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EXECUTIVE SUMMARY

This Technology Demonstration Report for Loading Rates and Impacts of Substrate Delivery for
Enhanced Anaerobic Bioremediation evaluates differing approaches to determining substrate
loading rates and the impacts of substrate delivery for enhanced in sifu anaerobic bioremediation.
This demonstration report describes 1) the selection and evaluation of case study sites, 2) the
methods that are used to compare and evaluate substrate loading rates, 3) the results achieved by
these approaches, 4) methods and tools available for determining substrate requirements and
substrate loading rates, 5) an assessment of differing approaches and the cost impact of design
modifications, and 6) recommendations for estimating substrate requirements and for designing
substrate amendments.

Problem Statement

Enhanced in situ anaerobic bioremediation involves the delivery of organic substrates into the
subsurface to stimulate anaerobic degradation of contaminants in groundwater. Effective
application of the technology depends primarily on the delivery of appropriate levels of organic
substrate in the subsurface and the development of optimal geochemical and oxidation-reduction
(redox) conditions for anaerobic biodegradation processes to occur.

Substrate loading rates are defined as the volume, concentration, and frequency of injection of
organic substrates for in situ anaerobic bioremediation. Insufficient substrate loading rates or
non-uniform delivery and mixing may result in areas of the aquifer that are not sufficiently
reducing for complete dechlorination to occur, thereby increasing the potential for accumulation
of regulated intermediate degradation products. For example, the potential accumulation of
dechlorination products cis-1,2-dichloroethene (DCE), vinyl chloride (VC), or chloroethane
(CA).

The presence of excessive substrate may result in uncontrolled fermentation reactions (e.g.,
lowering of pH and formation of undesirable fermentation products such as ketones),
degradation of secondary water quality (e.g., mobilization of metals and inorganics), and poor
utilization of substrate for anaerobic degradation of the contaminants of concern. The ability for
aquifer systems to recover to pre-injection redox conditions and the long-term impacts on
groundwater quality after enhanced bioremediation are not well documented.

Given these effects, many enhanced anaerobic bioremediation applications fail to achieve
performance expectations or develop unanticipated long-term compliance problems. The cost
associated with poor performance (e.g., a need for longer term operation) or with compliance
issues such as degradation of secondary water quality (typically requiring additional monitoring
or system modifications) may greatly increase the life-cycle costs of full-scale enhanced
bioremediation applications. Therefore, determining an appropriate substrate loading rate and an
effective distribution method for the various substrate types commonly applied is a critical
design and operational objective.
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Objectives
The objectives of this study are to:

1) Better understand the effects that substrate amendment loading rates (volume,
concentration, and frequency of injection) have on substrate persistence (maintenance
of the reaction zone) and distribution (mixing and radius of influence);

2) Determine how control of substrate loading rates affects amendment utilization and
development of optimal geochemical and redox conditions for anaerobic
biodegradation;

3) Identify substrate loading rates that have adverse impacts on secondary water quality;

4) Evaluate the effect that differing substrate types or loading rates may have on hydraulic
conductivity based on physical/chemical or biological (biomass) effects of the substrate
amendment; and

5) Use this information to develop practical guidelines for designing and optimizing
substrate loading rates and injection scenarios for differing substrate types and for
differing geochemical and hydrogeologic conditions.

To achieve these objectives, fifteen (15) case studies with varying methods to determine
substrate loading rates were evaluated regarding system operation and performance.
Quantitative and qualitative performance objectives used to evaluate the case studies are
summarized in the table below, and were used to identify limiting factors for enhanced in situ
bioremediation.

Summary of Limiting Factors for Enhanced In Situ Bioremediation

A number of limiting factors commonly impact the effectiveness of enhanced in situ
bioremediation applications. These limiting factors and the best practices to mitigate them
include the following:

Insufficient Substrate Distribution. The ability to effectively distribute substrate is often
impacted by site-specific lithology (low or high permeability, heterogeneity) and groundwater
hydraulics (low or high rates of groundwater flow). In some cases the quantity of substrate that
can be injected is limited by a low aquifer buffering capacity and adverse lowering of pH. This
reinforces the need to, and benefits of, conducting adequate site characterization prior to design
and implementation of substrate addition. In most cases these conditions can be mitigated by
modifying the injection mixture and substrate loading rate (for example more frequent and less
concentrated substrate solutions, or adding a buffering amendment), or selecting an appropriate
delivery technique (for example closer spaced injection points and larger injection volumes).

