the focus of
this phase should be on the system as a whole.  For example measuring flux rates or
documenting stresses to the ecological system as opposed to point measurements in
wells.  Indicator parameters identified in the process monitoring stage may also prove
useful.  This phase of monitoring necessitates the development of alternative
monitoring techniques and configurations to cost-effectively meet the objectives.

6.2 Multiple Lines of Evidence

The purpose of this line of inquiry was to explore possible enhancements and
improvements to the existing guidance for collecting multiple lines of evidence to
support decision-making for MNA as a remedial option.  Using the concept of natural
attenuation capacity with its multiple processes, one must be able to evaluate which
of these processes are occurring and to what extent.  Because there are multiple
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processes of natural attenuation, it is important to identify the predominant processes
occurring within the system.  Then a “quorum of evidence” is assembled to
understand the extent and rate at which these processes are occurring and if they are
sustainable to handle the loading of contaminants into a given treatment “zone”.  If
the processes are not sufficient or sustainable, then data needs to be collected to
evaluate if there are ways to manipulate the system to make them sustainable.  The
difficulty lies in the ability to measure these processes.  To measure these processes,
indirect methods are typically employed.  An analogy used in the Natural Processes
section of this document describes measuring the processes as painting a picture of a
person using the shadow as the model.  Thus, to accurately paint the person or define
the process, data must be collected from different “angles.”  The data collected
through the multiple lines of evidence approach allows the technical person to
evaluate the attenuation processes occurring and identify the predominant ones, if
necessary.  The concept of multiple lines of evidence compliments the process of
determining sustainability of MNA followed up by identification of EPR techniques
when the system is not self-sustaining.

The use of multiple lines of evidence has been documented by US EPA in both
OSWER Directive 9200.4-17 (1999) and US EPA Technical Protocol for Evaluating
Natural Attenuation of Chlorinated Solvents in Groundwater (1998).  Multiple
distinct but converging lines of evidence, in various forms have been used in recent
years to evaluate natural attenuation (National Research Council, 1993; Wiedemeier
et al. 1995, 1996a, and 1999, US EPA, 1998 and 1999b, and ASTM, 1998).  US EPA
identified three lines of evidence to estimate natural attenuation.  These are: 1)
historical groundwater/soil chemistry data to evaluate contaminant mass loss over
time (flux), 2) hydrogeologic and geochemical data to evaluate the type and rate of
biological processes occurring at the site that may reduce the contaminant
concentrations, and 3) field or microcosm studies which directly demonstrate the
occurrence of a specific natural attenuation process.   The guidance in OSWER
Directive is to build a case of evidence starting with the first line of evidence and
progressing through the third line as needed to provide adequate and conclusive
evidence that natural attenuation mechanisms are occurring.  The guidance in the US
EPA technical protocol provides detailed guidance for implementing the OSWER
Directive, specifically for evaluation of biological degradation of chlorinated
solvents, including a comprehensive list of analytes for analysis.

The most promising enhancements to the current lines of evidence concepts as
identified by US EPA are inclusion of analyses to indicate abiotic degradation as a
degradation process associated with natural attenuation, inclusion of the molecular
tools for bioassessment into the degradation processes analyses, and inclusion of
additional logic to help organize and select among the analyses identified by US EPA
in the Technical Protocol document (1998).
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Recent advances in the understanding of chlorinated solvents shows that abiotic
reactions can be important in some systems.  Thus, inclusion of the analyses that lead
to a determination of whether abiotic processes have a prominent role in natural
attenuation is warranted.  New molecular tools, as discussed in the molecular tool
section of this document, have added greater capabilities for the analyses of microbes
associated with natural attenuation degrading processes.  These are discussed and
included as tools for use in developing the lines of evidence.

The third enhancement of adding logic to analyses for determining degradation
processes associated with natural attenuation will help the technical person proceed
with the characterization of natural attenuation processes in a systematic manner.
Because direct measurements are often not available to define the operative
attenuation processes, it is not intuitive how the long list of analyses identified in
available protocols is to be used and interpreted.  “Why are the data being collected?”
“How should the data be interpreted?”  “What of the optional parameters should be
collected?”  The purpose of creating the logic is to help the technical person to
evaluate the data that is collected and determine how to proceed.

6.3 Characterization and Monitoring Opportunities

6.3.1 Advanced Bioassessment Tools

Current MNA practices have relegated traditional microbiology approaches (e.g.
classical direct detection of specific microorganisms, characterization of microbial
communities, and processes and rates via microcosm studies) to the optional or “third
line of evidence”, a supporting role and used only if absolutely required to confirm
processes derived from geochemical footprints.  This supporting role is due to general
assumptions that chlorinated solvents will degrade if the right environmental
conditions exist, and that microbial identification and quantification is an expensive
and time-consuming activity.   Furthermore, there is concern on the validity of
extrapolating laboratory degradation rates to the field.

Advances in technology and scientific knowledge over the last five years have
produced a new set of bioassessment tools that now can provide a direct line of
evidence for MNA.  These advances include: increased understanding of various
degradation processes and their contribution to overall attenuation capacity; isolation
of key microorganisms and recognition that they are not ubiquitous in the
environment; and advances in molecular (genetic) technologies that allow rapid and
direct measurement of specific microorganisms, the structure of microbial
communities, and metabolic functions in soil and groundwater samples.

Direct measurement of microbial species, communities and their metabolic functions
is now possible and has several distinct advantages over indirect measures of
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microbial activity (i.e., production/disappearance of various electron donors and
acceptors, or bioindicator parameters).  Advantages include:
• Assessment of current and future potential to degrade chlorinated solvents:

Bioindicator parameters infer the type of environment in which degradation
processes may occur, but directly indicates if the requisite microorganisms for
chlorinated solvent biodegradation are present and active (e.g., strains of
Dehalococcoides that are required to convert cDCE past VC to ethene, known
aerobic cDCE degrading bacteria). Documenting the distribution of key
microorganisms downgradient of an expanding plume can be used to show
“future potential or capacity” of a system.

• Spatial distribution of capacity or potential:  Bioindicator parameters are
transportable (e.g., migration of methane, ethene, degradation products, or
“shadows” of compounds depleted with the plume), and therefore, limited in
assessing the spatial distribution of various degradation activities. Assessing the
capacity of a “MNA block” requires knowing its true spatial dimension, which
can only be ascertained confidently by knowing the distribution of key
microorganisms.

• Direct measurement of degradation rates:  There are two molecular methods that
can be employed; detection and quantification of specific microorganisms (using
PCR), or detection and quantification of functional genes using DNA microarrays.
The approach of detecting and quantifying specific or groups of microorganisms
relies on the general correlation between the amount of microbial biomass and the
total degradation rate of a compound (e.g., µmoles/g cell protein/day).  As the
total biomass is also a function of available nutrients, measuring biomass also
reveals the flux of rate limiting acceptors and donors to the microorganisms,
thereby reducing the need to collect this type of data or improve the interpretation
of it.  A current limitation of PCR-based approaches is that not all species have
been identified that are responsible for various degradation processes for
chlorinated solvents (e.g., anaerobic oxidizing bacteria).  This limitation can be
overcome by the use of DNA microarrays that can be used to identify specific
functional genes that are invoked when the chlorinated solvents are being
degraded. These microarrays can hold thousands of genes and can be used to
assess which degradative genes have been expressed, and the amount of
expression (related to the level of activity or degradation rates).  Each of these
methods would allow mapping the spatial distribution and evaluation of temporal
changes of field degradation rates better than bioindicator parameters. This is
simply because the measurements are relatively independent of transport
processes; bioindicator parameters require assumptions or measurement of
dispersion/dilution processes to derive degradation rates.

• Improved performance monitoring: Any spatial or temporal changes in biomass of
key microorganisms or changes in functional gene expression can be used to
monitor MNA performance (i.e., change in capacity), or as indicator flags.
Furthermore, the samples can be archived indefinitely, and therefore can be
reanalyzed at any time in the future and compared to current conditions.  In some
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cases, bioassessment tools can be used to monitor the disposition and function of
microbial activities resulting from biostimulation and/or bioaugmentation.

