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ABOUT ITRC

Established in 1995, the Interstate Technology & Regulatory Council (ITRC) is a state-led,
national coalition of personnel from the environmental regulatory agencies of more than 40
states and the District of Columbia; three federal agencies; tribes; and public and industry
stakeholders. The organization is devoted to reducing barriers to, and speeding interstate
deployment of, better, more cost-effective, innovative environmental techniques. ITRC operates
as a committee of the Environmental Research Institute of the States (ERIS), a Section 501(c)(3)
public charity that supports the Environmental Council of the States (ECOS) through its
educational and research activities aimed at improving the environment in the United States and
providing a forum for state environmental policy makers. More information about ITRC and its
available products and services can be found on the Internet at www.itrcweb.org.

DISCLAIMER

This document is designed to help regulators and others develop a consistent approach to their
evaluation, regulatory approval, and deployment of specific technologies at specific sites.
Although the information in this document is believed to be reliable and accurate, this document
and all material set forth herein are provided without warranties of any kind, either express or
implied, including but not limited to warranties of the accuracy or completeness of information
contained in the document. The technical implications of any information or guidance contained
in this document may vary widely based on the specific facts involved and should not be used as
a substitute for consultation with professional and competent advisors. Although this document
attempts to address what the authors believe to be all relevant points, it is not intended to be an
exhaustive treatise on the subject. Interested readers should do their own research, and a list of
references may be provided as a starting point. This document does not necessarily address all
applicable heath and safety risks and precautions with respect to particular materials, conditions,
or procedures in specific applications of any technology. Consequently, ITRC recommends also
consulting applicable standards, laws, regulations, suppliers of materials, and material safety data
sheets for information concerning safety and health risks and precautions and compliance with
then-applicable laws and regulations. The use of this document and the materials set forth herein
is at the user’s own risk. ECOS, ERIS, and ITRC shall not be liable for any direct, indirect,
incidental, special, consequential, or punitive damages arising out of the use of any information,
apparatus, method, or process discussed in this document. This document may be revised or
withdrawn at any time without prior notice.

ECQOS, ERIS, and ITRC do not endorse the use of, nor do they attempt to determine the merits
of, any specific technology or technology provider through publication of this guidance
document or any other ITRC document. The type of work described in this document should be
performed by trained professionals, and federal, state, and municipal laws should be consulted.
ECQOS, ERIS, and ITRC shall not be liable in the event of any conflict between this guidance
document and such laws, regulations, and/or ordinances. Mention of trade names or commercial
products does not constitute endorsement or recommendation of use by ECOS, ERIS, or ITRC.
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EXECUTIVE SUMMARY

Lessons Learned/New Directions was prepared by the ITRC Permeable Reactive Barriers Team
to update previous guidance written by the team. The goal for this document was to compile the
information and data on permeable reactive barriers (PRBs) that have been generated over the
last 10 years of technology development and research, as well as to provide information on non-
iron-based reactive media that can be used in PRBs. This document also provides an update on a
developing technology somewhat related to PRBs in which source zone contamination is treated
with iron-based reactive media.

A PRB is defined as an in situ permeable treatment zone designed to intercept and remediate a
contaminant plume. Zero-valent iron is the most common media used in PRBs to treat a variety
of chlorinated organics, metals, and radionuclides. Reactive media such as carbon sources
(compost), limestone, granular activated carbon, zeolites, and others had also been deployed in
recent years to treat metals and some organic compounds.

The proper design of a PRB is highly dependent on a complete and accurate site characterization.
A conceptual site framework is discussed as a means to perform a detailed characterization for
PRB deployment. Collection of hydrogeologic, geochemical, microbial, and geotechnical data
along with the complete vertical and horizontal plume delineation are necessary to characterize a
PRB site. The Triad concept is also introduced as a means to gather site data.

The design of a PRB can be enhanced using probabilistic modeling to incorporate the variability
of the input design parameters. Construction advancements include the use of biopolymer for
trench stabilization or the use of vertical hydraulic fracturing for reactive media emplacement.
Several other factors that can affect the construction and performance of the PRB, such as
variability in the reactive media or permeability contrasts between the reactive media and the
aquifer must be considered in the system design.

Hydraulic, geochemical, and microbial assessment of the PRB is all part of the performance
assessment of the PRB system. Evaluation of the longevity of a PRB system has been examined
using long-term column tests. The two systems studied resulted in predictions of decades before
the PRBs will lose reactivity. Depending on several site-specific conditions, PRBs are now
expected to last 10-30 years before reactivity or hydraulic issues will result in the need for
maintenance.

Monitoring is discussed in terms of performance and compliance objectives. Details are offered
on monitoring well placement, frequency of sampling, sampling parameters and methods.
Passive sampling techniques such as low-flow sampling or the use of permeable diffusion bags
are recommended for PRBs to obtain the most representative samples. All regulatory permits
necessary for the installation of a PRB are identified, and some state specific permit information
is provided. The need for institutional controls, evaluation of downgradient water chemistry,
identification of reactive media impurities, and information on biostat addition as well as the
development of contingency and closure plans are highlighted as other regulatory concerns.

An offshoot of the technology involves the use of iron media to treat source zones. This remedial
measure is not considered a PRB but is presented since the reactive media and treatment



mechanism are related. A detailed discussion and site-specific examples are presented of this
developing technology.

Health and safety issues are addressed with emphasis on concerns related to PRB installation as
well as the typical construction concerns that are part of this remedy. Stakeholders, defined as
any nonregulatory interested party, also have some outlined concerns with this technology that
should be addressed as part of the PRB deployment.

The costs of PRB systems are compared to those of other technologies. While not as cost-
effective as groundwater remedies like monitored natural attenuation or bioremediation, PRBs
can compare favorably to groundwater pump-and-treat systems. Since PRBs provide a mostly
passive remediation technology, cost reductions can be found in the operation and maintenance
of the system. The document provides site-specific examples of PRB system costs.

Since the 1994 introduction of the first zero-valent iron PRB in the United States, this technology
has developed from innovative to accepted standard practice. Several issues surrounding the use
of PRBs—such as accurately predicting the longevity of a system—have yet to be conclusively
answered, but as the technology continues to mature and some of the early PRB installations age,
these challenging issues will become the main focus for additional research and development.
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PERMEABLE REACTIVE BARRIERS: LESSONS LEARNED/NEW DIRECTIONS

1. INTRODUCTION AND DOCUMENT SCOPE

To date, granular iron has been the most widely used reactive media in full-scale permeable reactive
barriers (PRBs). The prevalent use of granular iron, or zero-valent iron (ZV1), stems mainly from its
documented ability to degrade a variety of contaminant types, the most common of which are the
chlorinated solvent compounds such as perchloroethylene (PCE) and trichloroethylene (TCE)
(Wilkin and Puls 2003). Lessons learned from the deployment of iron-based PRB systems have
garnered much attention in the past few years primarily due to concerns about PRB longevity (i.e.,
long-term reactivity and permeability). Specific questions such as “How long will an iron wall
remain reactive?” and “How does permeability change over time?” have been the focus of recent
studies. Most PRBs are less than 10 years old, and it is not known whether they will remain effective
over the lifetime of the contaminant plume, which could be on the order of decades or more.
Therefore, much research has focused on changes in PRB reaction rates over time. Additionally,
some PRBs have had problems with permeability and hydraulics, most of which seem to be an
artifact of the construction techniques for PRB installation or inadequate predesign site
characterization rather than chemical precipitation and clogging of the reactive media. As with any
technology used to treat contaminants in the subsurface, successful implementation is contingent on
effective site characterization, design, and construction. This document highlights many of the
lessons learned over the successful 10-year history of iron-based PRB systems.