Adverse Geochemical Conditions. The most common geochemical condition was an adverse
excursion (lowering) of pH, resulting from a combination of low buffering capacity of the
aquifer and high concentrations of dissolved organic carbon (DOC). Control of the substrate
loading rate is critical when treating aquifers with low buffering capacity. Mitigation measures
include careful screening of the site to determine whether a buffering compound should be added
to the injection protocol, and selecting substrate delivery techniques that provide for more
uniform distribution of substrate without excessive “spikes” in DOC.
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Performance Objectives

Performance
Objective

Data Requirements

Success Criteria

Quantitative Performance Objectives

Determine ability to
uniformly distribute
substrate

Post-injection concentrations of
soluble organic carbon in
groundwater.

Achieving the concentration of
substrate targeted in the design at all
monitoring locations within the
reaction zone is considered successful.

Determine if optimal

Pre- and post-injection

Achieving highly reducing conditions

geochemical concentrations of geochemical with ORP less than -200 mV
conditions were indicator parameters in throughout the reaction zone is
achieved groundwater. considered successful.

Determine Pre- and post-treatment A greater than 99 percent reduction in
remediation contaminant concentrations in compound-specific concentrations is
effectiveness groundwater. considered successful.

A greater than 90 percent reduction in
total molar concentration of CAHs is
considered successful.

Determine impacts to
secondary water
quality

Post-treatment concentrations of
secondary water quality
parameters (e.g., dissolved metals
such as iron and manganese).

Maintaining concentrations of
secondary water quality parameters
below applicable regulatory criteria
downgradient of the reaction zone is
considered successful.

Determine impacts on
hydraulic conductivity

Pre- and post-treatment
measurements of hydraulic
conductivity.

A less than 50 percent decrease in
hydraulic conductivity is considered
successful.

Determine substrate
persistence and long-
term effectiveness

Post-treatment concentrations of
contaminants and soluble organic
carbon at the end of the intended
design life of the application.

A rebound in concentrations of less
than 1.0 percent of the initial
contaminant concentration after the
application has been completed is
considered successful.

Qualitative Performance Objectives

Determine need for
and cost of additional
injections or

Actual work performed will be
compared to the application design
plan. The cost of additional work

An application that does not require
additional injections or monitoring
beyond that in the original design is

monitoring will calculated when data are considered successful.

available, or a qualitative

assessment will be made when cost

data are not available.
Application in Site geology (permeability, An application where permeability,
difficult heterogeneity) and groundwater heterogeneity, or the rate of
hydrogeological hydraulics (hydraulic conductivity, groundwater flow do not limit
conditions hydraulic gradient, and rate of effectiveness is considered successful.

groundwater flow).

Guidelines on these parameters are
developed from examples where they
impacted the effectiveness of the
application.
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Loss of Hydraulic Conductivity or Biofouling of Injection Wells. A decrease in hydraulic
conductivity (permeability) may result in bypass of contaminated groundwater around the
reaction zone or uneven distribution of substrate during subsequent injections. One option to
mitigate the potential for loss of hydraulic conductivity is to conservatively design the reaction
zone to extend beyond the limits of contaminated groundwater to be treated. For example, a
biobarrier may be installed an additional 20 to 50 feet beyond the edge of the groundwater
contaminant plume to avoid potential for bypass around the ends of the reaction zone. It may
also be beneficial to provide a degree of overlap (perhaps 20 to 30 percent) in radius of influence
for injection wells to compensate for reductions in the ability to distribute substrate during
subsequent injections.