Molecular detection technologies now provide us with cost-effective tools to
directly detect, assess, and monitor biological processes with greater confidence
and less uncertainty than current indirect measurements. These tools also have the
potential to reduce the number of parameters required for MNA evaluations, and
can be easily integrated into MNA evaluations as presented in Figure 11.
Furthermore, we will continue to derive benefit from the continued rapid
advancement of these technologies in the medical and research fields that is
further driving down unit costs, improving sample throughput, and increasing
automation.

Figure 11 Application of Biomolecular Tools for MNA

As with the techniques and analyses that provide indirect measures microbial activity,
guidance must be provided for these new technologies that provide direct measures of
microbial activity. This guidance will provide the practitioner and regulator with
information on what these techniques measure, information on what the data obtained
means, and guidance on how to interpret the data received.
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6.3.2 Non-Standard Monitoring Strategies

There are a number of strategies available to monitor and quantify the performance of
attenuation and remediation systems that employ natural processes.  Many of these
strategies are based on measurements of contaminant concentrations, degradation
products, geochemical conditions, and surrogate/indicator parameters in monitoring
wells.  The fundamental goal of monitoring MNA/EPR is to show that the plume is
stable or shrinking and to document the contaminant loading and the natural
attenuation capacity of the system.  Given this more generally stated objective, a
variety of monitoring strategies that are not based on monitoring wells may show
promise.  These include integrating and volumetric methods such as geophysical
techniques, remote sensing and macrobiological indicators.  Some types of sensors
(e.g., open path infrared sepctroscopy, distributed fiber optic sensing, and the like)
and modified monitoring well geometries (e.g., horizontal or angle wells) also show
potential and are addressed in the sensor line of inquiry and the monitoring system
configuration line of inquiry, respectively.

The most significant cost and commitment in MNA/EPR is long term monitoring.
Nonstandard monitoring, if successfully developed to convincingly document
performance could reduce the type and number of measurements needed from a
monitoring well network.  Additionally, such measures have the potential to be more
convincing to stakeholders because they may be more robust to heterogeneity that
point measurements under some circumstances and may provide data that more
directly answers the basic question – is the system keeping humans and the
environment safe from exposure?

The three general categories of nonstandard monitoring considered were geophysics,
various types of landscape-scale biomonitoring, and remote sensing.  Each of the
concepts was briefly examined in terms of the available literature and potential for
contribution to MNA/EPR.  The evaluation suggested that nonstandard monitoring –
methods that are not based on monitoring wells – have significant limitations.  Except
under specific circumstances, it is unlikely that a system based only on nonstandard
methods would provide adequate monitoring of an MNA/EPR process.  Nonetheless,
various specific methods and approaches showed significant promise to reduce the
quantity of monitoring well data necessary for documentation and to provide strong
data to document overall performance.  Particular nonstandard monitoring concepts
that show promise are listed below.  Those concepts that have significant potential for
inclusion into protocols in the near term (circa three years) are highlighted, as well as
those that have future promise and may be appropriate for additional basic science
investments.  The promising near-term activities have the most support in terms of
scientific literature and can be matched with specific goals in a MNA/EPR
monitoring paradigm.  Many of the promising near term activities are cross-over
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applications from other disciplines, such as “precision agriculture.”  The promising
longer-term activities are generally those concepts that do not have sufficient
scientific support at this time but that would be useful if current basic science
research leads to a favorable result.

Most Promising Near-Term Science and Technology Targets

• Remote Sensing of evapotranspiration and similar parameters -- for systems
where water balance and controls are central to performance

• Monitoring of integrating or bioconcentrating indicator species such as
honeybees, mollusks, or fish – for systems where information on low
concentrations and patchy releases would be useful.

• Monitoring of general ecosystem structure and function (using diversity indices,
trophic level indices, and the like)– to efficiently document minimal ecological
impacts.

• Geophysical techniques – particularly electrical methods using a permanent
electrode array -- for cases where changes in conductivity are related to loading or
the maintenance of appropriate chemical conditions for attenuation processes to
occur.

Most Promising-Long Term Science and Technology Targets:

• Multispectral and hyperspectral imagery correlated to contaminant exposure and
impacts.

6.3.3 Fate and Transport Modeling – Directions and Opportunities to Support
and Accelerate Natural Attenuation and Remediation

Models are tools that can be used to quantify attenuation and transport processes and
thereby estimate the migration of contaminants.  A modeling analysis provides this
estimate within the context of the conceptual model for the site and with uncertainties
defined by 1) the quality and quantity of data to describe the site attenuation and
transport processes, and 2) the limitations of the model configuration and analysis
technique.  The estimates produced by models can be used to predict the future fate of
contaminants and to help interpret characterization and monitoring data for the site.
Numerical models, in particular, have the computational ability to estimate the
interaction of multiple processes temporally and spatially for scenarios that would be
difficult to assess with analytical methods.  Modeling needs to be designed and used
carefully, however, because some models (e.g., detailed numerical models) are data
intensive and may not sufficiently reduce uncertainty or improve decisions to justify
the required cost and time  -- especially at relatively simple sites.  Nonetheless,
appropriate modeling analysis and predictions can be valuable, along with other site
information, in making timely decisions regarding implementing MNA/EPR remedies
or for planning monitoring activities.  A key function of the predictive capability of
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models is to estimate whether the remedy will meet the remediation goals when this
cannot typically be determined directly with field data.

In the simplest sense, modeling analysis estimates the contaminant loading and the
natural attenuation capacity of a system.  Models serve several other important
functions.  Models provide a documented approach to link characterization and
monitoring data to estimates of performance and provide a tool to examine potential
system responses to selected conditions such as transient hydrologic conditions,
variations in attenuation processes, and use of remediation techniques.  The analysis
and predictive functions of modeling are important within the context of applying
MNA to 1) help analyze the relative importance of different attenuation and transport
processes within a plume, 2) provide timely decision support, for instance, when there
is insufficient temporal monitoring data available, 3) evaluate MNA as a remedy to
replace existing remedies (e.g., P&T) that have perturbed the plume such that data to
establish whether the plume is stable will not be available for a long time, 4) evaluate
combinations of other remedial actions (e.g., Enhanced Passive Remediation (EPR))
and MNA, and 5) help interpret monitoring data for transient plumes.  For some sites,
use of modeling can have a significant role in establishing the technical basis for
evaluating MNA and related EPR as remedies for plumes or to transition from other
remedies to MNA/EPR.

The type of model applied at a specific site is dependent on the site conditions and the
intended use of the model.  Two basic levels of models are available that are relevant
to MNA modeling.  Analytical models are capable of solving the general transport
equation with specific limitations.  Three-dimensional multi-species reactive transport
numerical models discretize the transport equation and iteratively solve it within a
defined numerical domain.  Numerical models allow for more detailed configuration
of the model domain to more closely match site features and, therefore, have
advantages for some sites.  Selection of the appropriate model for a specific site is
dependent on the site conditions and configuration-related differences between
analytical models and numerical models.  Table 1 provides a brief overview of
considerations for selecting the primary type of modeling analysis based on site
properties, in particular based on whether the geochemistry and hydrology of the site
readily supports a relatively simple description of attenuation and transport processes
or the geochemistry and hydrology is complex.  Other considerations for model
selection are discussed below.
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Table 1. Considerations for Selecting Modeling Approach Based on Site Properties

KEY:
better <-------------> worse

Modeling Approach1 Simple site with stable 
or shrinking plume

Plume stability & 
geochemical 

footprints uncertain

Documented plume 
growth or outcrop -- 
may be stable in the 

future

Geochemical 
conditions uncertain 

and/or complex 
hydrologic conditions 

Attenuation process 
enhancement 

evaluation

Conceptual Model - 
Identify contributing 
processes and the 
active zones within a 
plume

3 3 3

Conceptual Model plus 
Analytical Model or 
Mass Balance 
Calculation

Conceptual Model, 
possible analytical 
model and numerical 
model

2

Sites with supportive geochemical/hydrologic 
conditions Sites with hydrologic &/or geochemical complexity/challenges

1Underlining indicates the primary modeling analysis considered for the table row.
2Numerical modeling is not necessarily preferred because costs may not be justifiable for the offsetting benefits in
terms of uncertainty reduction, monitoring optimization, etc.  However, numerical models may be selected if it is
necessary to provide better estimates of timeframes and better assurance of meeting certain types of remediation
goals (e.g., concentration targets) than can be obtained with analytical modeling.
3Conceptual models are good to use for planning and site management, but may not be suited as primary support for
decision making at complex sites or sites that have high uncertainty because conceptual models do not allow testing
of uncertainty and parameter sensitivity and do not strongly support a detailed evaluation of enhancements.

