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EXECUTIVE SUMMARY

From the mid-1980s to the present, the Department of Energy (DOE) has developed, tested, and deployed
diverse bioremediation strategies for chlorinated volatile organic compounds (cVOCs). A systematic
review of these projects after decades of activity provides an opportunity to identify crosscutting themes
and lessons learned. The knowledge provided by a DOE bioremediation retrospective represents a resource
to support current and future bioremediation operations, and future decisions related to c¢cVOC
bioremediation. This systematic review examined the design, objectives, performance and outcomes for
remediation projects at DOE sites including Savannah River, Hanford, Idaho, Mound and Pinellas. The
results were used to identify emergent themes to provide actionable insights. The bioremediation
retrospective technical team first developed standardized criteria to support the systematic review. Then,
the evaluation was performed using a sequential process that was informed by local technical experts who
identified and provided the structured information that served as the basis for the evaluation. The
participation of these experts was invaluable to the effort.

Importantly, DOE ¢VOC bioremediation efforts were implemented based on the foundational knowledge
developed by U.S. Department of Defense (DoD) strategic and applied environmental technology
development and certification programs, as well as technical, policy and regulatory guidance from the U.S.
Environmental Protection Agency (EPA), Interstate Technology and Regulatory Council (ITRC), U.S.
Geological Survey (USGS), industry, and universities. To maximize the value of the DOE c¢VOC
bioremediation retrospective, the systematic review strategy focused on identifying important DOE-
specific experiences, trends and lessons learned that would extend the knowledge available from these other
key entities.

Overarching themes that were identified during the DOE ¢VOC bioremediation retrospective include:

1) The most successful DOE ¢VOC bioremediation efforts focused on transitioning the site from
active treatment to passive attenuation-based remedies using Enhanced Attenuation (EA). DOE
provided technical support in developing and implementing ITRC Technical and Regulatory
Guidance for EA protocols in collaboration with state and federal regulators, other federal
agencies, industry, and universities. A key product of that collaboration was a technical and
regulatory guidance document from the Interstate Technology and Regulatory Council (ITRC).
EA provides a roadmap and bridge to move from active to passive remediation. The sites that
were designed and deployed using the ITRC guidance documents have performed well.

2) Designs that created structured geochemical zones to combine anaerobic and aerobic
bioremediation processes provided significant benefits at several DOE case study sites — such
designs leverage the complementary strengths of anaerobic biological processes to rapidly
degrade parent ¢cVOCs and aerobic biological processes to degrade daughter ¢VOCs,
minimizing the buildup of toxic daughter products.

3) Detailed monitoring, including multiple lines of evidence, has proven effective in
implementing and documenting cVOC bioremediation projects. Key performance metrics, use
of DNA and other molecular biological tools (MBTs), have been particularly useful at some
case study sites — demonstrating the robustness of the subsurface microbial community and
their response and adaption to bioremediation amendments and bioremediation progress.
Notably, the MBTs suggest that bioaugmentation (additional of supplemental and/or
specialized bacteria) may not be needed at most sites. Collecting baseline and periodic data on
the microbial ecology is recommended for current and future bioremediation projects.

4) Underperformance of bioremediation projects generally resulted from either poor access and
delivery of amendments or from unfavorable biogeochemical conditions. Poor access and
delivery were associated with physical limitations such as low permeability or well spacing
that was too far apart. Innovative access techniques matched to site conditions, such as use of
horizontal wells, proved beneficial at some sites. An example of unfavorable biogeochemical

vi



5)

6)

7)

8)

SRNL-STI-2025-00051

Revision 0

conditions was use of air sparging to stimulate acrobic biodegradation in a bulk anaerobic
setting — in this example, the air travelled upward through preferential pathways and did not
adequately aerate the target aquifer zone resulting in limited degradation and plume spreading.
The most successful projects considered the balance of the direct beneficial bioremediation
impacts (e.g., degradation of contaminant cVOCs) versus potential adverse collateral impacts
such as generating a large area of unusable / unpalatable groundwater.

Over time there is a trend toward sustainability in performance, consistent with EA and
structured geochemical zone strategies and designs. A notable example of this is a shift toward
longer lived electron donors such as vegetable oils versus the lactate and similar reagent
compounds used in early bioremediation projects.

Successful bioremediations were performed under both CERCLA and RCRA — most were part
of a combined remedy that included other actions such as pump and treat and proposed/future
monitored natural attenuation (MNA). In aerobic oligotrophic aquifers (groundwater systems
with low biomass), MNA rates for the most common cVOC:s are relatively slow with half lives
in the range of 50 to 100 years — additional studies may be needed to confirm and refine
attenuation rates.

Several of the overarching themes identified in the cVOC bioremediation retrospective,
particularly those related to EA, structured geochemical zones, and performance metrics based
on multiple lines of evidence are somewhat universal/portable/durable and would apply to
bioremediation and other in situ remediation strategies at sites contaminated with various
organic contaminants, inorganic contaminants, radionuclides, or comingled contaminants.