Substrate Persistence and Longevity. Concentrations of DOC typically need to be sustained
above 50 to 100 milligrams per liter (mg/L) over the design life of the application. Buildup of
biomass may sustain the reaction zone and limit the amount of rebound that may occur after the
initial substrate is depleted. Rebound of concentrations in the treatment zone will depend on
whether a residual source of contaminant mass remains upgradient of the treatment zone, or in
low permeability sediments within the treatment zone.

Difficult Hydrogeological Conditions. Rates of groundwater flow less than 0.1 feet per day
(ft/day) (37 feet per year [ft/yr]) or greater than 2.7 ft/day (1,000 ft/yr) require special design
considerations. Low rates of groundwater flow may require closer injection point spacing
because the distribution of organic acids by dispersion will be limited. High rates of
groundwater flow will require more frequent and higher concentration injections as the substrate
is dispersed over a large volume of the aquifer. In the case of emulsified vegetable oil (EVO)
products, the retention of the oil droplets is a critical parameter to sustain adequate substrate
concentrations in the reaction zone. Oil retention in coarse grained sediments, combined with a
high rate of groundwater flow, may not be sufficient without additional injections. In addition,
as the degree of aquifer heterogeneity increases, so may the need for closer injection well
spacing or for “targeted” injections within lower permeability sediments.

The variety of substrates and configurations that can be used for enhanced in situ bioremediation
allows the practitioner to design around these limiting factors. Careful site screening and
evaluation of each of these limiting factors will lead to higher rates of success and greater
effectiveness of the remedy.

Substrate Estimating Tool

A substrate estimating tool was developed to assist the practitioner in evaluating a site for an
enhanced in situ bioremediation application. The primary objectives of this tool are to:

« Evaluate the site-specific conditions regarding hydrogeology and geochemistry in regards
to the demand exerted by both natural and anthropogenic electron acceptors,

o Screen for site conditions that require special consideration, such as excursion of pH
outside of a range optimal for dechlorinating microorganisms, and

o Evaluate and compare the concentrations of differing substrate types necessary to meet the
electron acceptor demand.

This tool was used during the case study evaluations to compare the substrate amendment
designs and actual quantities used to the substrate requirements calculated by the tool using site-
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specific electron acceptor demand. A description of how the tool works and guidance on using it
for site screening purposes is included in Appendix B.

The variability in the relative percentage of electron acceptor demand for common electron
accepting processes reflects the variability in site conditions that may be encountered. Sulfate
reduction and methanogenesis have the greatest potential to dominate electron acceptor demand
and to increase substrate requirements. This is due to the magnitude of sulfate concentrations
that may occur (up to several thousand milligrams per liter), and to the high utilization rate of
hydrogen by methanogenesis. In source areas, the electron acceptor demand from chlorinated
solvents may predominate.

The substrate estimating tool is useful to screen site conditions that will impact substrate delivery
and utilization. The tool provides an estimate of total substrate required over the design life of
the application, given a user specified design factor. The tool calculates a time-weighted average
concentration of substrate by dividing the total volume of groundwater treated by the total
substrate quantity.

The substrate estimating tool is also useful to understand how the substrate will be utilized and to
screen for potential adverse geochemical conditions. For example, high manganese and iron
sites may require monitoring to ensure secondary water quality is not impacted downgradient of
the treatment zone. pH and alkalinity are included in the tool to screen for sites with low
buffering capacity.

The quantities and time weighted average substrate concentrations can be used for comparison to
proposed or planned bioremediation applications as a check on the quantities of substrate being
proposed or the performance targets for DOC. This should assist in avoiding application of
either too little substrate or generating excessive substrate levels. Design tools are often
provided by substrate vendors, and the estimated substrate quantity should always be compared
to recommendations by the provider or with case studies in the literature.

Recommendations

The primary objective when selecting a substrate loading rate is to achieve a uniform distribution
of substrate over time and space. Design tools that assist the practitioner with the configuration
(well spacing) and injection volumes are being developed and should be incorporated into the
design exercise. Examples include the Edible Oil Substrate tool being developed under ESTCP
Project ER-0626 (Borden ef al., 2008; available at the ESTCP on-line library at http://docs.serdp-
estcp.org/).