In the past few years, alternative PRB designs using non-iron-based reactive materials to treat
additional contaminants have also gained attention. For example, reactive materials such as
compost, zeolites, activated carbon, apatite, limestone, etc., are now being used to control pH,
metals, and radionuclides. Use of various non-iron reactive media in PRB systems is discussed
primarily in Section 2 of this document and in the case studies provided in Appendix E. Most
lessons learned discussed in this document, however, are derived from iron PRB systems due to
their longer deployment history.

Research and deployment of bio-barrier systems are also growing in recent years, particularly for
treatment of chlorinated solvents and petroleum hydrocarbon constituents such as benzene,
toluene, ethylbenzene, and xylenes (BTEX) and methyl tert-butyl ether (MTBE). Bio-barriers are
often described as in situ bioremediation deployed with the PRB design concept (i.e., a
continuous, linear, flow-through zone where treatment occurs). These systems may use solid,
liquid, or gaseous amendments such as wood chips, compost, lactate, molasses, etc. to create an
enhanced zone of biological activity where contaminant degradation occurs. In this way, the
reactive treatment zone within a bio-barrier is created indirectly through the addition of
amendments. This document provides a brief introduction to bio-barrier systems but does not
address these systems in detail.

Additionally, advances in iron technology have lead to the use of powdered, catalyzed,
emulsified, and other reactive iron materials while advances in construction techniques have lead
to the emplacement of longer, deeper, thinner, and more targeted PRBs. An interesting offshoot
of advances in PRB technology is the growing use of iron-based materials for direct source-zone
treatment through injection or mixing. Although not defined as a true PRB, the use of iron-based
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materials for source-zone treatment is included in this document (Section 7) because the reaction
chemistry is essentially the same as for iron-based PRBs.

1.1 Permeable Reactive Barrier Team

The Permeable Reactive Barrier Team of the Interstate Technology & Regulatory Council
(ITRC) currently comprises representatives from four state regulatory agencies (New Jersey,
California, Virginia, and Louisiana), federal agencies, private consulting and vendor companies,
and academia. Several team members also participate in the Remediation Technology
Development Forum (RTDF) sponsored by the U.S. Environmental Protection Agency
(USEPA). Since 1996, the PRB Team has investigated the development of permeable reactive
barriers as an emerging remediation technology.

This is the fourth PRB-related document produced or co-produced by the PRB Team. Previous
documents focused on implementation of PRBs for treating inorganics, radionuclides, and
dissolved chlorinated solvents. The team has also collaborated with the triagency group (U.S.
Department of Defense [DoD], U.S. Department of Energy [DOE], and USEPA) on long-term
monitoring of PRBs. This three-year project concluded in 2002 and culminated in the publication
of a case studies report addressing the longevity and hydraulic performance of several PRBs.

Additionally, the team also conducts classroom and Internet-based training related to PRB design
and deployment. In 2002, the team introduced its second Internet-based training on PRBs, an
advanced course on installing iron- and non-iron-based PRBs.

1.2 PRB Definition and Application

In the broadest sense, a PRB is a continuous, in situ permeable treatment zone designed to
intercept and remediate a contaminant plume. The treatment zone may be created directly using
reactive materials such as iron or indirectly using materials designed to stimulate secondary
processes, such as by adding carbon substrate and nutrients to enhance microbial activity. In this
way, contaminant treatment may occur through physical, chemical, or biological processes. With
most PRBs, the reactive material is in direct contact with the surrounding aquifer material.

The term “barrier” is intended to convey the idea of a barrier to contaminants, but not to
groundwater flow. PRBs are designed to be more permeable than the surrounding aquifer
materials so that contaminants are treated as groundwater readily flows through without
significantly altering groundwater hydrogeology. Some of the words used in this document to
describe the dimensions of a PRB are illustrated in Figure 1-1.

PRBs are often intended as a source-term management remedy or as an on-site containment
remedy. Therefore, PRBs may be designed with different site-specific objectives in mind. For
example, a PRB installed near the downgradient site boundary may be designed to protect
downgradient properties or receptors such as surface waters or potable wells, and meet specific
numerical objectives. Alternatively, a PRB installed near the source term may be designed to
reduce mass flux by a given percent with the idea that natural attenuation or some other remedy
will address the downgradient residual contamination. Figure 1-2 illustrates examples of PRB
configurations in use today.
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Over the past 10 years, the use of iron-based PRBs has evolved from innovative to accepted
standard practice for the containment and treatment of a variety of groundwater contaminants.
Worldwide, there have been nearly 120 applications of iron-based PRBs, 83 of which are
considered full scale (see Table 2-3). In the United States, there have been more than 90
applications of iron-based PRBs, 67 of which are full scale (Figure 1-3). Based on this successful
10-year history, alternative non-iron-based reactive materials are now being researched and
deployed in the United States and abroad. Considering all types of reactive media, there may
currently be as many as 200 PRB applications worldwide.

. ITRC Member State

Figure 1-3. Location of iron-based PRBs for VOC treatment in the United States.

The economic benefits of PRBs drive the application of this technology. The passive functioning
of a PRB means that relatively little energy or labor input (except for site monitoring) is
necessary; thus, the technology has a potential advantage over conventional groundwater
treatment systems such as pump and treat. Regardless, a cost-benefit approach should be used to
evaluate the economic feasibility of a PRB at a given site.

PRB technology also has limitations and should not be considered as the only remedy for a site.
For example, a PRB may be used in conjunction with one or more other remedies, such as
monitored natural attenuation (MNA) for the downgradient portion of a contaminant plume
and/or source removal technologies for dense, nonaqueous-phase liquid (DNAPL) or other
contaminant residual. Additionally, since most PRBs operate passively, site remediation may
take several years or even decades, requiring the use of long-term institutional controls for site
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management. Therefore, a PRB should be considered within the context of overall and long-term
site remediation goals.

Although additional details about bio-barrier design and deployment are not addressed in this
document, bio-barriers are considered a unique type of PRB. It is worth noting that some bio-
barrier designs, particularly those that require deep delivery and circulation of liquid
amendments, can challenge the passive operation concept of PRBs. For example, although many
bio-barriers are designed to deliver amendments into the subsurface using relatively passive
techniques (i.e., slow injection or diffusion of oxygen or air), some bio-barriers require
substantial energy input to deliver amendments to the proper aquifer depth and then circulate and
mix the amendments within the subsurface. Such designs function less passively than traditional
PRBs and may incur greater operation and maintenance (O&M) costs.

It should also be recognized that bio-barriers are considered an innovative design extension of in
situ  bioremediation technology. Numerous documents provide guidance on in situ
bioremediation (ITRC 1998, USEPA 2000a, USEPA 2004c); however, few have focused
specifically on bio-barrier designs. Johnson, Miller, and Bruce (2004) and McGrath, Yang, and
O’Reilly (2005) provide guidance on the use of aerobic bio-barriers for treatment of MTBE and
other contaminants. Johnson, Miller, and Bruce (2004) also highlight a successful passive bio-
barrier system at Port Hueneme, California. Additionally, USEPA’s Engineered Approaches to
In Situ Bioremediation of Chlorinated Solvents (USEPA 2000a) and Technologies For Treating
MtBE and Other Fuel Oxygenates (USEPA 2004c) provide brief summaries of the application of
PRBs to in situ bioremediation for chlorinated aliphatic hydrocarbons and fuel oxygenates such
as MTBE, respectively.