More specific technical findings from the retrospective are provided in the lessons learned section of the
report and are briefly summarized below:

For Anaerobic Bioremediation

e Design Basis and Site Conditions

Most anaerobic bioremediation pilot and full-scale projects were designed as active
bioremediations.

There are emerging opportunities in DOE to transition some of the full-scale anaerobic
remediation projects to EA — particularly those that have used long lived electron donors. This
transition can be performed by restructuring the metrics/monitoring and working with
regulators and stakeholders to formally revise the governing record(s) of decision.

Anaerobic remediation projects have proven to be robust and relatively effective under a wide
range of baseline hydrogeologic and biogeochemical conditions.

When deployed in an aerobic system, anaerobic bioremediation results in a shift in redox status
and an associated degradation of overall groundwater quality that limits beneficial use.

¢ Biostimulation and Bioaugmentation

All tested and deployed electron donors have been shown to be effective in supporting
bioremediation.

Over time the preferred electron donors have shifted from pure or blended reagents such as
lactate, alcohols, benzoate and similar chemicals to lower cost materials such as industrial
byproducts (e.g., whey) and vegetable oils. Vegetable oil amendments provide a longer
performance period. In some cases, a single injection has supported effective remediation
performance for ten or more years, based on cVOC concentration trends and characterization
of the structure and function of the subsurface microbial community.
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Two case studies effectively deployed neat (pure) vegetable oil in the lower portion of the
vadose zone to form a shield at the water table interface. This supplemental electron donor
deployment strategy was developed by DOE and represents a cost-effective beneficial action.
The evidence from the systematic review regarding the need for bioaugmentation to support
anaerobic designs is equivocal. Bioaugmentation should be considered only if there is site
specific data or evidence that the microbial ecology at the site is deficient in a key capability
or if testing indicates that the site will experience a significant lag in the initiation of
bioremediation under site-specific field conditions.

For Aerobic Bioremediation

e Design Basis and Site Conditions

DOE aerobic bioremediation pilot and full-scale projects were designed as active
bioremediations.

DOE aerobic bioremediation projects exhibited highly variable levels of success. Compared to
anaerobic bioremediation, aerobic remediation for cVOCs was found to be less robust and
resilient and successful projects were limited to a narrower range of environmental conditions.
For aerobic bioremediation of cVOC, cometabolism is a primary mechanism for moderately
chlorinated molecules like TCE and chloroform. Less chlorinated cVOCs such as DCE and VC
are subject to more efficient and more rapid direct aerobic metabolism.

Most of the DOE aerobic remediation projects were performed using biosparging.

Due to the variable performance of aerobic ¢cVOC bioremediation, recent projects that
incorporated aerobic processes into the bioremediation design were performed as combined
anaerobic and aerobic structured geochemical zones.

e Biostimulation and Bioaugmentation

Air was used as the electron acceptor in all the documented aerobic cVOC bioremediation
projects.

Methane was used as the cometabolite for all the DOE aerobic ¢VOC bioremediation projects.
Gas phase nutrients (ammonia and triethylphosphte) were used for the SRS aerobic cVOC
bioremediation project. The phosphorus addition process was patented by DOE and licensed
to industry for commercial use in bioventing, biosparging and bioremediation.

For Combined Anaerobic-Aerobic Bioremediation — Structured Geochemical Zones

e Design Basis and Site Conditions

DOE exemplars of combined anaerobic-aerobic bioremediation strategies were based on the
EA design paradigm as specified in the ITRC technical and regulatory guidance.

Monitoring the numbers, structure and function of the subsurface microbial community has
been integral to the success of the combined anaerobic-aerobic remediation projects.

The use of structured geochemical zones provided optimal conditions for rapid degradation of
parent cVOCs in the anaerobic areas and less chlorinated daughter cVOCs in the adjacent
aerobic areas.

Structured geochemical zones minimize the accumulation of DCE and VC and minimized the
volume of the aquifer that was impacted by collateral water quality impacts, reduced costs and
remediation time, and sites where this strategy was implemented can be immediately and
efficiently transitioned to a passive attenuation upon completion.

e Biostimulation and Bioaugmentation

Electron donors with higher longevity such as emulsified and neat vegetable oils were used for
creating the structured geochemical zones.
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e No added electron acceptors were used between the anaerobic treatment zones.