For slow release substrates injected in a one-time event, a conservative design factor on the order
of 3- to 7-times the estimated substrate requirement should be suitable for limiting the potential
for insufficient substrate. For soluble substrates, lower design factors on the order of 2- to 3-
times the estimated substrate requirement are beneficial to avoid over-stimulating the aquifer and
driving pH downward. Substrate quantities can be increased if initial loading rates are
insufficient to create suitable reducing conditions throughout the treatment zone. The delivery
methods for soluble substrates should target uniform substrate concentrations without excessive
“spikes” in concentration.

The use of very high substrate concentrations to enhanced dissolution of dense non-aqueous
phase liquids (DNAPL) into the aqueous phase is an exception to typical substrate loading rates.
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Solutions with concentrations of lactate as high as 6 percent by weight, whey as high as 10
percent by weight, and molasses as high as 1 to 2 percent by weight have been used for this
purpose. These applications require special consideration of the buffering capacity of the aquifer
and the system configuration. For example, it may be acceptable to induce adverse geochemical
conditions in the source zone to mobilize chlorinated solvent mass if a suitable downgradient
reaction zone for biodegradation and geochemical recovery is established. In most all cases,
these types of injections are typically performed in pulses of every 4 to 12 weeks to allow the
aquifer geochemistry to stabilize between injections.

Six of the fifteen case study sites exhibited issues with pH excursion. For all these sites, initial
background pH values were below 6.5 and alkalinity was below 150 mg/L. For screening
purposes, a combination of pH below 6.0 to 6.5 and alkalinity below 300 mg/L indicates that
modifications to buffer and control pH are necessary. Sodium bicarbonate was the most
common buffering compound used, typically at concentrations in excess of 10,000 mg/L.
Sodium bicarbonate is a relatively weak buffering compound and may be most suitable for
applications using frequent injections of soluble substrates. The use of stronger and more
persistent buffering compounds (e.g., magnesium hydroxide or sodium phosphates) may be
necessary for applications using slow release substrates, and further research and product
development will be beneficial for sites with low buffering capacity.

In practice, the amount of site characterization data that is available or that can be economically
obtained is always limited to some extent. It is not unusual to design an enhanced in situ
bioremediation application at a “well characterized” site, only to encounter difficult
hydrogeological conditions such as low permeability sediments or heterogeneity that limits
effective substrate distribution. Therefore, it is useful to consider practices that mitigate the
uncertainty associated with subsurface environments.

Soluble substrate systems that use frequent injections have the most flexibility in modifying
injection scenarios. When using infrequent applications of slow-release substrates, potential
problems such as the need to add a buffering agent should be evaluated prior to substrate
addition, and buffer should be added during substrate injection as a precautionary measure when
in doubt.

Inadequate or excessive distribution of substrate due to aquifer permeability and/or groundwater
flow rates can be adjusted by increasing or decreasing the substrate loading rate, and/or by
modifying injection frequency or well spacing. Substrate loading rates may be increased in the
event of inhibitory electron acceptor demand (e.g., sulfate over 50 to 100 mg/L).

Finally, incomplete or delayed dechlorination is a common limitation resulting in accumulation
of intermediate dechlorination products. Prior to considering bioaugmentation, the system
should be evaluated to ensure that the proper geochemical conditions have been achieved and
that a sufficient acclimation period has been allowed for ecological succession and development
of appropriate microbial consortia. Bioaugmentation with commercially available culture can be
implemented if it has been determined that indigenous Dehalococcoides species are lacking or
do not exhibit the reductase enzymes that indicate a capability for complete dechlorination of VC
to ethene.
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1. INTRODUCTION

This Technology Demonstration Report for Loading Rates and Impacts of Substrate Delivery for
Enhanced Anaerobic Bioremediation evaluates differing approaches to determining substrate
loading rates and the impacts of substrate delivery for enhanced in sifu anaerobic bioremediation.
This report was prepared by Parsons Infrastructure & Technology Group, Inc. (Parsons) for the
Environmental Security and Technology Certification Program (ESTCP ER-0627), under United
States Army Corps of Engineers (USACE) Contract No. W912HQ-06-C-044.