1.3 Purpose

The purpose of this document is to provide updated information regarding new
developments and innovative approaches in the application of PRBs to treat a variety of
groundwater contaminants. A major focus of this document is to summarize lessons learned
from previous PRB deployments that can affect PRB longevity and long-term performance.
Some of the information presented in this document was gathered through a survey of the ITRC
states coordinated by the network of ITRC state points of contact. The survey helped to identify
PRB sites as well as answer questions regarding the regulatory framework for PRBs.

This document also serves as an introduction to the use of iron-based reactive materials for
source zone treatment. Additional guidance should be referenced for complete information.

This document is intended to serve as technical and regulatory guidance for state and federal
regulators, consultants, project managers, and other stakeholders and technology implementers
when a PRB is the selected remedy for a contaminant plume in groundwater. Where possible,
this document identifies important regulatory issues to consider during site characterization,
design, construction, monitoring, and closure. Case studies from around the country are also
included to show various designs, contaminants, reactive media, and cost data for implementing
PRB technologies.
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Because PRBs are an evolving technology, this document is intended as a guide and should be
updated periodically. In addition, current research should always be reviewed when considering
the guidelines outlined in this document. Users of this document are encouraged to consult the
references (Section 12) for further background and technical information on this technology.

1.4 Report Organization

In this report, lessons learned from previous deployments, improved site characterization
methods, alternative construction and installation techniques, and costs are discussed throughout
the document within each relevant section.

Section 2 begins with a summary of historic PRB applications using iron-based materials,
primarily for the treatment of chlorinated ethenes and ethanes. This section also summarizes
recent developments in the use of alternative, non-iron-based treatment media.

Section 3 discusses lessons learned regarding site characterization, as well as applicable state-of-
the-art characterization methods and techniques useful for PRB sites.

Section 4 covers installation techniques and describes recent advances in trenching construction
methods and vertical hydrofracturing for iron-based PRBs. Section 4 also discusses concerns
when considering sequenced treatment systems (i.e., treatment trains), which generally couple
one or more downgradient remedies, such as MNA or enhanced biological treatment, with the
PRB.

Section 5 provides an overview of lessons learned from previous PRB deployments and detailed
evaluations of iron-based PRB systems regarding long-term performance assessment. The
section also summarizes key evaluation methods and findings regarding assessment of PRB
hydraulic performance and longevity (i.e., long-term changes in reactivity and permeability).

Section 6 discusses regulatory permitting considerations associated with PRB design,
construction, and closure. It also describes sampling and monitoring requirements for purposes
of compliance with regulatory standards, PRB performance (hydraulic capture and contaminant
residence time), and PRB longevity (long-term changes in reactivity).

Section 7 summarizes alternative uses of iron-based reactive media to treat source zones. This
alternative “source zone” approach represents a shift away from the traditional definition of a
PRB, although at its most basic level, this new approach still relies on direct, passive contact
between contaminants and the reactive material.

Sections 8-10 discuss health and safety concerns associated with PRB deployments, construction
methods, and chemical agents, as well as methods for assessing costs (capital and O&M) and
issues of concern affecting these costs.

Sections 11 and 12 contain conclusions, recommendations, and references.
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1.5 Previous PRB Documents

Several governmental agencies and organizations have been involved in PRB technology since
the middle to late 1990s. Key among these groups are USEPA; DoD, including the Departments
of the Navy, Army, and Air Force; DOE; the Federal Remediation Technologies Roundtable;
and ITRC. In the past few years, these groups have sponsored the development of several
guidance documents focusing on deployment of PRB technology, regulatory issues of concern,
and performance and longevity of PRB systems. These key technical and regulatory documents
are listed below and in Section 12. Readers are encouraged to refer to the ITRC Web site
(www.itrcweb.org) or Appendix H to order copies of this or previous PRB Team documents.

e Regulatory Guidance for Permeable Barrier Walls Designed to Remediate Chlorinated
Solvents, 2" ed., PBW-1, Interstate Technology & Regulatory Council (ITRC 1999a).

e Design Guidance for Application of Permeable Reactive Barriers for Groundwater
Remediation, PRB-2, Interstate Technology & Regulatory Council with the Air Force
Research Laboratory (ITRC 2000).

e Regulatory Guidance for Permeable Barrier Designed to Remediate Inorganic and
Radionuclide Contamination, PRB-3, Interstate Technology & Regulatory Council (ITRC
1999b).

e FEvaluation of Permeable Reactive Barrier Performance, Revised, EPA/542/R/04/004,
Federal Remediation Technologies Roundtable (Tri-Agency Permeable Barrier Initiative
2002).

e Permeable Reactive Barrier Technologies for Contaminant Remediation, EPA/600/R-
98/125, Remedial Technology Development Forum (USEPA 1998).

e Capstone Report on the Application, Monitoring, and Performance of Permeable Reactive
Barriers for Ground-Water Remediation: Volume 1—Performance Evaluation at Two Sites,
EPA/600/R-03/045a, U.S. Environmental Protection Agency, Office of Research and
Development (Wilkin and Puls 2003).

e Capstone Report on the Application, Monitoring, and Performance of Permeable Reactive
Barriers for Ground-Water Remediation: Volume 2—Long-Term Monitoring of PRBs: Soil
and Groundwater Sampling, EPA/600/R-03/045b, U.S. Environmental Protection Agency,
Office of Research and Development (Paul et al. 2003).

e Final Design Guidance for Application of Permeable Reactive Barriers for Groundwater
Remediation, Battelle for Air Force Research Laboratory (Gavaskar et al. 2000a).
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2. TREATMENT PROCESSES AND REACTIVE MEDIA

To date, zero-valent iron is the most widely used reactive material in PRBs owing to its success
in treating common organic and inorganic contaminants in groundwater, such as chlorinated
volatile organic compounds (VOCs), petroleum hydrocarbons, chromium, and arsenic. Other
iron- and non-iron-based materials are also being used in pilot-scale and full-scale PRB
applications or are being evaluated in laboratory or bench-scale demonstration projects because
of their ability to treat additional contaminants, such as radionuclides, heavy metals, and impacts
from acid mine drainage (AMD). The variety of treatment materials available for use in PRB
applications is an important advancement because it allows for customization of PRB designs
based on site-specific conditions. Examples include the use of a unique treatment material to
target a specific contaminant or the use of multiple treatment materials in a sequenced-PRB
design to target several different types of contaminants. This section summarizes the current state
of the most common iron- and non-iron-based reactive media being used or demonstrated for use
in PRB applications.

2.1 Treatment Processes

The process of treating contaminants with reactive media in a PRB generally can be described by
one or more processes. Basic process categories include the following:

chemical dehalogenation,
pH control,
reduction-oxidation,
sorption, and

biological enhancements.

Brief descriptions of these processes are provided in the following paragraphs. As mentioned, the
treatment of contaminants with many reactive materials involves a combination of processes.