Analytical models such as BIOCHLOR (Aziz et al., 1999) have been established
specifically for use in modeling MNA.  For analytical models, the solution technique
typically requires assumptions of uniform hydraulic properties throughout the
domain, uniform steady-state groundwater flow (in some case limited to one-
dimensional advection), simple boundary conditions, simple source geometry, first-
order contaminant transformation with rates constant within a defined area (in some
cases for a single decay pathway), and uniform linear equilibrium partitioning.
Analytical models can be useful in providing estimates of contaminant migration for
plumes where these assumptions can be technically supported based on the site
conditions.

Numerical models may be needed when site conditions cannot be described under the
simplified flow, reaction, or adsorption process assumptions required for use of
analytical models.  The groundwater flow system at a site may not be uniform
because of a complex distribution of hydraulic conductivity, complex
recharge/discharge elements, or transient flow conditions.  Sources distributed in
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multiple locations, multiple contaminant species with multiple reaction pathways, and
multiple oxidation/reduction conditions within the plume area cause complexities in
modeling the reaction processes at a site.  In some cases, assumption of linear
equilibrium sorption is not appropriate depending on the nature of the contaminant
and the aquifer solids.  For site conditions that include any or all of these
complexities, numerical models are more appropriate than analytical models.  For
instance, the publicly-available Reactive Transport in 3-Dimensions (RT3D) code
(Clement et al., 1998; Clement, 1997) provides a framework to solve for reactive
transport under these more complex conditions using the MODFLOW code
(McDonald and Harbaugh, 1988) to determine groundwater flow.

Similar to analytical models, numerical models have limitations in how they can be
configured to match site conditions.  Equations cannot describe all of the nuances for
each term within the transport equation.  That is, numerical models cannot exactly
reproduce reality.  Compared to analytical models, numerical models can be
configured to more closely match the site conditions and processes.  There are also
limitations in the type and quality/quantity of data that are available at any site to
develop the coefficients necessary in the equations for the numerical model.  Given
these limitations, with appropriate interpretation of the results, numerical models can
be very useful in the roles described above.

Interpretation of model results is dependent on the context of how the modeling is
being applied.    Using a model, multiple simulations can be conducted with
variations in the input parameters.  By comparing the results of these simulations, the
relative importance of specific processes can be assessed.  This modeling approach
can be implemented with simple single parameter variation or using a statistical
approach such as the Monte Carlo process.  Predictive simulations are used to
estimate future plume migration under the selected remediation scenario (e.g.,
MNA/EPR) and thereby assess the ability of the remedy to meet remediation goals.
In some cases, it is appropriate to select specific simulation scenarios and use the
calibrated model to assess whether remediation goals will be met under these selected
conditions.  Alternatively, the modeling approach may include conducting a statistical
series of simulations (e.g., Monte Carlo analysis) to predict the probability for future
contaminant distributions.

The results of multiple simulations can be interpreted to assess the uncertainty of the
modeling results; that is, assessing how variations in input parameter data impact the
model results.  This uncertainty is important to consider in evaluating whether
additional characterization for model input parameters is needed or to evaluate the
technical risk of a decision based on the model results for the given level of
information about the model inputs and the model configuration/calibration.

Based on the information in the modeling line of inquiry, there are several elements
of modeling that merit attention for improving how models are used to support an
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MNA remedy.  In the near term, improvement in these elements may enable
improved quantification of attenuation processes, better integration of modeling
within the MNA evaluation and implementation process, and expanded application of
modeling to support better strategies for characterization and monitoring associated
with MNA.  In summary, these important elements are:
• Define when to use numerical modeling and how to integrate modeling with other

elements of MNA evaluation and implementation.
o Improve the description and understanding of the modeling process for

MNA.
• For example, clarify methods to address uncertainty in model inputs and in

model interpretation.
• Address numerical model complexity.

o Improve the description and understanding of the modeling process for
MNA.

• For use of analytical models, address specific limitations of current analytical
models.
o Improve BIOCHLOR with expanded reaction forms and variable

retardation.
• Improve specific process descriptions for numerical models.

o Variable sorption phenomena (e.g., a migration resistant fraction)
o Sustainability of reactions
o Abiotic heterogeneous reaction descriptions
o Substrate and electron acceptor correlations to dechlorination reactions

• Integrate modeling with characterization and monitoring.
o Develop new characterization/monitoring techniques that are integrated with

model input requirements or interpreted using modeling results.
• For instance, combine modeling with implementation of techniques such

as flux monitoring or identify measurement techniques for process
parameters such as quantifying time-variant sorption phenomena for a
specific site.

6.3.4 Sensors

The US DOE is seeking methods to determine and prioritize sensor needs for MNA.
Current guidelines (e.g., US EPA, 1998) have specified a list of parameters that
should be quantified for determining the viability and continuance of MNA at a site.
This list includes concentration (and historical concentration) of the contaminant and
corresponding degradation products as well as parameters consistent with conditions
allowing the degradation process (e.g., O2 concentration, redox, appropriate bacteria,
etc.). Sensing and monitoring for MNA must be able to effectively prove the
abatement of the contaminant yet the cost cannot be greater than the cost for baseline
active treatment such as pump and treat. These requirements clearly call for
modifications of current monitoring techniques and a creative balance between
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baseline (or modified baseline) and innovative technologies that efficiently contribute
to the refinement and verification of the site conceptual model.

The first step in increasing the cost effectiveness of sensing and monitoring is
recognizing that different phases of cleanup require different technology attributes.
Four different phases of characterization and monitoring with respect to MNA are
defined earlier in this document as screening characterization, decision
characterization, process monitoring, and system performance monitoring. For MNA
the clearest difference in requirements is that between process monitoring where
validation or proof of the process is the objective, and system performance
monitoring where validation of performance (or continuity of the process) is the
objective. For these two phases, sensors are needed that are specific to priority MNA
parameters as well as conventional contaminant concentration sensing. Process
monitoring confirms the degradation processes of the conceptual model and
establishes a data set that verifies the process is continuing for comparison of the
status of the subsurface system, as well as identifying system-specific measurement
parameters that can easily and inexpensively be used for system performance
monitoring. System performance monitoring requires comparable measurement
methods that will extend over long time periods that indicate or confirm that the
processes identified in the conceptual model are continuing to occur or have stopped.