This demonstration report describes 1) the selection and evaluation of case study sites, 2) the
methods that are used to determine substrate loading rates, 3) the results achieved by these
approaches, 4) methods and tools available for determining substrate requirements and substrate
loading rates, 5) assessment of differing approaches and the cost impact of design modifications,
and 6) recommendations for determining substrate requirements and for designing substrate
amendments.

1.1 PROBLEM STATEMENT

Enhanced in situ anaerobic bioremediation involves the delivery of organic substrates into the
subsurface to stimulate anaerobic degradation of contaminants in groundwater. Effective
application of the technology depends primarily on the delivery of appropriate levels of organic
substrate in the subsurface and the development of optimal geochemical and oxidation-reduction
(redox) conditions for anaerobic biodegradation processes to occur. This project specifically
addresses anaerobic reductive dechlorination of chlorinated solvents, but the concepts of
adequate substrate distribution and achieving optimal subsurface geochemical conditions apply
to other contaminants amenable to anaerobic degradation processes.

Substrate loading rates are defined as the volume, concentration, and frequency of injection of
organic substrates for in situ anaerobic bioremediation. Insufficient substrate loading rates or
non-uniform delivery and mixing may result in areas of the aquifer that are not sufficiently
reducing for complete dechlorination to occur, thereby increasing the potential for accumulation
of regulated intermediate degradation products (e.g., the potential accumulation of dechlorination
products cis-1,2-dichloroethene [DCE], vinyl chloride [VC], or chloroethane [CA]). Little is
known regarding the minimum or threshold concentrations of substrates that are required to
sustain reductive dechlorination at sites with a history of substrate addition and mature microbial
populations.

The presence of excessive substrate may result in uncontrolled fermentation reactions (e.g.,
lowering of pH and formation of undesirable fermentation products such as ketones),
degradation of secondary water quality (e.g., mobilization of metals and inorganics), and poor
utilization of substrate for anaerobic degradation of the contaminants of concern. The ability for
aquifer systems to recover to pre-injection redox conditions and the long-term impacts on
groundwater quality after enhanced bioremediation are not well understood.

1
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Furthermore, the physical presence of some substrate types (e.g., vegetable oils) and the often
exponential growth of biomass may adversely impact the hydraulic conductivity of the aquifer
and groundwater flow. This could potentially result in contaminant bypass, unexpected
deviation in plume migration patterns, or non-uniform delivery of subsequent substrate
injections.

Given these effects, many enhanced anaerobic bioremediation applications fail to achieve
performance expectations or develop unanticipated long-term compliance problems. The cost
associated with poor performance (e.g., a need for longer term operation) or with compliance
issues such as degradation of secondary water quality (typically requiring additional monitoring
or system modifications) may greatly increase the life-cycle costs of full-scale enhanced
bioremediation applications. Therefore, determining an appropriate substrate loading rate (the
engineered delivery of substrate volume, concentration, and frequency) and an effective
distribution method (accounting for radius of influence and mixing with groundwater) for the
various substrate types commonly applied is a critical design and operational objective. This
technology demonstration is intended to evaluate various substrate emplacement strategies to
optimize the performance of enhanced in sifu anaerobic bioremediation applications.

1.2  OBJECTIVES

ESTCP has initiated a program to determine the effectiveness of enhanced in situ bioremediation
to remediate chlorinated solvents (e.g., CU-9920), perchlorate (e.g., CU-0219), and explosives
(e.g., CU-0110) in groundwater. In addition, the Principles and Practices of Enhanced
Anaerobic Bioremediation of Chlorinated Solvents (Air Force Center for Engineering and the
Environment [AFCEE] et al, 2004) guidance document has been published (CU-0125)
describing the process. While a number of demonstration projects have been implemented for
enhanced anaerobic bioremediation, there is still a lack of definitive guidance for determining
appropriate loading rates and delivery methods based on site-specific conditions. This study is
intended to supplement guidance developed to date by ESTCP for enhanced in situ anaerobic
bioremediation.