2.1.1 Chemical Dehalogenation

In the presence of granular iron, dissolved chlorinated hydrocarbons (chlorinated solvents)
degrade to nontoxic end products. This abiotic process involves corrosion (oxidation) of ZVI and
reduction of dissolved chlorinated hydrocarbons. The process induces highly reducing conditions
that cause substitution of chlorine atoms by hydrogen in the structure of chlorinated
hydrocarbons. Two primary pathways have been reported for dechlorination of chlorinated
ethenes in iron systems (Figure 2-1): B-elimination and hydrogenolysis (Eykholt 1998, Arnold

and Roberts 1999). The p-elimination There have been over 600 publications on the

pathway dominates the _reactlon_ and chemistry of contaminant reduction with zero-valent
produces chloroacetylene intermediates, | metal. The Center for Groundwater Research at the
which are unstable and rapidly reduced | OGI School of Science and Engineering maintains a
to ethene (Roberts et al. 1996, Sivavec | searchable database of these publications that can be
et al 1997). The hydrogenolysis accessed at http://cgr.ese.ogi.edu/iron/. This database

contains information on reaction pathways for a variety
of chlorinated ethenes, methanes, and ethanes.

pathway is a slower reaction in which
lesser-chlorinated  intermediates are
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produced and subsequently degraded. For example, during degradation of TCE, the intermediate
products, cis-dichloroethene (cDCE) and vinyl chloride (VC), are produced in the
hydrogenolysis pathway and are slower to degrade than TCE itself. Chlorinated hydrocarbon
degradation observed in groundwater in contact with granular iron is typically described using
first-order Kinetics. The products of the dechlorination reaction that occur when in contact with
granular iron are chloride (CI"), iron (Fe**), nonchlorinated (or less-chlorinated) hydrocarbons,
and hydrogen. When measurable, chloride mass balances close to 100% are typically obtained in
column experiments with granular iron and contaminated groundwaters.

foceaKpceabe
ab,c

fepce2Kepce ©

freer kree

fPCElkPCE chCElK:DCE kVC

PCE — > TCE——> ¢DCE > VC ~ Ethene and
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11DCE

tDCE

a Degradation pathway through dichloroacetylene
b Degradation pathway through chloroacetylene
¢ Degradation pathway through acetylene

where
f
k

mole fraction,
first-order rate constant.

Figure 2-1. Reaction pathways for degradation of chlorinated ethenes with granular iron
(adapted from Arnold and Roberts 1999).

Table 2-1 lists the more common chlorinated compounds that can be treated with iron. It is
important to note that relatively common contaminants—such as 1,2-dichloroethane (1,2-DCA,
also known as “ethylene dichloride” [EDC]), dichloromethane (DCM, also known as “methylene
chloride”), and certain chlorinated aromatics—may not be degraded by most conventional iron
materials.

2.1.2 pH Control

The effect of pH (or the log of hydrogen ion activity) on the mobility of many organic and
inorganic constituents demonstrates that a strategy involving pH control can be an effective
groundwater remediation remedy. Long applied with respect to certain critical water
contamination projects (e.g., acid mine drainage), pH control processes can be applied through
the PRB concept. The solubility of metals is dependent on pH, reduction potential, aqueous
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concentrations of reacting species, and reaction kinetics. The creation of stability diagrams (such
as the Pourbaix diagram, Figure 2-2) is an excellent example of our reliance and understanding
of the effect of pH on the fate of many constituents. It is well known that the solubility, and thus
mobility, of many inorganic compounds—such as chromium, copper, zinc, and nickel—are
reduced in a range of neutral to slightly basic pH, while the solubility and mobility can increase
in either very acidic or very basic pH solutions (Figure 2-3). Organic constituents also may be
less stable under various degrees of pH conditioning of the aqueous solution although this effect
is highly dependent on the reduction-oxidation character of the aqueous system.

Table 2-1. Chlorinated compounds abiotically reduced by iron

Common name Comr_no_n Other pseudonyms CAS
abbreviation number

Ethenes
Tetrachloroethene PCE Perchloroethylene 127-18-4
Trichloroethene TCE Ethylene trichloride 79-01-6
cis-1,2-Dichloroethene cis-1,2-DCE | cis-1,2-Dichloroethylene | 540-59-0
trans-1,2-Dichloroethene 'I[:;?:nEs-l,Z- 540-59-0
1,1-Dichloroethene 1,1-DCE Vinylidene chloride 75-35-4
Vinyl chloride VC Chloroethene 75-01-4
Ethanes
Hexachloroethane HCA Carbon hexachloride 67-72-1
1,1,1,2-Tetrachloroethane 1,1,1,2-TeCA 630-20-6
1,1,2,2-Tetrachloroethane 1,1,2,2-TeCA | Acetylene tetrachloride | 79-34-5
1,1,1-Trichloroethane 1,1,1-TCA Methyl chloroform 71-55-6
1,1,2-Trichloroethane 1,1,2-TCA Vinyl trichloride 79-00-5
1,1-Dichloroethane 1,1-DCA 75-34-3
1,2-Dibromoethane 1,2-DBA Ethylene dibromide 106-93-4
Methanes
Tetrachloromethane CT, PCM Carbon tetrachloride 56-23-5
Trichloromethane TCM Chloroform 67-66-3
Tribromomethane TBM Bromoform 75-25-2
Propanes
1,2,3-Trichloropropane 1,2,3-TCP Allyl trichloride 96-18-4
1,2-Dichloropropane 1,2-DCP Propylene dichloride 78-87-5
Other Chlorinated
N-Nitrosodimethylamine NDMA DimethylInitrosamine 62-75-9
Dibromochloropropane DBCP 96-12-8
Lindane Benzene hexachloride 58-89-9
1,1,2-Trichlorotrifluoroethane Freon 113 76-13-1
Trichlorofluoromethane Freon 11 75-69-4

10
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o Metal solubility as a fué*lction of pH

Safuble Meinfs Cone.

Figure 2-3. Generalized solubility relationship of common metals as a function of pH.

The direct and dramatic effect of a pH shift on carbonate equilibria has been well documented
with respect to the use of granular iron for PRBs. As described earlier, the production of the
hydroxyl radical that leads to higher pH conditions during the corrosion reaction between iron
and water results in the precipitation of certain carbonate and other compounds within the iron
system and thus can lead to porosity loss. However, for a non-iron-based material, the inclusion
of small amounts of iron also can lead to pH conditioning and some mineralization due to the

11
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carbonate equilibria effects. For certain PRB designs, such as the inclusion of small amounts of
iron in an upgradient pea gravel or pretreatment zone to a PRB, the effect can be to protect the
primary iron-based treatment core from intense mineralization. Examples of materials that have
been applied in PRBs to control contaminant migration through direct pH control include
limestone or lime-based materials, compost, and various organic carbon materials.

2.1.3 Reduction-Oxidation

Several elements, including carbon, nitrogen, oxygen, sulfur, iron, and manganese (Stumm and
Morgan 1996) are key constituents involved in reduction-oxidation (redox, or Eh) reactions.
Presence of these elements in a given chemical or at sufficient quantities in an aqueous system
ensures that redox-sensitive reactions will influence the fate of a target contaminant.
Microbiologically mediated redox reactions, which predominate in natural waters, are key to the
fate of common industrial organic contaminants, as well as to the fate of many inorganic
contaminants of concern (COCs). Modifying
redox reactions, through the modification of

Note that the use of Eh (which represents the

redox potential on the hydrogen scale) should not
be interchanged with ORP (oxidation-reduction
potential) with respect to the numerical value
associated with each. ORP represents values of
redox potential measurements for aqueous
solutions using nonhydrogen electrodes (e.g., the
silver-silver chloride electrode). Measured values
of ORP should be adjusted to equivalent Eh
values by the numerical value (typically in
millivolts) equal to the difference in the two
scales. For additional discussion on the use and

the state of the redox-sensitive elements and
in conjunction with modifications to pH
conditions, can be effective goals for PRB-
based treatment technologies. Use of tools
such as Pourbaix diagrams, or Eh-pH
diagrams, to evaluate groundwater systems
for the anticipated concentration of various
aqueous species under certain geochemical
conditions is important in assessing which

measurement of redox parameters for natural
waters and in conjunction with assessing
remediation systems, see USEPA 2002.

treatment materials might be effective for a
given suite of chemicals.