Opportunities for Innovative Technologies or Strategies

Based on the results of the survey included in this report the primary parameter
measured by practitioners of MNA continues to be concentration of the contaminants
and their degradation products although other parameters such as dissolved oxygen
were also deemed useful. Many other parameters that are generally considered to be
important aspects and indicators of MNA are not routinely measured. This may be
interpreted primarily as a result of a lack of understanding of how these parameters
are important to the MNA process or that the additional costs (either monetary or
level of complexity) for measuring these parameters did not provide a commensurate
benefit in understanding of the system. Hydraulic parameters were not addressed in
the survey although these are undoubtedly important for understanding the behavior
of the system particularly in cases where an understanding of the stability of the
plume (i.e., shrinking, expanding, or stable) is vital. Confidence that MNA processes
are occurring over the bulk of the subsurface zone of interest suggests the usefulness
of volumetric knowledge of the site achieved either by multiple or integrated
sensing/sampling points or measurements of flux and understanding of the
multiplicity of flux paths. The flux of the contaminant is generally agreed to be the
most important aspect of contaminant interaction yet the flux is not generally
regulated nor routinely measured for chemical contaminants.  Some potentially
innovative technologies and techniques for long term sensing and sampling and
potential areas for future investment are listed below (and expanded as appropriate in
Section 7.0):
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• IR spectroscopy methods
• Other optical spectroscopy techniques (e.g., oxygen sensor using optical

fluorescence)
• Flux Measurements
• Threshold and binary sensing
• FLUTe  based samplers or indicators
• Heterogeneous Flow Measurements
• In situ sparging/phase transfer methods
• Fiber optic sensors (e.g., evanescent wave/cladding sensors)
• Inexpensive rapid access techniques coupled with sensors or inexpensive

samplers
• Controlling/Master Variable Sensors  (e.g., Pressure, Temp, pH, Eh, O2, flow,

moisture)
• Open Path FTIR and other non point monitoring

Other Aspects of Sensing and Monitoring

SpatioTemporal Frequency. There is rarely enough thought given to the frequency
requirements of subsurface measurements both with respect to time and space. The
frequency (spatio-temporal) of the measurement should be modeled after a modified
Nyquist Theorem1, (i.e., enough measurements to prevent aliasing) where sampling
should occur at more than twice the rate of the fastest frequency of interest of the
measurement (Nyquist, 1928; Shannon 1949). This may or may not be the apparent
fundamental frequency and the frequency of interest will certainly change.
Concentrations in the subsurface can be affected by many processes. For example,
small amplitude, relatively high frequency changes in concentration occurring
diurnally as a result of solar temperature cycling may be of no interest in a long term
monitoring objective. Therefore, a sampling or sensing schedule should not be
designed for this frequency. In another example, large amplitude concentration
changes related to pressure cycling from 4 day weather fronts may be of interest at
first then of little interest once the cycle is understood and can be accounted for.
Nutrient depletion occurring on a monthly or yearly (or other) cycle may be the
frequency of interest for a system and set the temporal measurement resolution
parameter, though the rate of degradation will be the most likely frequency of
interest. Rates of degradation for MNA processes may occur on the order of several
years, so a well-behaved system with few other processes that affect concentration
would need very infrequent monitoring.

1 The Nyquist theorem and aliasing are simple-powerful techniques to assist in
determining sampling frequency and interval.  While used in the past, expanded
future application of these and similar methods are promising.
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The idealized cyclical processes in this example are extremely simplified, though
cyclical trends are often observed in natural systems. For processes with a cycle that
is difficult to recognize, event sensing may be a more practical method for accurately
monitoring a system. Event sensing (generally at a lower data quality level e.g.,
threshold or other binary or limited dynamic range) can be used for triggering a more
detailed sampling event. Although this implies much higher frequency data, the
analytical quality of the data is much less stringent.

Like selection of an appropriate temporal frequency, spatial measurement resolution
must be selected based on a relevant scale. High-spatial resolution data are desirable
in the initial phases of understanding a system (validation of process) but may be less
necessary for longer term monitoring. High spatial resolution is also tempered by the
cost of acquiring the data. High axial resolution data are generally possible during
drilling or penetration because the access system makes continuous progress through
the subsurface; however, resolution away from the penetration axis is limited by the
budget for number of holes. Luckily in many sedimentary systems, significant
changes occur more frequently at the vertical scale than the horizontal scale.
Conceptual, analytic and numerical models should be used interactively with sensing
strategies to tune sensing and refine the model.

Point Sampling vs Volume Probing Methods. Volume probing (usually manifest as an
integration of points as in longer screened wells) may be the most useful way to
effectively monitor for threshold exceedances or to verify the average behavior
occurring in microenvironments. Point samples capture the extreme values in a plume
and a high density of points should certainly be used to characterize it. However,
smaller numbers of point samples can misrepresent the bulk behavior of a plume
particularly in a long term monitoring application. Larger volume or integrated
samples may be more effective for this monitoring objective. The danger in larger
volume measurements is the addition of too much noise to accurately measure the
important signal. The volume should be well matched to the zone of interest to reduce
noise and sensing or analysis methods must be sensitive enough to accommodate
some dilution. Careful sizing of screen lengths can be an effective way to accomplish
this.

In Situ or Ex Situ Sensing. Ideally, in situ sensing is preferable to ex situ methods
primarily because it more accurately represents the processes occurring in the
subsurface (the extraction process by definition severs interactive processes) and the
in situ process by nature requires a minimum of human intervention. Unfortunately
there are very few in situ technologies that are suitable for long term monitoring. Ex
situ sensing is therefore generally, used such as when a sample is extracted from the
subsurface and analyzed either in the laboratory or in the field. If the sample is not
modified (with respect to the parameter of interest) ex situ methods are satisfactory
for site monitoring. If the sample can be extracted automatically and analyzed in the
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field without human intervention at a reasonable cost, the method approaches the
ideal.

6.3.5 Monitoring System Configuration

The configuration of monitoring systems incorporates the short and long term
monitoring phases for MNA.  The goals of the process monitoring (short term)
configuration are to monitor the contaminant loading versus the attenuation capacity
of the system, validate the conceptual model, and design the long-term system
performance monitoring configuration.  The monitoring network (monitoring
well/point geometry) is designed to effectively define the spatial and temporal
physical and chemical characteristics of the 3-dimensional plume and aquifer. The
process monitoring phase will likely follow existing federal protocols that rely on
concentration and other MNA parameter measurements from monitoring wells. The
anticipated results from the process monitoring are 1) confidence that MNA is the
appropriate remedial action for the site, 2) identification of leading indicator values
for long-term monitoring, 3) long-term monitoring frequency, and 4) guidance for
addressing system changes or failure.

The final phase of monitoring, system performance monitoring, represents the most
mature stage of monitoring.  Attenuation mechanisms have been identified, baseline
data exists and the conceptual model has been validated.  The goals of this stage of
monitoring are to 1) monitor remediation performance, 2) document response to
system changes, and 3) confirm baseline mechanisms and rates. During this phase,
the emphasis is to reduce costs and use leading indicator parameters that monitor the
overall health of the MNA process.  The monitoring configuration minimizes the
number of measurements while maintaining confidence that MNA is meeting the
remedial goals.  The monitoring methods incorporate flexible, low cost, passive, low
maintenance and robust indicators for the MNA using multiple lines of evidence.  The
monitoring network (monitoring well/point geometry, remote sensing, etc.) is
designed to effectively obtain leading indicator data to analyze the overall system and
may or may not use the existing monitoring network. System performance monitoring
for the long-term will depend on developing wholly new verification paradigms to
allow monitoring for decades or centuries.  Large-scale methods (remote sensing,
geophysics) and integrating methods (flux or release measurements), among others,
appear promising during this phase.
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7.0 Identification of Short Term and Long Term Science and Technology Targets

The detailed evaluation within each of the lines of inquiry was used to identify targets that show
particular promise to facilitate the implementation of MNA/EPR.  Each of the lines of inquiry
generated from five to ten promising items that were compiled into a master list for
prioritization.  The entire sequence proved to be quite effective.  The initial evaluation in the
lines of inquiry reduced the potential list of topics to research from an essentially unlimited set to
a short list of 47 items.  The types of screening that occurred in this first phase included: a) the
potential value and technical risk, and b) the need for the work in the context of other
investments in MNA research (SERDP, ESTCP, EMSP, etc. – see acronym list for definitions).
The next step of the process ranked all of the promising technologies/concepts that were raised
up from the lines of inquiry into different categories and priorities.  The ultimate result was a
strategic list that will serve as the roadmap to guide the US DOE MNA/EPR Alternative Project
and maximize the project’s potential to be efficient and to provide an impact to accelerate use of
MNA/EPR at US DOE sites.