The objectives of this study are to:

1) Better understand the effects that substrate amendment loading rates (volume,
concentration, and frequency of injection) have on substrate persistence (maintenance
of the reaction zone) and distribution (mixing and radius of influence);

2) Determine how control of substrate loading rates affects amendment utilization or
reactivity and the development of optimal geochemical and redox conditions for
anaerobic biodegradation;

3) Identify substrate loading rates that have adverse impacts on secondary water quality;

4) Evaluate the effect that differing substrate types or loading rates may have on hydraulic
conductivity based on physical/chemical or biological (biomass) effects of the substrate
amendment; and

5) Use this information to develop practical guidelines for designing and optimizing
substrate loading rates and injection scenarios for differing substrate types and for
differing geochemical and hydrogeologic conditions.

2
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This technology demonstration report describes the results of the case study evaluations and the
implications on system design and performance.

1.3 REGULATORY DRIVERS AND STAKEHOLDER BENEFITS

Enhanced in situ anaerobic bioremediation has gained wide spread acceptance as a remedy for
contaminants in groundwater, including chlorinated solvents and other compounds subject to
anaerobic degradation processes. While it is widely applied, regulatory concerns with
performance of the technology persist. A review of state policies on enhanced bioremediation
conducted by the Interstate Technology and Regulatory Council (ITRC, 1998) identified
generation of VC in the reaction zone as a typical regulatory concern. Degradation of secondary
drinking water quality or production of noxious gases are also concerns where potential exposure
pathways exist. These issues are typically addressed through additional monitoring, which raises
the cost of the remedy. Therefore, any methods that reduce the potential for production of toxic
intermediate degradation byproducts, degradation of secondary drinking water quality, or
production of noxious gases will lead to increased regulatory confidence and will limit costs
associated with additional injections or extended monitoring.

The benefits of the proposed research to stakeholders and end-users are performance and
financial based. Failure to meet remedial objectives or potential adverse impacts to secondary
water quality affect the ability of the Department of Defense (DoD) to protect human health and
the environment. By improving remedy performance, the potential exists to save hundreds of
thousands to millions of dollars by reducing long-term operational and monitoring costs. For
many applications, the cost to operate, modify, or to monitor system performance over periods
of years is often greater than the cost to design and install the system.

14 DEMONSTRATION REPORT ORGANIZATION

This technology demonstration report is organized into eleven sections and four appendices as
follows:

o Section 1 includes this introduction to the demonstration project.
« Section 2 provides a technology description.

o Section 3 describes the performance objectives that are used to evaluate the case study
sites.

o Section 4 describes the site selection process and the sites that were selected for this study.

e Section 5 provides the methods used for the Phase I and Phase II evaluations that were
performed, with a discussion of the relevant observations from each site.

» Section 6 provides an summary evaluation of the demonstration performance objectives,
and a discussion of the factors that impact the performance and cost of enhanced in situ
bioremediation applications.

e Section 7 contains a discussion of the current methods used for design of substrate
amendments.
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e Section 8 contains a discussion and evaluation of controlling pH using groundwater
buffering amendments.

» Section 9 provides a cost assessment of differing bioremediation approaches and of the
cost impacts of modifications to system designs.

o Section 10 provides recommendations for design of substrate loading rates and
amendments.

o Section 11 contains references cited in this document.
e Appendix A provides a table of contact information for the project team.

o Appendix B provides a description and guidance for the substrate estimating tool
developed for this demonstration.

o Appendix C contains Phase I summary evaluations for each of the case studies.

o Appendix D contains a technical memorandum that summarizes the field and laboratory
data collected for Phase II evaluation at the DP98 Site at Elmendorf Air Force Base
(AFB), Alaska.
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2. TECHNOLOGY

21  TECHNOLOGY DESCRIPTION

Enhanced in situ anaerobic bioremediation can
be an effective method of degrading various
chlorinated solvents dissolved in groundwater.
Many different substrate types have been used
to stimulate the in situ anaerobic bioremediation
of chlorinated solvents in groundwater. This
creates an anaerobic treatment zone within and
downgradient of the zone of injection (Figure
2.1). Creating and sustaining the appropriate
anaerobic geochemical conditions is essential to

Enhanced in situ anaerobic
bioremediation involves the delivery of
an organic substrate into the
subsurface to stimulate microbial
growth and development, creating an

anaerobic groundwater treatment zone
and generating hydrogen through
fermentation reactions. This creates
conditions conducive to anaerobic
biodegradation of chlorinated solvents
dissolved in aroundwater.

an effective application of the technology.