The portfolio of cVOC bioremediation projects and project experience in DOE has yielded significant
success. Two sites have formally transitioned to a passive EA remedy from pump and treat — discontinuing
expensive active treatment and now moving rapidly toward closure with no further action. All wells and all
constituents at both EA sites are near or below MCLs. Some of the full-scale anaerobic bioremediations are
also approaching ROD reviews where they may be able to formally transition to a passive EA remedy.
Within these projects DOE has developed, tested, and deployed several innovative technologies, some of
which are patented and licensed. Finally, DOE led the collaboration to develop technical guidance for
implementing EA for ¢VOCs. This 30+ year period of DOE c¢cVOC bioremediation experience as
summarized in this systematic review can serve to support DOE managers/decision makers as well as
contractors in their project management, project design and field operations responsibilities for current and
future cVOC bioremediation.
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1.0 Problem Statement

Department of Energy (DOE) Office of Environmental Management (EM) has responsibilities to manage
and remediate complex groundwater plumes across the nation with contaminants that include a broad range
of chemical and radiological contaminants. Notably, chlorinated volatile organic compounds (cVOCs) are
a principal contaminant in many of the groundwater plumes. A variety of in situ bioremediation
technologies have been tested and deployed to address DOE c¢VOC plumes since the mid-1908s.
Bioremediation involves the use of naturally occurring microbiota/bacteria or introduction of specific
bacteria species to biodegrade/transform contaminants into less toxic or more stable substance. This
retrospective evaluation will focus exclusively on the application and performance of bioremediation for
c¢VOCs and critical aspects of project development: design principles; electron donors and nutrients;
bioaugmentation; subsurface access and deployment; and monitoring performance and metrics. The final
report will provide an overview of cVOC bioremediation across DOE EM and DOE Legacy Management
(LM) sites based on case studies from EM/LM sites. The specific case studies will be consolidated to inform
a more comprehensive picture of the complexities involved in successful bioremediation.

2.0 Objectives

DOE EM, in collaboration with their field sites, have pursued numerous bioremediation projects throughout
the last three to four decades of environmental cleanup. Success of these projects has varied widely,
depending on the contaminant, hydrogeologic conditions, available technologies, and state of the science.
EM’s Office of Subsurface Closure aims to draw on the wealth of bioremediation experience across the EM
complex to conduct a historical retrospective that can be used to inform future bioremediation efforts. This
review of lessons learned dovetails with current DOE bioeconomy initiatives.

3.0 Introduction

Chlorinated solvents were used extensively as degreasers beginning in the 1940s and 1950s to support the
U.S. Cold War mission. The accepted disposal path for these organic compounds often included deposition
on porous soils or into unlined basins. As a result, unintended releases were common during this time.
These factors lead to widespread organic contamination, both in soil and groundwater, across DOE sites,
as well as Department of Defense (DoD) military and industrial locations.

In aerobic groundwater (typically dissolved oxygen content > 1 mg/L), chlorinated solvent plumes attenuate
(reduce in concentration) slowly and the plumes can expand over large areas with large portions of the
plumes having relatively low contaminant concentrations (“large and dilute plumes”). This can lead to high
costs and difficulties in effectively treating the plume because of the high volumes of contaminated water
and large areal footprint. Further, source solvent can migrate as a separate phase and secondary source
zones (areas where residual solvent accumulates and dissolves slowly) are common even after the primary
source mass is remediated. Bioremediation strategies can be applied in situ or ex situ and under aerobic (in
the presence of oxygen) or anaerobic (very little or no oxygen present) conditions. Often the bioremediation
of ¢cVOC:s relies on addition of an electron donor and the resulting anaerobic processes (e.g., reductive
dechlorination) due to higher degradation rates of the typical solvents (e.g., perchloroethylene (PCE) and
trichloroethylene (TCE)) — however this strategy can lead to the buildup of hazardous daughter products
such as vinyl chloride (VC) in some situations. Complete anaerobic dechlorination of TCE and PCE results
in the generation of ethylene, a non-toxic compound, in place of VC which is a known carcinogen and more
toxic than TCE or PCE. A combined anaerobic/aerobic strategy (structured geochemical zones) has been
used to better control and balance the rate of parent and daughter destruction rates. For the large and dilute
portions of plumes in aerobic settings, enhancing aerobic co-metabolism is a primary method that has been
considered for bioremediation.

Several treatment technologies are effective for chlorinated solvent remediation, but site conditions play an
important role in the efficacy of each approach and must be carefully considered during the selection and
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implementation processes. Bioremediation approaches are often favored because they utilize natural
processes to degrade chlorinated hydrocarbons and are typically considered more of a passive approach to
cleanup. These approaches make use of microorganisms capable of contaminant breakdown in the
subsurface through use or transformation of the contaminants. This saves time and costs over more active
methods, minimizes maintenance activities, as well as limits the environmental impact of cleanup
operations.