Redox reactions govern the carbon cycle and thus the state of many organic compounds (many
of which are initially synthesized through microbial catalysis). Thermodynamic stability does not
exist in natural waters, although the rate of decomposition (or reduction and precipitation) of
certain groundwater contaminants through instability can be enhanced by the inclusion of various
treatment materials in the aqueous system.

A relatively new class of redox-enhanced PRBs is based on the ability to manipulate the redox
condition of natural waters. This so-called “in situ redox manipulation” process has gained some
ground in that, by directing a strong reductant (or oxidant) into a natural groundwater system, the
redox condition of, for example, iron-based species can be modified to create persistent reactions
that cause instability of target contaminants. A better known use of this concept has been
described in several publications (e.g., Fruchter et al. 1997) as involving the injection of sodium
dithionite (Na;S40,) to reduce hexavalent chromium (chromate) to trivalent chromium and to
reduce “structural” Fe(lll) to reduced Fe(ll) for electron-reduction reactions of organic
compounds such as chlorinated ethenes.

Examples of materials that have been applied as PRB materials to promote remediation and

control contaminant migration through reduction-oxidation control (in addition to iron) include
compost, sodium dithionite, hydrogen sulfide, acetate, and various carbohydrates.

12
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2.1.4 Sorption

Materials that promote sorption-type reactions (including ion exchange) are perhaps the best
known in the groundwater remediation industry. Though not always associated with PRBs,
sorption control has been used to limit the migration of contaminants or remove target chemicals
from a groundwater system (in situ or ex situ). Materials such as granular activated carbon
(GAC) have chiefly been used for aboveground treatment systems; however, GAC has found
limited use in a PRB setting either as the sole treatment material or in combination with a second
material such as iron (Kober et al. 2001). The use of zeolites to promote ion-exchange reactions
also has received attention and has successfully been implemented to reduce the concentration of
radioactive strontium-90 from groundwater systems (Lee 2002, Warner et al. 2004b). Surfactant-
modified zeolites had been used also to promote reduction of certain metals as well as organic
compounds (Bowman 1996). Various clay minerals and oxyhydroxides may also be effective as
PRB materials. The spent material from bauxite milling, as a clay-type material, has been tested
as a treatment for metal-impacted surface and groundwater. In addition, waste green sands have
been shown in laboratory tests to be an effective reactive media for groundwater contaminated
with TCE (Lee, Benson, and Eykholt 2004).

Keys to the use of effective sorption techniques in PRBs include selecting materials that are
relatively hydrophobic, insoluble, and easy to apply. Materials that readily biodegrade are not
likely to have great longevity, and those that absorb water may not promote the surface-based
reactions important to binding the target compounds to the reactive surface sites on the treatment
material. Also, the effects of potential desorption, or reversed ion-exchange, should be
considered for all potential uses of these materials. Thus, frequent replacement of the material
may be required, and easy access for such work must be considered in the engineered design of
the sorption-based PRB.

Examples of materials that have been applied as PRB materials to control contaminant migration
through direct sorption control, include the following:

granular activated carbon,

bone char,

phosphatic compounds (including apatite and enhanced apatite),

zeolites,

coal,

peat,

synthetic resins,

solid carbon sources (e.g., compost, peat, sawdust, wood chips, wheat straw, and cheese
whey),

recycled carbon-rich materials (e.g., foundry byproducts, tire chips, and paper sludges), and
e waste green sands.

13
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2.1.5 Biological Enhancements

Many of the primary chemicals of concern, including VOCs, inorganic constituents, and
radioactive constituents, can be addressed through biological reactions promoted via a PRB. The
use of the PRB concept for promoting bioremediation or biologically enhanced treatment of
target compounds was described in the 1998 RTDF document on PRB technologies (Remedial
Technology Development Forum and USEPA Office of Research and Development 1998) and
continues to be a recognized method for treatment of a plume of chemically affected
groundwater. Biological processes, while generally considered to involve multiple steps to
reduce or destroy a target compound (as compared to “one-step” direct chemical oxidation or
reduction), can be an effective treatment strategy within the PRB environment. As with the
abiotic PRB methods, biological reactions within a “constructed” treatment zone can be
relatively well established, monitored, and evaluated for performance. Sustained conditioning of
the aqueous system generally is important for biological processes to take effect to the level that
the intended treatment of a given suite of chemicals can be promoted. A benefit of biological
PRB systems over most abiotic systems is that the treatment process might extend beyond
(upgradient and downgradient of) the constructed treatment zone. Another benefit is the ability
of a single system to treat multiple contaminants with different chemical characteristics (i.e.,
inorganics, organics, metals, and radionuclides). Several examples of bioremediation through the
PRB concept include early studies by Robertson and Cherry (1995) for denitrification and
Benner, Blowes, and Ptacek (1997) for sulfate reduction. More recently, Wilson, Mackay, and
Scow (2002); Mackay et al. (2001, 2004); and Johnson, Bruce, and Miller (2003) have published
documents discussing the aerobic remediation of MTBE, and Craig (2004) presents the
biological treatment of a perchlorate plume.

Examples of materials that have been applied as PRB materials to promote bioremediation
enhancement (but not including bioaugmentation or direct application of microbes) include the
following:

e solid oxygen-releasing and hydrogen-releasing compounds,

e oxygen source and hydrogen source in gas emitters,

e solid and liquid carbon sources (e.g., sawdust, wheat straw, cheese whey, vanilla, sucrose,
and various other carbohydrates),

e compost (various compositions), and

e pecan shells, granular organic carbon (as an organic substrate).

2.2 Treatment Materials

The basic objective of any PRB-treatment material is to either directly destroy or immobilize the
target chemical(s) in groundwater or to condition the groundwater system to promote the
destruction or immobilization of the target chemical(s). This simple concept can be expanded to
the realization that any material placed in the groundwater environment influences the
geochemical and biological characteristics of the aqueous system. A number of different solid
materials may be used as effective PRB treatment media.

14



ITRC — Permeable Reactive Barriers: Lessons Learned/New Directions February 2005

Table 2-2 is a partial list of materials that have been used as components within PRB systems.
Each of the materials, including iron, which is shown for reference, conditions the aqueous
system to either directly reduce the presence or mobility of the target chemical or promote its
destruction or immobilization by other chemical or biological changes to the aqueous system.
The observation that most of the materials listed are natural materials (e.g., not manufactured or
enhanced by human intervention) is encouraging as PRBs can be promoted as remedies that take
advantage of natural conditioning processes. The fact that most of the materials are well known
to both the scientific community and the regulatory and public stakeholder community is also

beneficial for receiving public approval for their use.

Table 2-2. Examples of reactive materials used in PRBs

Treatment material
categories

Example materials

Constituents treated
(examples, not
comprehensive)

Metal-enhanced
reductive
dechlorination for
organic compounds

Zero-valent metals (Fe)

Chlorinated ethenes, ethanes,
methanes, and propanes;
chlorinated pesticides,
Freons, nitrobenzene

Metal-enhanced
reduction for metal
contaminants

Zero-valent metals (Fe), basic oxygen
furnace slag, ferric oxides

Cr, U, As, Tc, Pb, Cd, Mo,
U, Hg, P, Se, Ni

Sorption and ion-

Zero-valent iron, granular activated

Chlorinated solvents (some),

exchange carbon, apatite (and related materials), | BTEX, Sr-90, Tc-99, U, Mo
bone char, zeolites, peat, humate

pH control Limestone, zero-valent iron Cr, Mo, U, acidic water

In situ redox Sodium dithionite, calcium polysulfide | Cr, chlorinated ethenes

manipulation

Enhancements for
bioremediation
(including carbon,
oxygen, and

(Includes solid, liquid, and gaseous
sources) Oxygen-release compounds,
hydrogen-release compounds,
carbohydrates, lactate, zero-valent iron,

Chlorinated ethenes and
ethanes, nitrate, sulfate,
perchlorate, Cr, MTBE,
polyaromatic hydrocarbons

hydrogen sources) compost, peat, sawdust, acetate,

humate

2.3 lron-Based PRBs for Chlorinated Solvents

To date, granular iron is the most frequently used reactive media for the in situ remediation of
groundwater plumes containing chlorinated organic compounds in a PRB. Currently, there have
been 83 full-scale and 37 pilot-scale installations of PRBs worldwide using granular iron to treat
chlorinated organic compounds.