The team emphasized four major factors in the evaluation: 1) the item should support the
framework of attenuation capacity and loading, 2) the item should support the transition of a site
into a protective cost effective system performance monitoring state, 3) the item should move
toward direct and integrated measures of processes (rather than indirect measures), and 4)
enhancements for EPR should be naturally sustainable.  By emphasizing this short list of criteria,
the team felt the ultimate portfolio would consist of synergistic items that will move MNA/EPR
strongly in the desired direction.

In the evaluation process, it was clear that some of the items being ranked were policy issues and
some were technical and implementation issues (and some overlap these areas).  The team made
an assessment of whether an item was predominantly policy, or predominantly technical or
predominantly implementation (i.e., technology exists and may be useful without much further
development) and noted that in the evaluation.  For each technology the pros and cons were
tabulated, the approximate cost-range, the R&D timeframe and development timeline, and an
overall ranking were identified.  These categories were important because the US DOE
MNA/EPR Alternative Project has a limited budget and scope and a strategically blended
portfolio of targets is needed so that the research will have the best chance of providing value.
Thus, excessive costs for any one item (that would reduce the diversity of the portfolio) or long
timeframes (greater than the proposed project duration) decreased the overall priority for this
project.  This does not imply that the activities are not important.  The long-term targets are more
suited to basic science and ongoing research programs and they are separately tabulated to assist
in developing future research calls in those programs.  The policy priorities, which are equally
important, have been separately tabulated and will be provided to the regulatory partners in the
project, including ITRC and US EPA.  Although ITRC does not set policy, input from this
organization on the items identified as policy priorities may provide useful insight for this
project.  In the end, the process identified 16 high priority technical targets for this project, as
presented in Table 2.  All of these targets were considered “ready for MNA deployment” or
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“supportive of MNA protocol development in the next three years.”  The various high priority
items were supportive and integrated, as desired.  The team identified 4 high priority policy
targets, Table 3, and 6 high priority basic science (long term research) target categories, Table 4.

The overall prioritization, including the detailed discussion, is in the large tables in the appendix.
The high priority research and policy targets are presented below in tables that provide only the
titles and approximate cost range.
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Table 2. High Priority Technical and Implementation Targets Recommended for US DOE
MNA/EPR Alternative Project

Cost
Direct measures of Attenuation Mechanisms
a) Develop advanced bioassessment tools for determining ongoing and

potential microbial processes at different sites.
- includes reductive processes (Dehalococcoides etc.)
- new methods to quantify growth.
- gene sequences used to develop molecular probes for micro arrays and
quantitative PCR.
- additional key functional genes for use in Microarrays
- additional key functional genes for use in Microarrays
- genes whose expression correlates with specific environmental conditions
- DNA microarrays used to simultaneously monitor the expression of many
genes

$$

b) Develop field scale correlations between species, functional genes, and
degradation rate and potential
- Laboratory and field tests to develop and correlate parameters
- Assess factors that would bias the application of these molecular tools

$$

c) Conduct further research on oxidative and reductive processes (several
specific sub-needs listed)

$$

d) Develop direct measures and sensors for abiotic attenuation
mechanisms. e.g. resistive fraction; develop method to measure; results could
be used to establish capacity as well as provide concentration at which to
transition from active treatments

$

Strategies to Support Characterization and Monitoring
e) Develop a scenarios based framework to support characterization
monitoring and modeling decisionmaking
- Taxonomic key to help define multiple lines of evidence.

$

f) Develop specific alternative monitoring configurations to collect data at
substantial cost savings during system performance monitoring stage
- Examples include horizontal wells to replace several vertical wells.

$

g) Improve integration of modeling into MNA evaluation and
implementation process

$

h) Improve reaction forms and include variable linear equilibrium
partitioning coefficients within analytical models

$

Tools to Support Characterization and Monitoring
i) Develop threshold and binary monitoring devices and strategies for
long-term monitoring

$
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Cost
j) Remote sensing of a parameter(s) that can be related to system
performance
- remote sensing of evapotranspiration and similar parameters

$

k) Develop spectroscopy methods (IR and other optical methods) to
measure critical MNA parameters
- oxygen sensor using optical fluorescence

$

l) Develop improved dissolved oxygen measurement approaches $
m) Develop methods to measure flux more directly than traditional
methods (groundwater and contaminant flux).

$ to $$

n) Samplers that integrate over distances and volumes $

Use of passive or semipassive enhancements
o) Microbiology – Bioaugmentation
- Anaerobic systems (with Dehalococcoides)
- Aerobic systems (with JS666)

$$

p) Modifying Large-scale Hydrology
- Bypass of upgradient water
- Decrease infiltration throughout plume
    using increase runoff
    using increased evapotranspiration
- Decrease mass discharge from source
- Bypass of competing electron acceptors

$ to $$

Key:
Approximate cost for initial research effort
$ = < $100K,  $$ =  > $100K - < $500K, $$$ = > $500K
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Table 3. High Priority Policy Targets Recommended for US DOE MNA/EPR Alternative
Project

Policy Targets
Develop decision process (based on science) to transition from active to more
passive treatment
Develop concurrence with the stages of characterization and monitoring and
assure alignment with CERCLA/RCRA etc, decision-making process.
Develop acceptance of central concept defining MNA/EPR – Balancing
Attenuation Capacity and Loading
Acceptance of framework for selecting the analytes and interpreting the results.
A decision tree or scenario based structure would be examples
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Table 4. High Priority Technical Targets for consideration by basic science research
programs such as EMSP and SERDP

Long Term and Basic Science Targets
Phytoremediation (all types)
- Baseline studies
- Fertilization studies
- New species studies
- Genetic engineering and selection studies
Biological and Ecosystem Techniques
- Monitoring of indicator species such as honeybees, mollusks, or fish – for systems
where information on low concentrations and patchy releases would be useful.
- Monitoring of general ecosystem structure and function (using diversity indices,
trophic level indices, and the like)– to efficiently document minimal ecological
impacts
Geophysical Techniques
Such as electrical methods using a permanent electrode array -- for cases where
changes in conductivity are related to loading or the maintenance of appropriate
chemical conditions for attenuation processes to occur.
Remote Sensing.
Such as Multispectral and hyperspectral imagery correlated to contaminant exposure
and impacts
Direct Measures of Sustainability and Risk
- Link to current SERDP activities examining sustainability;
- Look at methods to directly measure risk and potentially system capacity. 

e.g. DNA on a chip
Measurement at a variety of scales
- Such as Heterogeneous Flow Measurements
- Open Path FTIR and other non point monitoring, etc.
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Most Promising Characterization and Monitoring Science and Technology Targets

KEY:
R&D Timeframe:  N (near-term)  < 2 years, M (medium-term) 2 – 5 years, L (long-term) > 5 years.
Cost to impact need:  $ = < $100K,  $$ =  > $100K - $500K, $$$ = > $500K
Overall Ranking:  High (H) , Medium (M)  or Low (L)

CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Advanced Bioassessment Tools
Develop methods or protocols for determining
ongoing microbial processes at different sites,
including reductive processes (Dehalococcoides
etc.)

a. new methods to quantify growth.
b. gene sequences used to develop molecular

probes for micro arrays and quantitative
PCR.

Identify additional key functional genes for use in
Microarrays

- genes whose expression correlates with
specific environmental conditions

- DNA microarrays used to simultaneously
monitor the expression of many genes

- Direct measurement may
ultimately replace several indirect
measures.
- Reaction rates may correlate to
better measurement and results
provide better model input.
- May make explanation of
MNA/EPR simpler.
- Exploits rapid growth in this
discipline and progress since EPA
protocol in 1998.
- Future costs reductions possible if
analogy to medical diagnostics is
valid.
- Technology (depending on
specific tool) can provide
information about the presence,
expression and rate of microbial
treatment processes.