4.0 Technical Approach

4.1 Overview

This DOE c¢VOC bioremediation retrospective is structured as a formal systematic review. A systematic
review examines the performance and outcomes of multiple separate projects/sites and then consolidates
the information to provide actionable insights. A systematic analysis organizes the disparate information
using various prespecified criteria and then evaluates the structured information to identify relationships,
trends, and lessons learned. Several crosscutting categories and/or criteria provide a framework for
interpreting the historical experiences with cVOC bioremediation across the DOE complex. The structure
for the DOE c¢VOC bioremediation retrospective is summarized in Figure 4-1. The overarching evaluation
categories include a) the remediation design strategy for the bioremediation, and b) the target/predominant
biogeochemical (redox) conditions. As shown in Figure 4-1, the three bins for design strategies are active
bioremediation, enhanced attenuation, and monitored natural attenuation. The three bins for redox
conditions are anaerobic, aerobic and combined anaerobic-aerobic (structured geochemical zones). Note
that these overarching categories can occur in any combination. For example, an active bioremediation
project can be performed using either anaerobic or aerobic conditions. In addition to the overarching
evaluation categories, the systematic review also considers site specific modifying factors and deployment
conditions (e.g., lithology and hydrogeology) and key details of the deployment (e.g., cVOC concentrations,
amendments used, subsurface access methods, size/scale, performance metrics and monitoring strategy, as
well as regulatory objectives and assessment(s) of success). Some of these modifying factors change
depending on the overarching bins. For example, an anaerobic bioremediation would typically include and
electron donor (amendment while an aerobic bioremediation might use an electron acceptor amendment).
The various design strategies, redox conditions, modifying factors and deployment details are further
defined and described in more detail below. These definitions and descriptions were used to organize and
interpret the information collected from the cVOC projects performed at various DOE sites across the
nation.

Following development of the systematic review structure, the retrospective evaluation was performed
using a sequential process. The first step was to collect the information needed to support the review. For
each DOE site where a significant cVOC bioremediation project had been performed the team identified
and contacted local technical expert(s)/representative(s) and provided a template for them to use to prepare
for a short (e.g., 1 hour) interview (Appendix A). The template and interview were organized to rapidly and
efficiently elicit the information needed to support the systematic review. The interviews were extensively
documented (Appendix B-Appendix G). The information was then summarized in table form to facilitate
the cross-site comparisons and development of lessons learned. The resulting information on factors,
performance, and trends will assist in future EM decision making and aid DOE sites who are considering
bioremediation to optimize efficiency and performance as they develop their strategies and designs.
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regulatory objectives

assessment of performance / success

Figure 4-1. Simplified Structure of Categories used for DOE Systematic Review of ¢cVOC
Bioremediation.

4.2 Remediation Design Strategy — Design Basis

In Situ Bioremediation (ISB) is a soil and groundwater remediation approach that makes use of subsurface
microbial processes to beneficially mineralize or transform contaminants, The ultimate goal for any
bioremediation is reduction or elimination of contaminants and contaminant-related toxicity and risk. For
purposes of the systematic review, the historical cVOC bioremediation activities in DOE have been divided
into the following three bins — active bioremediation, enhanced attenuation, and monitored natural
attenuation. These bioremediation bins represent a continuum that transitions from more active toward
passive strategies, respectively. When deciding between active bioremediation and enhanced attenuation
(which is also an active engineered process), the determining factors are the expected longevity of
effectiveness, how the system will be monitored and managed, and how the bioremediation will support
the regulatory process and cleanup objectives. The following sections provide a synopsis and brief
description of each of the Remediation Design Strategy categories. In this and the other background
sections, the descriptions rely heavily on definitions — these definitions are highlighted in boxes in the
respective sections. For each project/site and for each category, the definitions were used as the basis for
assigning a bin to support the systematic review.




SRNL-STI-2025-00051

Revision 0

4.2.1 Active Bioremediation

In situ active bioremediation for cVOCs relies on the : - —
addition of key amendments (biostimulation) or/and | Active Bioremediation for c¢VOCs — An
microorganisms (bioaugmentation) to accelerate and | engineered treatment that uses biostimulation
support bioremediation objectives. The key design | or/and bioaugmentation to support microbial
basis differentiator is the expected longevity of the | Processes to destroy ¢VOCs, reduce risk and
impacts in the subsurface and the expectation that | accelerate progress toward remedial goals.
additional amendments may be needed. The design

does not focus on sustainably transforming the site but rather views the subsurface as a biogeochemical
reactor that is actively managed using a traditional chemical engineering paradigm. In this paradigm, the
ongoing monitoring is focused on when and how much additional amendments are needed. Active
bioremediation can utilize a wide range of amendments, including those with shorter effective lifespans in
the subsurface following deployment -- any amendment can be deployed as part of an active
bioremediation. A typical timeframe for active bioremediation is 1 to 10 years.

4.2.2 Enhanced Attenuation

Note that DOE led in developing the principles of
enhanced attenuation (EA) and developed the technical | Enhanced Attenuation — An engineered
basis for this design strategy — in collaboration with | treatment that uses biostimulation or/and
scientists from multiple Federal Agencies, various | bioaugmentation to sustainably alter microbial
university, industry and with an interagency and | process to destroy ¢VOCs and beneficially
State/Federal regulators. DOE supported the Interstate | alter the plume mass balance such that the
Technology and Regulatory Council (ITRC) as they | remedial objectives are met in a reasonable
developed clear and comprehensive technical guidance | timeframe.

through the “Enhanced Attenuation Chlorinated
Organics (EACO)” team (Figure 4-2). Because of DOE’s leadership role in developing enhanced
attenuation for cVOCs, more detail and information is provided for this design strategy compared to active
bioremediation and monitored natural attenuation. The added detail in this description is intended to serve
as a resource to DOE EM managers to aid in communicating to Congress, the Executive Branch and to the
public information about DOE’s contributions to the science, application and success of enhanced
attenuation for cVOCs.