The granular iron used in most PRB applications to date comprises a mixture of ductile and cast
iron cuttings and borings that are obtained by manufacturers from a number of primary industries
that use iron in the production of automotive and related industrial parts. To create the end
product used in PRB applications, a number of these “feedstocks” are mixed together, put
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through a rotary kiln at several hundred degrees Fahrenheit in proprietary gas mixtures, cooled
by a variety of methods, milled, and sorted to a specific grain size range (Landis et al. 2001).

For PRBs constructed using excavation-based methods where the iron is placed directly into an
excavation, the grain size range that is typically used is 2.0-0.25 mm (-8 to +50 mesh U.S.
standard sieve size), which has a hydraulic conductivity of about 5 x 107 cm/sec (142 feet/day).
A grain size range of 1.0-0.17 mm (-18 to +84 mesh U.S. standard sieve size) is used with the
azimuth-controlled vertical hydraulic fracturing technology, where the iron is suspended in a
biodegradable gel and injected into the subsurface. Iron with a grain size of 0.59-0.21 mm (-30
to +70 U.S. standard sieve size) and less has been used in pilot-scale trials involving high-
pressure jetting. Liquid atomized injection and pneumatic fracturing typically uses a fine iron
powder, where the grain size range is 0.04-0.08 mm (+140 to —325 mesh U.S. standard sieve
size).

A number of other types of metallic iron materials have been used in PRBs, including the
following:

e iron prepared by high-temperature direct reduction of iron ore, including material referred to
as “sponge iron”;

e iron foams and pellets prepared through a high-temperature process combining
aluminosilicates and iron;

e iron particulates and powders prepared using water-atomized, remelted iron scrap materials;
and

e granular combinations of iron and solid degradable carbon materials.

These materials exhibit varying degrees of reactivity relative to the standard cast iron particles,
although none have the multiyear track record of performance. However, because of their
particular physical characteristics and their ability to degrade compounds that cannot be
degraded by iron alone, they may be appropriate for use in some situations. Some of these
materials can be produced with a codex (food-grade) certification.

2.3.1 Chemical Considerations

Recent research has highlighted the particular importance of the following geochemical
parameters specifically related to the use of iron for treatment of chlorinated solvents:

e Nitrate—Nitrate has been shown to negatively impact reaction rates by progressively
passivating iron surfaces. Ritter, Odziemkowski, and Gillham (2002) found that redox
potentials were more positive in the presence of nitrate than in similar water containing no
nitrate. This positive shift in potential resulted in a system on the thermodynamic equilibrium
line between hematite and maghemite (Fe,O3) and magnetite (Fe3O4). Thus, all the
maghemite was removed, but a thin layer of hematite persisted over a majority of the iron
surface. Furthermore, any Fe?* produced would result in the formation of maghemite and/or
goethite (a-FeOOH), which is also stable at these redox potentials and pH values. Goethite
and maghemite are known to inhibit iron corrosion by their protective properties (i.e.,
passivation of the iron surface). Thus, it is believed that, as these minerals form, they reduce
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the surface area available for nitrate and VOC reduction, resulting in advancing nitrate and
VOC profiles with time.

e Dissolved organic carbon—Certain types of dissolved organic carbon (DOC) have been
shown to coat reactive sites on the iron, rendering it unreactive.

e Metals—High concentrations of certain dissolved metals, many of which will be COCs, will
also be reduced and compete for the reactive sites on the iron. These metals include
chromium, uranium, arsenic, technetium, lead, and cadmium.

e Silica—Although the results are not conclusive, research suggests that silica may have an
effect on PRB reaction rates similar to that of nitrate.

The presence of these constituents does not mean a PRB is infeasible at a site. However, if a high
mass flux of these constituents is anticipated through the PRB (i.e., if they are present at high
concentrations in relatively high groundwater velocity environment), they could significantly
affect the PRB’s long-term performance. VOC reaction rates in granular iron have shown to be
relatively robust in the presence of elevated carbonate and sulfate concentrations, but if the
concentrations of these constituents are in the 100s-1000s-mg/L range, the long-term
performance of the PRB could be significantly affected due to the precipitation of carbonate and
sulfide minerals.

2.3.2 Use

The first pilot-scale iron PRB for treatment of chlorinated compounds with iron was installed in
1991 at Canadian Forces Base, Borden, Ontario. The first commercial application was installed
in Sunnyvale, California in November 1994. Since that time, the technology has been accepted in
the marketplace and has a greater than 10-year track record of successful field performance. In
June 2002, USEPA stated, “PRBs are no longer perceived as an innovative remediation
technology but are rapidly maturing and may be considered as a standard remediation
technology” (Powell, Powell, and Puls 2002).

2.4 lron-Based PRBs for Treatment of Metals in Groundwater

The strong geochemical reduction promoted by zero-valent iron in an aqueous solution removes
metals and metalloids in the system primarily through reductive precipitation on the ZVI
surfaces, or as coprecipitates with the iron oxyhydroxides that form on the ZVI surfaces.
Reducible metals including chromium and uranium can be treated with a PRB. For example,
Powell et al. (1995); Pratt, Blowes, and Ptacek (1997); Blowes, Ptacek, and Jambor (1997);
Blowes and Mayer (1999); and Blowes et al. (1999a, b) investigated the reduction of Cr(VI),
precipitation of Cr(I11) hydroxide, and the coprecipitation of Cr(l1l) with iron oxyhydroxides by
ZV1 in the laboratory and in a full-scale field application of PRB technology in Elizabeth City,
North Carolina in 1996. Sorption on the iron oxyhydroxide material could also provide
attenuation of the metals and metalloids (including arsenic) in groundwater. The grain-surface
removal mechanisms do suggest that ZVI has a finite treatment capacity for metals and
metalloids.
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A PRB system was installed in June 1999 to treat the groundwater at a site in Monticello
Canyon, Utah, where groundwater has been contaminated by seepage from uranium mill tailings.
Although the mill wastes were removed from the site in 1999, elevated concentrations of
uranium, arsenic, selenium, molybdenum, vanadium, manganese, and nitrate continue to migrate
through an alluvial valley (Morrison et al. 2002, Morrison 2003). Infiltration of precipitation was
responsible for leaching the metals, metalloids, and nitrate from the mill wastes. The valley is
underlain by a shale aquitard at a depth of 4.5-6 m below ground surface (bgs). The PRB is a
funnel-and-gate system that includes two low-permeability slurry walls to direct the flow of
contaminated groundwater through a central permeable treatment zone or gate. The treatment
gate is 30 m long and 2.4 m thick in the direction of groundwater flow and extends to the base of
the aquifer. The treatment gate has three components: an upgradient gravel pack 0.6 m thick
containing 13% ZVI, a central zone of ZVI 1.2 m thick, and a downgradient gravel pack
containing 10% ZVI 0.6 m thick. The treatment gate was installed in temporary trench
excavation supported by steel sheet piling. Groundwater velocity in the treatment gate was
estimated to be 5.7 m/day using flow sensors and tracers (Morrison et al. 2002). Thus, residence
time of groundwater in the 100% zero-valent iron portion of the PRB is approximately 5 hours.
On the basis of solid-phase mineral accumulations in the PRB, Morrison (2003) suggested that
groundwater flux may actually be about 10% of that determined by flow sensors and tracer tests.