Common substrate types include soluble substrates (lactate, molasses), slow-release substrates
(vegetable oil, emulsified vegetable oil [EVO], Hydrogen Release Compound [HRC™]), and
solid substrates (mulch and compost). Other amendments also may need to be delivered with the
substrate, including pH buffering agents, nutrients, or bioaugmentation cultures. The substrates
used for enhanced bioremediation each have differing physical, chemical, and biodegradation
characteristics. Therefore, the approach used to design an enhanced bioremediation application
and to determine substrate requirements varies between the different substrates.

2.2 TECHNOLOGY DEVELOPMENT

Determining substrate requirements is not an exact science, and the degree of uncertainty in the
methods currently employed is considerable. Two general approaches have been used to
estimate substrate requirements and to derive a substrate loading rate. One approach is to target
an empirical concentration of substrate in the reaction zone that is based upon previous
experience and experimentation at sites with similar hydrogeology, geochemistry, and
contaminant distribution.

The other approach is to calculate a substrate (electron donor) requirement based on estimates of
native and contaminant electron acceptor mass and mass flux though the contaminant treatment
zone. The rate at which the substrate is applied (amount and frequency) is equally as important
as determining a total substrate requirement. To undertake a calculation of this kind may infer
an understanding of the biological and geochemical processes that is greater than the current
state of the science. To make the process work a substantial engineering design factor is
frequently applied, casting some doubt on the value of the calculation.
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Figure 2.1  Reducing Zones Established Downgradient of Substrate Injection (from
AFCEE et al., 2004)

Users of soluble substrates typically use an empirically-based approach because they are able to
modify the substrate loading rate on a more frequent basis until the desired geochemical
conditions are achieved (for example Suthersan et al., 2002). In these cases the substrate loading
rate is commonly based on experience, field observations, or practical engineering
considerations. Conversely, users or vendors of slow-release substrates (e.g., HRC® and EVO)
typically rely on calculated substrate requirements because the product is usually applied in a
single event (e.g., see Appendix G of AFCEE, 2007).

More recently, users of EVO products have realized that the retention of oil droplets in the
aquifer is highly dependent on the physical and chemical properties of the EVO product (e.g., the
ionic strength of the emulsifiers) and of the aquifer matrix (e.g., percent clay and organic
material in the aquifer matrix). This study evaluates the methods used to determine oil retention,
including the approach used in the design tool being developed under ESTCP project ER-0626.

Formulating substrate amendments to stimulate biogeochemical transformation processes has not
been developed in the literature. However, the stoichiometry for the production of reduced iron
mono-sulfides is relatively straight forward (AFCEE, 2002; Kennedy and Everett, 2003), and the
potential for formation of reactive metal sulfides based on native geochemical conditions is
included in this study as a supplementary calculation in evaluating substrate requirements. For
sites where soil data for iron and groundwater data for sulfate are available, it should be possible
to evaluate whether the formation of reactive metal sulfides is limited by the availability of iron
or the availability of sulfide produced by sulfate reduction. Sites where iron or sulfate have been
intentionally added are evaluated to determine the effectiveness of adding these amendments.

2.3 ADVANTAGES AND DISADVANTAGES
2.3.1 Advantages of Enhanced In Situ Bioremediation
Enhanced in situ bioremediation may in some cases offer the following advantages:

6
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2.3.2

Lower Capital and Maintenance Costs: Lower capital costs often are realized because
substrate addition can be easily accomplished using conventional well installations or by
use of direct-push technology. Systems used to mix and inject substrates can be readily
designed and installed by environmental engineers, and operation and maintenance
(O&M) is generally routine.