Selection of enhanced attenuation is based on a mass flux analysis to best assess how to alter the relationship
between cVOC source strength and the attenuation capacity within the plume. EA relies on sustainable
enhancements that are designed to be an effective bridge between active treatment and a monitored natural
attenuation (MNA) remedy (Figure 4-2). EA uses active-engineered bioremediation actions to augment
naturally occurring attenuation in the subsurface. The design basis for EA applications is different from
conventional active bioremediation because EA is built on the principles of sustainability and mass balance
— beneficially altering the relationship between mass loading from the source area(s) and the rate of mass
attenuation (attenuation capacity) in the plume. Figure 4-3depicts the underlying mass balance conceptual
model for cVOC plumes — in this paradigm, the ¢cVOC attenuation processes (primarily biological
degradation) are the engineering controls that are modified to meet a design goal of reducing flux and
concentration and the associated risks as the contaminants flow through the subsurface. The mass balance
relationship defines the emergent plume behavior (i.e., expanding, stable or shrinking).
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Providing sustainable conditions for a stable or shrinking plume based on a mass balance evaluation is the
fundamental design basis and outcome of a successful EA. Sustainability is defined as the ability of a
groundwater system to maintain the attenuation mechanisms that destroy or immobilize contaminants for a
sufficient time and rate to meet remedial objectives until the source mass flux is depleted. When properly
designed, EA shifts the site conditions to meet the requirements of MNA. Sustainability is affected by the
rate at which the contaminants are transferred from the source area and whether the protective processes
are robust and renewed due to the long-term resilience of the microbial community. The core requirement
of sustainability, i.e., shifting the site in a technically defensible, enduring and sustainable manner, typically
requires use of longer lasting amendments and more focus on the structure and function of the subsurface
microbial ecosystem. A typical performance timeframe for EA is 5 to 30 years.

g g . \ .
éﬂﬁE§ lechnical and Regulatory Guidance

Enhanced Attenuation:
Chlorinated Organics

Enhanced
Attenuation

April 2008

Figure 4-2. ITRC Technical Guidance on Enhanced Attenuation for Chlorinated Organics --
Enhanced attenuation provides a “bridge” between active treatment and MNA.
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Figure 4-3. Natural Attenuation Mass Balance Paradigm (ITRC, 2008).

To facilitate implementation of EA for cVOCs, the ITRC developed technical and regulatory guidance that
is built around an implementation flowchart. The flowchart provides an important roadmap for decision
making (Figure 4-4 and Figure 4-5). This flowchart was based on existing regulatory guidance documents
and protocols. The initial efforts at a contaminated site (blue boxes I and II in Figure 4-4 and Figure 4-5)
represent the initial discovery, characterization, source treatment, and active remediation. These activities
result in a range of characterization data as well as decision-making information related to risk, technology
performance, treatment time, and treatment cost (green circles). These criteria, in turn, are inputs to a series
of questions related to the viability of MNA (yellow diamonds). This portion of the process encourages
implementation of MNA according to the existing regulatory protocols with added emphasis on mass
balance-based assessment of plume stability and with documentation of treatment sustainability. This ITRC
specified sustainability requirement, represents an additional level of documentation and rigor compared to
prior MNA protocols.

As assite is approaching MNA but does not meet the requirements of MNA, (i.e., it does not pass the yellow
diamond gantlet of requirements), the decision flowchart provides an additional potential option of EA
(orange assessment-implementation process). The EA path provides specific requirements to be considered
in evaluating the mass balance to optimize long-term plume stability/reduction (shrinking) and in selecting
and designing an EA treatment. In this case, the scientist/engineer determines whether there is a sustainable
action that will modify the risk, plume stability, or remediation time frame and allow for implementation
of that action. The types of enhancement evaluated, and the objectives of the enhancements are developed
based on the specific issues identified in the MNA questions. For example, if the remediation time frame is
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determined to be too long, then enhancements that increase degradation rates will be identified; if conditions
are not sustainable then enhancements to further sustain the attenuation process will be identified and
evaluated. If enhancements are not viable, then traditional treatment continues. If enhancement is viable
and has the potential to be more effective than the current treatment, then it is implemented and monitored
to document that the desired change was achieved so that the site can transition to MNA or to identify that
the desired change was not achieved such that further enhanced treatment is required. The ITRC (2008)
technical guidance document provides detailed descriptions and documentation for each step in the
flowchart process.

l. Response actions—source
treatment and active remediation

A

ll. Collect data and evaluate

risks and plume stability
v B

£ Series of

N questions to . Enhancement | |
N determine if possible?