- Success relies on costs coming
down significantly from current
levels.
- Some solid research is needed
to validate approach.
- Possibility for interferences
under a wide range of
conditions.

N to M $$ M N to M
High priority

M H

As a class, the
bioassessment tools

were the highest
rated in the

technical target list

Develop correlations between species, functional
genes, and degradation rate and potential

- Laboratory and field tests to develop and
correlate parameters

- Assess factors that would bias the
application of these molecular tools

- See above.
- These data would provide a key
part of the validation of the validity
and usefulness of the measurements

See above N to M $$ M N to M
High priority

M H
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Further research on oxidative  and reductive
processes;

- Basic research to investigate possible
microorganisms other than Dehalococcoides-like
microorganisms that may be involved in complete
reductive dechlorination
- Identify organisms involved in oxidative
processes (organisms not ID)
- Determine the relative contribution of anaerobic
oxidation in a site’s natural attenuation capacity
- Determine the organisms involved in
fermentative processes
- Identify additional unique gene sequences that
can be used to identify key microbial species
involved in the degradation of chlorinated solvent

- What other organisms are
contributing (other than the
classical anaerobic dechlorination
and halorespiration).
- Some anecdotal evidence for other
processes in mass balances at sites
and in mesocosoms.
- Low hanging fruit possible.
- Critical studies and results are
possible in a short time (based on
past research) that would directly
feed into improvements in
attenuation capacity and directly
documenting the presence of an
MNA process.

Work need to be strongly
aligned with attenuation capacity
framework, and to result in
direct characterization tools and
information for modeling.

N to M $ to
$$

na N to M
High priority

M H

Develop new approaches to long-term monitoring
of Natural Attenuation

- Ecological measurements
- Method to measure Flux (both water and
contaminant)
- New monitoring methods at system
interfaces (e.g. hyporheic zone)
- "Whole earth" sensors
- Failure indicators

- General need to move toward
more direct measures and to make
the long-term stage of monitoring
more streamlined and less
expensive.
- Past results for LTM of caps and
barriers resulted in  promising
configurations as listed.

Specific science targets described
below.

- Techniques do not always exist
yet.
- Any progress in this area would
require verification and
comparison with standard
approaches.
- Need to configure development
activities to solving the problem
in terms of MNA/EPR.
- Maintain focus on capacity and
loading balance as the output.

H

Scenarios – Taxonomic key to help define
multiple lines of evidence.

- Analogy to biological keys used
to identify plants and animals.
- Key leads to sheet of what
monitoring parameters are most
useful, and why to measure….
- Currently lacking in protocol and
is not a screening sheet like the
screening sheet in EPA technical
protocol that has been negatively
reviewed by NAS.
- Needs to be created to encourage
people to think.

- May result in a large number of
scenarios and appear complex
and overwhelming.
- May, like some expert systems,
lead to a point where people in
the field are not thinking.

N

• Develop
framework and
put science over
near term period.
• Process helps

focus and
provides value

even during
development.

$$ N N M H
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Direct measures and sensors for abiotic
attenuation mechanisms. e.g. resistive fraction;
develop method to measure; results could be used
to est. capacity as well as provide concentration at
which to transition from active treatments

- Sensor to measure attenuation
mechanism directly taking
advantage of rate limited sorption.
- Irreversible sorption and related
factors may dominate MNA/EPR at
many DOE sites such as at SRS.
- There is literature on this topic
that may be directly useful such as
discussed in natural attenuation
process line of inquiry, dual
sorption approach, and research
using supercritical extraction and
accelerated weathering.

Irreversible sorption is not
destruction mechanisms and is
likely to require robust
documentation for acceptance.

N $ N to M N M H

Development of specific alternative monitoring
configurations to collect data at substantial cost
savings during system performance monitoring
stage

Need near term validation of integrating and flux
type measurements to evaluate the global health
of a MNA system

- Most sites take point
measurements in a few monitoring
wells.
- A flux measurement in a single
horizontal well (or other
configuration) may be a
replacement for several wells –
validation could use a liner and
point sampling for validation.
- Flux meters that use a point
concentration and tracer dilution
are promising.
- Early data on electrical resistance
surveys show potential utility.
- Provides a more direct of flux or
loading.

- Not a traditional monitoring
tool and would require
acceptance.
- Any technology would need to
be validated for each specific
site (probably okay since long
term monitoring assumes that
site is understood) and for a
range of conditions for
widespread use.
- Flux measurement still have to
be interpreted within the context
of transport.

N or M

• Need to validate
and compare to

baseline
sampling.
• Can it be

beneficially used?

$ to
$$

M N to M N H

Need to identify
low hanging fruit to
use as exemplar in

field studies.
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

New sentinel monitoring strategies

Threshold and binary sensing

- Potential to provide sentinel
information at a lower cost than a
monitoring well sampling process
or a sensor that requires a wide
dynamic range.
- Many sensors and concepts have
this capability.
- Could be a good way to trigger
more detailed or sensitive sampling
and build in contingencies.
- Potentially inexpensive way to
monitor system parameters of an
extended time frame.

- May need to trigger at a low
value to be an effective sensor.
- Need to operate over a long
time frame to be most useful to
MNA/EPR.
- Difficult to differentiate among
many possible sensors that might
be used.
- Need to differentiate false
negatives and positive (perhaps
run in normally on mode and
check when system turns off).
- Need to have sufficient
specificity to appropriate target
constituents.
- Probably best used in long term
monitoring stage after the
process monitoring has
documented that sensor will be
appropriate for meeting
objectives.

N $ N N N H

Remote Sensing of evapotranspiration and similar
parameters -- for systems where water balance
and controls are central to performance
(Non-standard approaches)

- Widely available and used in
precision agriculture.
- Data are available from public and
private companies and crossover
use may represent low hanging fruit
for study over a 2 year time frame.
- Monitors large scale water
balance which is a key factor at
many sites and may serve as a good
long term monitoring parameter.
- Represents one of the few near
term opportunities to examine the
potential for large scale
measurement in addressing MNA
needs.
- Would be a cost effective
exemplar.

- Does not measure subsurface
processes and will only be
applicable to the long term
monitoring box in the overall
characterization and monitoring
strategy (after its robustness is
validated during short term
monitoring).
- Would require clear
documentation that measurement
is diagnostic that progress
toward remediation objectives is
tied to water balance.

N

Could be
performed in

collaboration with
agricultural

researchers and
data suppliers.

$ M to L N M to L H
.
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

IR spectroscopy methods - Chlorinated VOCs -- Different
technique than has been funded
recently and has significant
potential because of stability
specificity….
- New sensor configurations and
better sensors have been emerging.
- Provide the type of data used by
most respondents in historical
survey.
- Technically desirable approach
for sites where past data provide
information about expected
contaminants.
- Reduces cost for sites where
historical information is available
to help design analysis.
- Provides data on site (like a DO
probe).
- Provide more data to help
determine variance

- Would require acceptance of
results and validation over a
reasonable time frame.
- Environmental market has not
supported IR sensor.

N $ N N N H

Other optical spectroscopy techniques (e.g.,
oxygen sensor using optical fluorescence)

Utilization of new tool to improve
DO measurement would be useful
since DO is a central measure of
MNA/EPR and current techniques
have not been robust.

Membrane still used and sensor
operates in the gas phase.

N $ N N N H

Flux Measurements - There is a range of devices for
estimating flux by comparing tracer
dilution and concentration, micro
pump tests and the like.
- Direct measure of an important
parameter

All measurements are point
techniques so applicability over
the sitewide scale needs to be
verified.

N to M

Significant work
going on in other

programs that
would need to be
leveraged for cost

effectiveness.

$ to
$$

N N to M N to M H

FLUTe  based samplers or indicators - Sampling method.
- Very high resolutions over a long
interval.
- Many configurations possible.
- Liner or membrane can be
covered with a sorbent trap.
- Can be installed in wells to get
point water samples – when used
in horizontal well could be used to
identify transport pathway.
- Technique compatible with
molecular probe analyses.