Using influent data from five wells 1 m upgradient of the treatment zone, and effluent data from
five wells in the downgradient portion of the treatment zone, Morrison et al. (2002) demonstrated
excellent treatment of all contaminants except manganese within the PRB. Uranium decreased
from 396 mg/L in the influent to less than 0.24 mg/L in the effluent from the PRB; arsenic
decreased from 10.3 mg/L to less than 0.2 mg/L; selenium decreased from 18.2 mg/L to
0.1 mg/L; molybdenum decreased from 62.8 mg/L to 17.5 mg/L; vanadium decreased from
395 mg/L to 1.2 mg/L; nitrate decreased from 60.7 mg/L to less than 0.065 mg/L; and
manganese decreased from 308 mg/L to 177 mg/L. Consistent with observations of other ZVI
PRB systems, the pH of the groundwater within the ZV1 increased from a maximum of 6.8 in the
influent to 10. Although nitrate concentrations were observed to decrease, the form of treatment
was not clear. It is possible that the nitrate was reduced to ammonia abiotically or that some
microbially mediated denitrification within the ZVI may have occurred.

Morrison (2003) indicated that the concentration of uranium exiting the upgradient gravel and
ZV1 zone increased from less than 0.2 mg/L at early time to 185 mg/L after 2.7 years. This
increase reflects consumption of available contaminant removal sites on the ZVI but may also
reflect loss of reactivity as a consequence of the precipitation of secondary carbonate minerals on
the grain surface. Additional precipitation of carbonate material had occurred within the ZVI
zone after 2.7 years of operation, but the evidence suggests excellent treatment of uranium and
vanadium continued to occur. Furthermore, Morrison (2003) could not detect any decrease in the
hydraulic conductivity of the PRB as a consequence of the formation of the precipitates. This
work is consistent with evaluations of the 100% ZVI PRB in Elizabeth City.

An example of arsenic removal by ZVI includes a gold mine in northern Ontario, for which
column tests were performed. The columns operated for more than 30 months and continued to
function very effectively. In the column containing the mixture, arsenic was detected in the pore
water within 10 cm of the influent end only and was nondetectable beyond this distance. The
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flow rate in this column was less than 0.5 pore volumes per day, so the water resided in the
40-cm column for more than two days. The influent concentration of arsenic exceeded 10 mg/L.
The reactive materials in the columns exhibited excellent capacity for removal of arsenic. The
field-scale evaluation of an in situ PRB was initiated in 2002 in a test cell through which flow of
tailings-impacted groundwater could be controlled (Bain et al. 2002).

Blowes and Mayer (1999), on the basis of monitoring and numerical modeling, evaluated the
potential influence of secondary precipitates on long-term PRB performance. They suggested
that the precipitation of secondary carbonate and sulfide minerals could result in the reduction of
the porosity from the initial 0.5 to approximately 0.4 after 20 years of operation, but that
hydraulic performance of the PRB will not be compromised with the loss of porosity. Wilkin,
Puls, and Sewell (2002) noted some evolution of Eh (slightly less reducing) and pH (slightly
lower) conditions as a consequence of secondary carbonate precipitation within the ZVI PRB
after five years of operation. No loss of hydraulic function was measurable, and treatment of
Cr(VI) was excellent. After five years, with influent concentrations of Cr(VI) 5-10 mg/L and a
groundwater velocity of approximately 0.1 m/day, Cr(\V1) remained nondetectable 0.1 m into the
ZV1 zone. As indicated by the investigations at Monticello and Elizabeth City, secondary
precipitate formation may limit long-term performance of ZVI PRBs in groundwater with high
total dissolved solids (TDS) or alkalinity.

2.5 Non-lron-Based PRBs

There are numerous types of materials that may provide treatment for contaminated
groundwater. Materials that provide sorption, direct reduction, biological enhancements, ion
exchange, and other beneficial processes are all worth consideration. Reasons why materials
other than iron may be more appropriate for use within the PRB include the following:

e greater ability of the non-iron treatment material to treat the target chemical(s) to water
quality objectives and
e lower cost of the alternative treatment material relative to iron for the specific use.

All potential treatment materials must be fully assessed for their ability to provide the intended
treatment including longevity and constructability as well as for their potential to negatively
impact the groundwater system. For example, some treatment materials can cause geochemical
changes in groundwater that lead to changes in the concentration and mobility of naturally
occurring metals and other chemical compounds. One such change can occur with the use of
ZV1, which has been demonstrated to cause an increase in pH and chloride concentration and a
decrease in Eh, TDS, alkalinity, dissolved oxygen (DO), calcium, sulfate, and other naturally
occurring inorganics. Other treatment materials, particularly those used to enhance
aerobic/anaerobic biological activity or to directly manipulate redox conditions (e.g., calcium
polysulfide, sodium dithionite, etc.) can affect the prevalence and/or mobility of nitrate and
sulfate compounds and/or metals such as iron, manganese, chromium, copper, and arsenic.
Furthermore, in biological treatment remedies it is these changes in nitrate, sulfate, iron, or
manganese compounds that provide a line of evidence for the breakdown process. Although
these changes in groundwater geochemistry are typically buffered by natural aquifer conditions
further downgradient, this will occur to varying degrees with different reactive materials and
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different site conditions. Additionally, sufficient aquifer buffering capacity may not exist
between the PRB and a downgradient receptor. Therefore, geochemical changes and their effects
on chemical and contaminant occurrence and mobilization should be evaluated whenever
alternative reactive materials are proposed for use in a PRB application.

The following paragraphs provide examples of the use of non-iron-based materials for various
PRB-based remedies.

2.5.1 Organic Media for Solvents

The use of several types of organic materials for treatment of groundwater affected by various
solvent-related contaminants also have been investigated, and in some cases, have been applied
as PRB treatment materials. These materials include activated charcoal (GAC), cottonseed meal,
peat moss, lignite, humite, and compost, for example (see Benner et al. 1999; Blowes, Ptacek,
and Jambor 1997). Several field deployments have resulted from these studies as well (for
example, Goldstein et al. 2000; Naftz et al. 2000; Wickramanayake, Gavaskar, and Chen 2000).

The use of organic material in PRBs to treat groundwater affected by solvent-related compounds
primarily is to promote or enhance biologically mediated destruction of the target analytes. The
use of bioremediation to promote in situ treatment is an established method using a variety of
solutions and materials placed in the subsurface. An implementation concept for bioremediation
includes placing the treatment material within a PRB-type of system, whereby the treatment can
be controlled in an engineered type of structure or design and the monitoring can be focused.

An attempt to remediate perchlorate-affected groundwater using a PRB approach also has been
attempted (Craig 2004). The U.S. Navy has been evaluating a PRB composed of a mixture of
gravel and carbon material (wood chips) in an approximately 7:1 ratio at the Naval Weapons
Industrial Reserve Plant McGregor near Waco, Texas, where groundwater is contaminated by
perchlorate at concentrations greater than 10 mg/L. Various forms of wood chips were tested
along with the addition of acetate and soaking with soybean oil or a soybean oil/mushroom
compost mixture. The addition of carbon sources acting as electron donors changed ground-
water conditions from aerobic to anaerobic. Through this process, indigenous bacteria were
enabled to use perchlorate (ion) as respiratory oxygen until it was depleted and only (nontoxic)
chloride remained.