(\ J requirgments of

MNA are met. If Yes

;’\\ ‘plume is No l

\Data expanding,

/and} ] ARAVR-S",gre not Enhanced
¢\rlterja met, or time Attenuation

~’ frames and cost (implement) 1
N are’not

A j acceptable, then

- “goto
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Figure 4-4. General Structure of ITRC MNA/EA Decision Flowchart (ITRC, 2008).
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Figure 4-5. Expanded ITRC MNA/EA Decision Flowchart (ITRC, 2008).
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4.2.3 Monitored Natural Attenuation

MNA is an important environmental management strategy that recognizes the effects of natural mechanisms
in the subsurface which stabilize or shrink a contaminant plume. During the past 30 years, MNA for
chlorinated organics has advanced rapidly, supported by improved scientific information and clear policy
developments. EPA formally recognized the use of natural attenuation for chlorinated solvents and the use
of the term “MNA” with issuance of two documents, a protocol (EPA, 1998) and a directive (EPA, 1999).
These encouraged the use of MNA, in combination with other actions, to achieve remediation goals.
According to EPA (1999), the processes that contribute to MNA include “a variety of physical, chemical,
or biological processes that under favorable conditions, act without human intervention to reduce mass,
toxicity, mobility, volume, or concentration of contaminants in soil or groundwater.” EPA guidance for
MNA typically relies on multiple lines of evidence (MLE). In summary, the requirements for environmental
strategies that rely on natural attenuation include the following:

documenting that the plume poses minimal risk
documenting that the plume is stable or shrinking
monitoring to ensure environmental protection
triggers to implement contingency plans as needed

MNA is a remedial strategy that specifies no human intervention. It has been described as “watchful
waiting”; however, MNA remedies are intended to move toward remediation goals that minimize risks at
an acceptable rate. There are a variety of issues and challenges to broader implementation of MNA of
¢VOCs, including:

limited understanding of site-specific natural attenuation processes

limited characterization, including site-specific geochemical conditions

unreasonably long remediation time frames

insufficient natural attenuation rates relative to the mass loading entering the plume from the
source area(s)

¢ inability to collect information due to ongoing operations of an active remedy such as pump-and-
treat (note that this challenge is a primary basis for the development of EA as a technically
defensible bridge between active and passive remedies).

A typical timeframe for MNA is 10 to 50+ years. In cases where natural attenuation mechanisms are not
sufficient to achieve remediation goals— because of risk/exposure to receptors, plume growth, or long
time-frames — additional actions are required. Targeted approaches are necessary to overcome the
conditions(s) that cause MNA alone to be inadequate for site remediation. Such actions can include active
treatments or EA.

4.3 Target-Predominant Biogeochemical (Redox) Condition

To support specific bioremediation objectives, the system needs to meet target redox conditions and
associated biogeochemistry (e.g., pH, macronutrients and micronutrients). In particular, the redox state
serves as a primary master variable that controls the types and rates for microbial degradation of ¢cVOCs.
The range of relative redox potentials necessary for reduction of chlorinated compounds to occur varies
depending on the type of contaminant. Further, the presence of comingled contaminants can play a role in
determinations related to stimulating or inhibiting the targeted contaminant breakdown. The presence and
concentration of competing electron acceptors and donors may also impact performance. Other baseline
conditions like pH and temperature can also impact microbial activity and community growth. The three
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overarching redox categories are anaerobic, aerobic, and combined anaerobic-aerobic (structured
geochemical zones). The first two redox categories are straightforward and can be described using
traditional definitions.

4.3.1 Anaerobic

Conditions for growth or metabolism whereby microorganisms use an element other than oxygen as an
electron acceptor. These alternate electron acceptors include nitrate, sulfate, iron, carbon dioxide, and
(importantly) other organic compounds (including cVOC contaminants). Anaerobic processes have been a
primary focus of cVOC attenuation research since the early 1990s because the rates for anaerobic
degradation processes for typical industrial cVOCs (e.g., PCE, TCE, CT and chloroform) are typically faster
that the degradation rates for aerobic processes (e.g., nominal half-life of <1 to 10 years versus decades).
However, the cVOC degradation rates typically decrease for daughter compounds that contain fewer
chlorine atoms. To encourage anaerobic conditions and enhance degradation rates, the redox condition at a
site can be manipulated by addition of an electron donor amendment. The primary microbial-enzymatic
pathway for anaerobic degradation is reductive dichlorination by which chlorine atoms are sequentially
removed from the parent compound and replaced with hydrogen. This can be summarized for chloroethenes
as follows:

PCE = TCE - DCE - VC - methane and inorganic compounds

Risks for both the parent and daughter cVOCs are important considerations for anaerobic sites and the
toxicity and potential buildup of daughter products such as vinyl chloride (VC) are factored into the design
process and performance metrics.