- Approach to incorporate this
type of data may not be easy to
develop.
- May be better for
characterization phases and
early monitoring stage.

N $ N N to M N H
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Monitoring of integrating or bioconcentrating
indicator species such as honeybees, mollusks, or
fish – for systems where information on low
concentrations and patchy releases would be
useful.

- Provide a sensitive technique to
monitor low level exposure and
possibly an integration of
heterogeneous and patchy
discharges over large areas.
- There is a large body of literature
in this area that could be further
examined and leveraged as needed.

- Requires contaminant to impact
ecosystem before measurement
is diagnostic – may not
appropriately address MNA/EPR
objectives.
- Not a direct measure of MNA
processes and, thus may not
move monitoring in the desired
direction for “more direct
measures” of processes.
- Would require clear
documentation that measurement
is diagnostic that progress
toward remediation objectives is
tied to indicator.

M to L $$ M to L M to L M to L M

Monitoring of general ecosystem structure and
function (using diversity indices, trophic level
indices, and the like)– to efficiently document
minimal ecological impacts.

- Promising for documenting the
general ecological stability and
robustness in the discharge zone
over a long period of time.
- A large body of research has been
generated on this topic that might
provide useful specific indices that
are both sensitive and yet only
alarm if truly disruptive ecological
impacts are being expressed.
- Corps of Engineers uses this
approach for their dredging
program as a real world example.

- Requires contaminant to impact
ecosystem before measurement
is diagnostic – may not
appropriately address MNA/EPR
objectives.
- Not a direct measure of MNA
processes and, thus may not
move monitoring in the desired
direction for “more direct
measures” of processes (may be
a measure that could be used or
set as a remediation goal
however)

M to L $$ M to L M to L M to L M

Geophysical techniques – particularly electrical
methods using a permanent electrode array -- for
cases where changes in conductivity are related to
loading or the maintenance of appropriate
chemical conditions for attenuation processes to
occur.

- Measures subsurface properties
over a volume and provides data
that is somewhat more robust to
heterogeneity.
- When used to monitor differences
or changes, as would be done in
monitoring, these tools become
more powerful.

- Some types difficult to
implement for long term
monitoring because of stability
of electrodes.
- Might be more expensive than
baseline in some cases.
- Not a direct measure of MNA
processes and, thus may not
move monitoring in the desired
direction for “more direct
measures” of processes.
- Would require clear
documentation that measurement
is diagnostic that progress
toward remediation objectives is
tied to indicator.

M $$ M to L M to L M to L M
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Multispectral and hyperspectral imagery
correlated to contaminant exposure and impacts.

- Similar in advantages to
ecosystem indices but with the
major advantage that monitoring is
done remotely and costs could be
low based on commercially
available data.
- Multispectral and hyperspectral
studies have already shown spectral
signatures associated with plume
outcrops (primarily stress) and
more specific changes with
individual metals.

- Signal may not be specific and
would require a large amount of
basic research to achieve
success.
- Requires contaminant to impact
ecosystem before measurement
is diagnostic – may not
appropriately address MNA/EPR
objectives.
- Not a direct measure of MNA
processes and, thus may not
move monitoring in the desired
direction for “more direct
measures” of processes (may be
a measure that could be used or
set as a remediation goal
however)

L $$$ L L L H

Develop methods to measure sustainability of
process

- General question about how to
measure sustainability over a short
period of time and have confidence
that the process would project over
the necessary period of MNA/EPR.
- Limited direct measures at this
time.
- Current SERDP work.

- Critical issue that will require
linking to related research
organizations.
- Large topic that is unlikely to
be resolved in a limited time and
with limited resources.

L $$ to
$$$

L L L M

Look at methods to directly measure risk and
potentially system capacity. e.g. DNA on a chip

Risk sensor would be a direct
measure of potential regulatory
target or goal.

- Past toxicity measuring
systems have shown variable
success.
- Any progress would require
validation and verification and
be applicable to long term
performance monitoring phase.

M to L $$ to
$$$

L L L M
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Heterogeneous Flow Measurements - Measure preferential flow paths
over the volume of interest.
- Small scale variants include
borehole flowmeter and buried
flowmeters.
- Small scale pump tests and
injection extraction tests also
possible.
- Possible use of geophysics.

Limited tools and techniques
available.
Available tools tend to provide
data that are 2D rather than 3D.

M to L $ to
$$

M M to L M M

In situ sparging/phase transfer methods - Good approach for sampling
while minimizing purging.
Examples include VOC
microsparge sensor and diffusion
bag sensors.
- Sparge system is a good approach
to provide gas phase sample to
vapor sensors.

- Provide benefits versus
standard sampling at some sites.
- May not be critical to
MNA/EPR development.

N $ M N N M

Fiber optic sensors (e.g., evanescent
wave/cladding sensors)

Long sensing pathlength that might
provide an integrated value over the
deployment zone.

Specificity, installation,
sensitivity, durability, and
verification versus accepted
methods.

M to L $$ to
$$$

L L L M

Inexpensive rapid access techniques coupled with
sensors or inexpensive samplers

- Replace fixed wells with periodic
probe sampling.
- Advantage might be access to
soils that are a more direct indicator
of microbial processes.

- May be more expensive.
- Reduces statistical bases for
comparison and does not provide
access for sampling over time.

N $ M N N M

Controlling/Master Variable Sensors  (e.g.,
Pressure, Temp, pH, Eh, O2, flow, moisture)

Standard sensors that may not be in
wide use.

Specificity, installation,
sensitivity, durability, and
verification versus accepted
methods.

N $ na N to M N to M M

Open Path FTIR and other non point monitoring Provides integrated measure that is
more closely tied to flux.

- Sensitivity and verification
versus other methods.
- Fluxes vary widely as a
function of time and conditions
and how data incorporated into
MNA would need to be
developed.

M to L $ to
$$

M M to L M to L M
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Most Promising Process and Enhancement Science and Technology Targets

KEY:
R&D Timeframe:  N (near-term)  < 2 years, M (medium-term) 2 – 5 years, L (long-term) > 5 years.
cost  $ = < $100K,  $$ =  > $100K - $500K, $$$ = > $500K
Overall Ranking:  High (H) , Medium (M)  or Low (L)

CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Microbiology – Bioaugmentation
- Anaerobic systems (with Dehalococcoides)
- Aerobic systems (with JS666)

Valuable to determine answers to ecological
questions – why are dechlorinators present in
some systems but not others?  This would
provide both fundamental and practical
results.

(Natural Processes – Enhancements)

- Add key organisms to
facilitate complete removal or
to enhance capacity.
-  Most applicable in MNA/PR
sense if conditions are present
but organisms missing….
- Recent improvements in
delivery (emulsification, etc)
are applicable.

- Confirmation of linkage of
need to add organisms to
overcome cis-DCE stall needed.
- Microbial transport and
distribution issues may limit
implementability.
- If electron donor needed, then
same issues as above.

N to M

• Active emerging
research area.

 • Need answers to
specific key

questions identified
in line of inquiry.

$$ M N to M
High priority

M H

High rated
enhancement idea
that links to high

rated bioassessment
tools.

Modifying Large-scale Hydrology –

- Bypass of upgradient water
- Decrease infiltration throughout plume
    increase runoff
    increase evapotranspiration
- Decrease mass discharge from source
- Bypass of competing electron acceptors

- Conceptually simple.
- Standard engineering practice.
- Easy to monitor.
- Simple to include in models.
- Large body of containment
literature.
- Main value of line of inquiry
is to show how hydrology
integrates with MNA/EPR – by
setting loading goals and
bypass.