Destruction of Contaminants In Situ: Chlorinated solvents have the potential of being
completely mineralized or destroyed. Destruction of contaminants in situ is highly
beneficial because contaminant mass is not transferred to another phase, there is no
secondary waste stream to treat, potential risks related to exposure during remediation are
limited, and there is minimal impact on site infrastructure.

Interphase Mass Transfer: Enhanced anaerobic processes may increase the rate of
dense non-aqueous phase liquid (DNAPL) source zone dissolution. This has sparked
interest in enhanced bioremediation as a more efficient and expeditious method for
remediating chlorinated solvent source areas (ITRC, 2008a and 2008b).

Potential Application to a Variety of Contaminants: In addition to chlorinated
solvents, the technology may be applicable to a variety of other contaminants including
perchlorate and energetics. Enhanced in sifu bioremediation has the potential to treat any
contaminant that can be made less toxic or less mobile through reduction reactions.

Potential Limitations of Enhanced In Situ Bioremediation

Injection of an organic substrate causes profound changes to the subsurface environment, and the
effectiveness of the technology may be subject to hydrogeological, geochemical, and biological
limitations. Some of these limitations also affect other in situ remedial techniques. Potential
issues that should be considered when applying enhanced in situ bioremediation include the
following:

Site-Specific Limitations. Site-specific limitations may include low permeability or a
high degree of heterogeneity that limits the ability to effectively distribute the substrate
throughout the aquifer. Other site-specific limitations may include high levels or influx of
competing electron acceptors (e.g., sulfate), inhibitory geochemical conditions (e.g., pH),
or lack of appropriate microbial communities or species. As a result, degradation may be
limited.

Timeframe for Remediation. Enhanced in situ bioremediation is not an instantaneous or
rapid process. The time required to develop the appropriate environmental conditions and
to grow a microbial population capable of complete degradation is on the order of several
months to years. Therefore, the technology may require prolonged operation and
monitoring.

Remediation of DNAPL Sources. While the technology has been shown to be a viable
remedial approach for dissolved contaminant mass and for limiting mass flux from
DNAPL source zones, it is not yet a proven technology for reducing large volumes (pools)
of DNAPL.

Incomplete Degradation Pathways and Accumulation of cis-DCE.  Microbial
populations capable of anaerobic dechlorination of the highly chlorinated compounds

7
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(e.g., tetrachloroethene [PCE] and trichloroethene [TCE] to cis-DCE) are thought to be
more or less ubiquitous in the subsurface environment. However, the ability of these
dechlorinators to compete with other native microbial populations or to complete the
degradation of chlorinated compounds to innocuous end products may be an issue at some
sites.

« Secondary Degradation of Water Quality. Secondary degradation of groundwater
quality may occur under the highly anaerobic conditions resulting from substrate addition.
Degradation reactions or excessive changes in groundwater pH and redox conditions may
lead to solubilization of metals (e.g., iron, manganese, and potentially arsenic), formation
of undesirable fermentation products (e.g., aldehydes and ketones), and other potential
impacts to secondary water quality (e.g., total dissolved solids). Many of these changes
are not easily reversed, and in the case of a slow-release carbon source it may take many
years for the effects of the substrate addition to diminish.

« Generation of Volatile Byproducts and Noxious Gases. Stimulating biodegradation
also may enhance generation of volatile byproducts and noxious gases (e.g., VC, methane,
or hydrogen sulfide) that may degrade groundwater quality and/or accumulate in the
vadose zone.

While these concerns and potential limitations should be considered when evaluating
enhanced anaerobic bioremediation, many of them can be mitigated or compensated for by
understanding the biogeochemical and hydrogeologic conditions of the aquifer system and using
an appropriate design and substrate loading strategy.

2.4 FACTORS AFFECTING COST AND PERFORMANCE

The uncertainty in determining appropriate substrate loading rates and distribution methods often
leads to either insufficient substrate or an excess of substrate to meet design and remedial
objectives. Inadequate application of substrate can usually be corrected with additional or
modified injections, with an associated cost. Application of excessive substrate cannot be easily
corrected, usually requiring a period of extended monitoring (again at a cost) while aqui