4.3.2 Aerobic

Conditions for growth or metabolism in which the organism is sufficiently supplied with molecular oxygen.
Aerobic respiration, the process whereby microorganisms use oxygen as an electron acceptor to generate
energy. Note that the degradation rates for typical industrial cVOCs (e.g., PCE, TCE, CT and chloroform)
is typically slow and fully (“per-") chlorinated cVOCs are typically assumed to have very low or negligible
degradation rates for aerobic conditions. Importantly, there are two major microbial and enzyme pathways
for aerobic degradation of cVOCs: cometabolism and direct metabolism. Cometabolism relies on the poor
specificity of some of oxidative enzymes that are targeted to different substrates (like methane or toluene)
to fortuitously degrade cVOC contaminants. Cometabolism does not typically result in direct benefits for
the organism (i.e., does not supply energy for growth and reproduction). Direct metabolism relies on
enzymes that are targeted to a specific cVOC and which typically result in providing energy for growth and
reproduction. An advantage of aerobic process is that the reaction pathways to mineralization (forming
nontoxic inorganic byproducts) is more direct compared to anaerobic pathways with less buildup of
daughter products.

4.3.3 Combined Anaerobic-Aerobic (Structured Geochemical Zones)

Similar to EA, DOE led the development of systems that rely on a combined anaerobic-aerobic structured
geochemical zone approach. Additional background is provided below as a resource for DOE management.
Structured geochemical zones conditions rely on groundwater flow through a succession of anaerobic and
aerobic conditions. The anaerobic zones stimulate relatively rapid degradation of the original cVOC
compounds while the downgradient/surrounding aerobic areas encourage relatively rapid degradation of
daughter products as well as enhanced cometabolism stimulated by the release of methane and other
reduced hydrocarbons from the anaerobic zones (Figure 4-6 and Figure 4-7).

10
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Figure 4-6. Simplified Depiction of the Relative Rates of Chloroethene Degradation under
Anaerobic and Aerobic Conditions (DOE, 2020).
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Figure 4-7. Example Depiction of the Relationship between Anaerobic and Aerobic Treatment
Areas — A structured geochemical zone design would include additional coupled areas along the plume
flow path (DOE, 2020).
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4.4 Site-Specific Modifying Factors, Deployment Conditions and Deployment Details

A thorough and accurate site characterization informs an effective remediation strategy and design of a
bioremediation approach relies on knowledge of the site and contaminant plume. Characterization is guided
by the conceptual site model (CSM), which informs the remedy design, implementation, and operation. For
example, physical factors like site hydrology, groundwater flow paths, and lithology impact substrate
selection and delivery method. For enhanced in situ reductive dechlorination of cVOCs specifically,
subsurface conditions must be conducive to introduction and distribution of an electron donor so that a
reactive zone can be created. The following categories of sites-specific factors were elicited during the site
interviews to support the systematic review process.

4.4.1 cVOCs Type(s)

List of the site-specific predominant cVOCs that need to be addressed to mitigate risks and meet remedial
objectives.

4.4.2 cVOCs Concentration(s)

The starting contaminant concentration will also inform monitoring activities and future assessments of the
bioremediation once implemented. This technology has been shown effective for groundwater plumes with
concentrations from 0.01 to 100 mg/L (Parsons, 2004). Sites with residual or sorbed dense non-aqueous
phase (DNAPL) at concentrations > 100 mg/L can also potentially be treated with bioremediation
approaches, but areas with significant DNAPL source zones may not be able to be remediated in a realistic
timeframe (Parsons, 2004). This factor was set relative to solubility of the particular cVOC to account for
the potential presence of residual (undissolved) cVOC dense nonaqueous phase solvents (DNAPLs). All
bioremediation strategies are significantly adversely impacted by the presence of DNAPL. The case studies
will be used to help assess relative success of various bioremediation strategies used at varying
concentration levels. For purpose of the structured review the following definitions and log-based bins were
developed:

Likely DNAPL >10% solubility up to recovered solvent

e Very High >1% solubility up to <10% solubility (there is potential for near-field DNAPL in this
bin)
High >0.3% solubility up to <1% solubility

e Medium >0.03% solubility up to <0.3% solubility

e Low <0.03% solubility

For some of the common DOE c¢VOCs these bins (bounds organized from high to low) are as follows:
TCE (solubility =1000000 pg/L = 100000, 10000, 3000, 300)

PCE (solubility =200000 pg/L = 20000, 2000, 600, 60)

CT (solubility =800000 pg/L = 80000, 8000, 2400, 240)

Chloroform (solubility =8000000 pg/L. = 800000, 80000, 24000, 2400)

4.4.3 Lithology/Hydrogeology

Typical descriptors were used — for example clayey, silty, sandy, layered, homogeneous, anisotropic and
similar for sedimentary or granular media, and the nature of fractures in solid/rock/limestone media.
Baseline geochemical conditions also inform whether a bioremediation approach is a viable remediation
option for a site. For example, natural oxidizing/reducing conditions and/or aerobic/anaerobic conditions
will influence which type of approach(es) may be effective for a system.

4.4.4 Size and Scale of Bioremediation (pilot- or full-scale target volume)
Based on interview and project objectives.

12
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The extent of the plume and how it was used for the bioremediation strategy design and implementation
process. The scale is used in determining the needed radius of influence of treatment, as well as the required
microbial ecology.

4.4.5 Amendments Used

This is a significant factor that influences the performance of the bioremediation. Amendments will be
assessed in several subcategories: redox modifier (electron donor/acceptor), bioaugmentation, and
nutrients/buffers.