Barriers often looked down upon
because they do not directly
destroy mass (the changes they
cause however may increase the
efficiency of mass destruction as
noted in pros)

N to M $ to $$ Na M N to M H

Selected primarily
as an

implementation
option if

appropriate for use
with other project

activities
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Phytoremediation –  Natural Vegetation with No
Enhancements

- Determine the spatial variability in rhizosphere
responses to contaminant degradation and uptake
- Identify mechanisms that enhance chlorinated
ethene biodegradation in the rhizosphere
- Evaluate the interaction among plants, soil
microorganisms, and contamination especially in
the rhizosphere
- Evaluate the interaction among plants, soil
microorganisms, and contamination especially in
the rhizosphere
- Assess seasonal and climatic influences on
phytoremediation (plants species, rates)

Understanding degradation
rates and processes in natural
plant ecosystems.

Occurs near outcrop and requires
plume to expand to treatment
zone.

N to M

• Significant
ongoing work – any
use in this project

would need to
strongly leverage

that effort.
• Difficult to

understand seasonal
and climatic
influences in
limited study

period.

$ to $$ M M Na M

Phytoremediation – Fertilization strategy - Boosting biomass using
simple manipulations.
- Significant amount of work
going on for natural phyto and
compounds (e.g.,
phytoalkaloids) contribute to
degradation of specific targets.

- Occurs near outcrop and
requires plume to expand to
treatment zone.
- Requires long period of
research for effective proof
because of growing seasons and
variability.
- Is this sustainable?
- Can this be implemented
within the MNA/EPR context?
- May fall near the boundary
between passive and active
remediation and not fit within
project bounds.

M $$ M M M M

Phytoremediation – Layered construction - Sequencing plants for better
effect – shallow and deep roots,
plants that grow throughout
season.
- Involves interventions

- Occurs near outcrop and
requires plume to expand to
treatment zone.
- Even longer term than above.
- Can this be implemented
within the MNA/EPR context?
- May fall near the boundary
between passive and active
remediation and not fit within
project bounds.

L $$ M M M M
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Phytoremediation – Genetic transformations

Species/clone selection:
- Widely adapted
- Carbon to root production
- Amount and type of exudates
- Function under stress
- Metabolism of contaminants
- Water uptake

Customized species selection or
assemblage.  Current example,
Hybrid Poplar, sequenced soon
and can be manipulated.

- Occurs near outcrop and
requires plume to expand to
treatment zone.
- Even longer term than above.
- Can this be implemented
within the MNA/EPR context?
- May fall near the boundary
between passive and active
remediation and not fit within
project bounds.

L $$ M M M M

Consider volatilization from surface water. - Technically feasible and could
be a significant component in
attenuation capacity.
- May be acceptable if
considered in terms of load like
a NPDES or air discharge.
- Particularly well suited to
VOCs because of their gas
partitioning.
- Would be quite useful for
chlorinated VOCs that often
have some tendency to outcrop.

- Requires acceptance of
discharge into surface water.
- Requires acceptance of release
to the atmosphere.
- Requires no impact on local
ecological receptors or sensitive
species – requires careful setting
of goals.

N

• Requires
monitoring of a
zone that is not

normally
monitored.
•Linked to

modeling as well.

$ N N M M

Expand groundwater-surface water zone. - Increasing the attenuation
capacity in a zone where the
capacity is already recognized
and where natural conditions
may help maintain
sustainability.
- Engineered wetlands
increasingly accepted.
- A lot of work nationally on
elated topics.

- Occurs at receptor boundary
and requires plume to expand to
that location.
- For large engineering versions,
occurs in a sensitive ecological
area.
- Realizing full potential, then
VOCs have to penetrate into
reaction zone.
- May fall near the boundary
between passive and active
remediation and not fit within
project bounds.

M

• Near term efforts
would need to
examine low

impact variants for
increasing capacity.

• Demonstration
will require longer

term effort.

$ to $$ M M M M

Enhance FeS precipitation (biostimulation) - With enough FeS, process
could last a long time.
- Best applied to anaerobic
plume for sustainable use.
- Primarily engineering and
most feasible for small
sites/plumes.
- Some work has been done on
this.

- Sustainable system would
require long term source of
organics and reducing conditions
and possibly long term sulfate
source (e.g., gypsum).
- Difficult to separate biotic and
abiotic effects in practice and
may be hard to directly monitor.
- Works under the same
conditions and anaerobic bio and
so does not expand conditions.

N

Should be able to
piggyback on

related research
programs

$ to $$ Na M M L
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CategoryTechnical Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Create new interfaces.

- permeable reactive barriers

- Robust recent development of
PRBs in general.
- Many variants are possible.

- Limited data on sustainable
barrier development - lots of
work may be needed.
- PRB community has
recognized that hydrology
problems rather than chemistry
can cause problems over time
(flow diversion etc.)
- PRB looks more active.

M

Identify possible
materials to be

evaluated to create
a sustainable

system.

$$ M M M L

Create vadose-groundwater reaction zone. - Would be applicable to
specific sites.
- A few variants possible.

If DNAPL below water table
then not viable.

M

Identify possible
materials to be

evaluated to create
a sustainable

system.

$$ M M M L

Biostimulation

- Improvements to electron donors
- Passive Delivery

- Looking at longer lasting
electron donors – what is
possible.
- Considerations were
partitioning donors and slow
degradation compounds, peat,
etc.  Years, Decades, etc.
- May be an improved
engineering concept as well for
improving delivery over
extended times.
- Recent improvements in
delivery (emulsification, etc)
are applicable.

- Sustainability?
- Can this be implemented
within the MNA/EPR context?
- May fall near the boundary
between passive and active
remediation and not fit within
project bounds.

M

Much research
ongoing in this area

and most
appropriate when
viewed as active

remediation

$$ na N to M N L
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Most Promising Policy Targets

KEY:
R&D Timeframe:  N (near-term)  < 2 years, M (medium-term) 2 – 5 years, L (long-term) > 5 years.
$$$:  $ = < $100K,  $$ =  > $100K - $500K, $$$ = > $500K
Overall Ranking:  High (H) , Medium (M)  or Low (L)

CategoryPolicy Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Develop decision process (based on science) to
transition from active to more passive
treatment

- Stages support technically
based transition through the
entire characterization and site
remediation effort
- Defines the technical basis for
transition through the science
framework of attenuation
capacity and loading to
facilitate transition from one
stage of site remediation to the
next.

- May not fit with current
regulatory process (e.g., the
RI/FS and ROD scheduling).
- MNA/EPR may need its own
customized track due to the
times needed for verification.

na na N N M H

Need concurrence with stages of
characterization and monitoring and alignment
with CERCLA/RCRA etc, decision-making
process.

See above See above na na N na M to L H

Acceptance of central concept – Balancing
Attenuation Capacity and Loading

- Easy to understand because it
is consistent with engineering
and other disciplines.
- What is needed is to capture in
the language of the policy for
implementation.
- Consistent with flux
approaches that EPA is
currently emphasizing –
particular value in linking with
mass discharge concepts being
developed for DNAPL sources

- There are uncertainties
associated with loading and
capacity and definitions would
need to be clear to avoid grossly
increasing the amount of data
required.
- Requires guidance, education
and reorienting conceptual base
in an ongoing program.

na na N to M na M to L H

Acceptance of framework for selecting the
analytes and interpreting the results.  A
decision tree or scenario based structure would be
examples

- Would provide the user the
answer to “why” certain things
need to be measured at one site
and not at another.
- This is an important policy
issue that is based in the
science.
- Highlights the need to
measure things directly

Will come out naturally in any
updated guidelines for
MNA/EPR protocol
implementation

na na N N M H
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CategoryPolicy Concept or Objective Pros Cons R&D Timeframe cost
Policy Technical Implementation

Overall Ranking

Acceptability of non-degrading processes as part
of natural attenuation

- All processes that move
toward the remediation goal
should be considered.
- As protocols move forward,
the broader processes more
acceptable if framed in terms of
capacity and target goals.

- May not be high priority
because OSWER directive
already recognizes all of the
mechanisms.
- Good science in modeling and
other areas will support progress
in this area without specific
investment.

na na N na Na L
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