The two major types of redox modifiers are electron donors (to enhance anaerobic conditions and processes)
and electron acceptors (to enhance aerobic conditions and process). Redox modifiers are notable because
they can be selected based on desired effect and longevity. Shorter longevity is normally associated with a
more intensive bioremediation enhancement but with the potential need for more frequent reapplication.
More intensive amendments are sometimes classified as “hot” while very long-lived amendments are
classified as “cool”. A summary of available electron donors and electron acceptors that are used for
bioremediation is provided below.

Most electron donors are applied as liquids, but gases and solids are also available. Available electron
donors are summarized in Figure 4-8. These are arranged on a continuum that moves (left to right) from
hot to cool and the approximate amendment longevity is annotated on the bottom of the figure. On the left
are hydrogen, sugars and other easily oxidizable materials/hydrocarbons. The center of the chart includes
more complex hydrocarbons (including commercial byproducts, glycerin and vegetable oils). The right
portion of the diagram includes natural organic matter such as mulch, humic/fulvic acids and peat. Inorganic
electron acceptors such as zero valent iron (various particle sizes) have also been used for help support
bioremediation projects. Early studies often used relatively expensive reagent-based amendments such as
lactate, however the industry as moved to lower cost materials such as molasses and vegetable oil — often
containing key nutrients and buffers.

continuum of electron donors for bioremediation
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Figure 4-8. Summary of Electron Donors used for Anaerobic Bioremediation.

The scope of materials currently in use for electron acceptors to support bioremediation is more limited. A
key challenge for electron acceptors is that the delivery of electron acceptor is constrained by the low
solubility of oxygen in water. Many of the available electron acceptors are gases. The most common
electron acceptor to support bioremediation is air (i.e., biosparging). Compared to air, “hotter” gas phase
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electron acceptors include oxygen and ozone (ozone is typically not used because it is so reactive that it can
adversely impact the microbial community). Water in equilibrium with air typically contains oxygen at
approximately 10 mg/L and water in equilibrium with oxygen gas contains about 40 mg/L. In both cases,
the ability of water to deliver oxygen throughout subsurface systems that have high biomass (high oxygen
demand) is limited and such scenarios are poorly matched to aerobic bioremediation. Solid electron
acceptor amendments (such as calcium or magnesium peroxide (i.e., similar to oxygen bleach)) deployed
in wells/boreholes or fractures are also in use. Like oxygen, these solids generate dissolved oxygen
concentrations in the vicinity of the deployment location in the range of 40 mg/L. Liquid electron acceptor
amendment such as nitrate have seen limited use.

Bioaugmentation is an important design decision that may impact performance. Bioaugmentation typically
adds one or more key microorganisms that has documented ability to degrade the target cVOCs. The
objective of bioaugmentation is to assure that the microbial community will have the ability to perform the
bioremediation and to minimize the potential for a lag time in developing the desired biodegradation
reactions. Most of the bioaugmentation has been performed for anaerobic biodegradation using carefully
selected cultures of Dehalococcoides. Notably, a number of other organisms can contribute to
biodegradation and characterization/monitoring techniques to assess the naturally occurring microbial
community and ecology are increasingly being used — sometimes eliminating the need for bioaugmentation.
Table 4-1 provides a synopsis of organisms and genes that commonly contribute to cVOC bioremediation.
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Table 4-1. Synopsis of Organisms/Genes that Contribute to Bioremediation (DOE, 2020).

Reductive Dechlorination and related Attenuation Processes Aerobic (co)Metabolism
organisms I I enzymes Enzymes

1 T 17 17T 1T 17T T T°1 F_r 1T 17 1T 1T T"1

e et reemie e e e emaf AAs e e rsteseEean s o eeaeeet e A e ARARA A %Ak R A AR Are S Ay 48 mamesagy S AR A R s A s A A aseaAr e feaaweanet ey aaeean

benzenes. Dehalobacter DCM (DCM) is confirmed to reductively degrade chloroform.

3 Dehalogenimonas (DHG) is confirmed to reductively degrade chorinated ethanes and propanes. Attenuation of chlorinated ethenes (e.g., PCE
and TCE) has not been documented in the literature.

Amendments can also include nutrients or buffers. These impacts are considered based on the interview.

4.4.6 Subsurface Access Methods and Spacings

Various types of access strategies (vertical or horizontal wells, drilling, direct push, fracturing, trenches, or
other methods) and geometries have been used for bioremediation projects. The distance between injection
or application point/lines has been a significant factor in performance.

4.4.7 Performance Metrics and Monitoring Strategies

Effective monitoring of remedial performance is a crucial element in the design and implementation of
bioremediation. This assessment will focus on the selected metrics — for example only tracking
concentration versus multiple lines of evidence. If multiple lines of evidence are used the
interview/evaluation will assess the alignment of the metrics with EPA or ITRC guidance such as the lines
of evidence used for MNA. The review will also assess potential adverse collateral impacts (plume spread,
accumulation of toxic daughter products, release of volatile contaminants, etc.).
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