2.5.2 Limestone for Metals

Limestone, lime, or other calcium carbonate or hydroxide materials can be an effective material
for use within a PRB system, if the goal of the PRB is to modify pH conditions for the purpose
of reducing the solubility of certain metals or for conditioning the hydrochemical system to assist
with other treatment processes, including bioremediation. The use of a limestone-type material
for reducing the effects of AMD, for example, has been applied for decades, though mostly for
aboveground treatment through channels, wetlands, or other holding basins for AMD-impacted
water.
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Highly acidic and metal-rich water from mine drainage conditions typically occurs from the
weathering of iron- and sulfur-rich minerals such as pyrite, FeS,. The overall reaction leading to
the production of sulfuric acid and acidity generally are indicated as

4FeS, + 150, + 14H,0 — 4Fe(OH3) + 8H,SOs , or
2FeS,(s) + 70, + 2H,0 — 2Fe," + 4S04 + 4H" .

Inherent in this reaction are several weathering reactions where the oxidation of pyrite by oxygen
at the surface leads to the creation of sulfate and ferrous iron and the generation of acidity.
Belowground, this oxidation generally does not occur. However, where pyrite-affected
groundwater does discharge, the oxidation of the iron does lead to further acid production and
the generation of iron hydroxides:

Fe?* + 1/40, + 5/2H,0 — Fe(OH)s(s) + 2H" .

These reactions continue until pyrite is depleted; however, the subsequent weathering solutions
are extremely acidic. Acidic conditions lead to the increased solubility of several metals, which
can create difficult environmental conditions for aqueous systems.

The reduction of pH to control the acid levels and thus reduce metal solubility can be created by
passing mine drainage effluent through a limestone-based channel or system. Dissolution of the
limestone (CaCOs3) increased the solution alkalinity to raise pH. The longevity of the limestone
material may be lessened by the creation of ferric carbonate or hydroxide minerals during the
process; thus, the design of the system must consider longevity and potential replacement of the
treatment material. A type of limestone-based PRB for AMD effluent is referred to as an “anoxic
limestone drain” (ALD). The Pennsylvania Department of Environmental Protection
(www.dep.state.pa.us/dep), as well as Hedin and Watzlaf (1994), describes the use of ALDs and
provides a general method to calculate the mass of limestone necessary to treat a given flow of
AMD effluent.

Mixtures of limestone with other materials, including compost to stimulate microbial action and
inert material such as sand to provide appropriate permeability, have been used in PRBs
specifically for treating metal-enriched water. Such a system uses readily available and
inexpensive materials that can be prepared into a treatment mixture with conventional
construction equipment. Several metals, including iron, manganese, aluminum, nickel, chromium
can be treated through microbial processes, with the limestone providing the appropriate
geochemical conditioning and media to promote microbial growth.

A well-studied use of a limestone mixture with compost and sand is the Nickel Rim, Ontario,
Canada site, which has been well published. See www.rtdf.org/public/permbarr for a complete
description of the site.
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2.5.3 Oxvyaen for Fuel Sites

The in situ remediation of dissolved constituents that have migrated to groundwater from the
release of refined petroleum products has been implemented in the field at numerous sites. Most
attempts involve methods to enhance aerobic microbiological processes that can degrade typical
constituents from a fuel release, such as benzene, and somewhat more recalcitrant compounds,
including MTBE. Many implementations rely on placing or injecting a substrate into the ground
that promotes sustained aerobic conditions. The locations where these substrates are injected are
typically based on the spatial occurrence of a plume and often are intended to cover all or most
of the source area and plume core. Recent examples of this remedial process, however, have
relied on the PRB concept to create a zone of aerobic biological activity across an existing or
future flow path of the affected groundwater to limit further migration of the target constituents.
The application of in situ bioremediation using a PRB design is commonly referred to as a “bio-
barrier.” Introduction of solid oxygen-releasing materials or direct delivery of oxygen gas into
the subsurface is the preferred method for promoting sustainable aerobic conditions and
treatment of fuel constituents such as BTEX and MTBE.

As with other PRB treatment materials, this concept also must be matched to the geochemical
and hydrochemical conditions of the site. For example, the presence of great amounts of organic
carbon in the subsurface (such as in near-shore or bog environments) likely result in zones of
high oxygen consumption rates that render such a technology impractical as most of the oxygen
would be consumed from natural conditions. Also, certain oxygen-containing treatment materials
may be expended of their available oxygen prior to remedial goals’ being met and thus would
require replacement at frequent intervals. Such conditions are to be considered during the
alternative selection and design phases.

The aerobic bio-barrier concept may be a good choice for reducing the migration of more
recalcitrant compounds such as MTBE, which tend to produce longer plumes than those resulting
from less recalcitrant compounds such as benzene. Examples of aerobic bio-barrier projects
where the release of oxygen in a PRB-like design has been implemented include the Vandenburg
Air Force Base (AFB) (Wilson, Mackay, and Scow 2002) and Port Hueneme (Johnson, Miller,
and Bruce 2004), both located in California. Port Hueneme used an aerobic bio-barrier where
oxygen was released through a constructed panel of oxygen-emitters that were installed across a
portion of an MTBE plume. The goal of this PRB was to create an aerobic biologically active
zone capable of reducing the mass of MTBE. Results of the pilot indicate that MTBE
concentrations are reduced by at least two orders of magnitude (from up to 400 pg/L upgradient
of the barrier to <5 ug/L downgradient of the barrier). The transient production and subsequent
destruction of tert-butyl alcohol (TBA) within the bio-barrier is further evidence of the success
of the pilot implementation.

The key to the success of bio-barrier at Port Hueneme is the presence of microbes capable of
degrading MTBE. Without the MTBE microbes in the subsurface, addition of oxygen alone
would not create the biological conditions necessary to degrade the MTBE. Whether such
microbes are naturally present at a site must be considered prior to engaging this technology at
fuel release sites.
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2.5.4 Amorphous Mineralogic Compounds

Several types of amorphous mineralogic compounds have been developed and applied for use as
a PRB treatment media. These compounds, which are developed from natural sources but may be
modified by surfactants or other surface enhancement, include amorphous ferric oxides and
phosphatic compounds, primarily.

For example, the apatite mineral group (e.g., calcium phosphate minerals) has been shown to be
effective both in removing dissolved metals from an aqueous solution and in transforming soil-
bound metals to less soluble phases (Conca et al. 2002, Conca 1997). The effectiveness of
apatite-type minerals as a reactive media for removing radioactive constituents from
groundwater also has been demonstrated. An example is the treatment of a shallow
multicontaminant plume of Pu-239, -240; Am-241, Sr-90, nitrate, and perchlorate in Mortandad
Canyon, Los Alamos, New Mexico (Conca et al. 2002, Taylor et al. 2002). For this case nitrate,
perchlorate, Pu, Am, and Sr-90 concentrations were reduced to below their maximum
concentration limits (MCLs) and usually to below detection limits in these laboratory studies.
The specific treatment material for this case was composed of a primarily amorphous form of a
carbonated hydroxy-apatite embedded with nanocrystals of apatite; the reaction in the aqueous
system allows for the precipitation of various phosphate phases of metals and radionuclides. The
material is reported to exhibit large sorption coefficients for several radioactive metals, which
makes it highly valuable for sequestering these constituents from an aqueous solution (e.g., Kq
values of almost 100,000 for U and over 1,000,000 for Pu have been reported).

Amorophous ferric oxide (AFO) has been pilot-tested as a potential reactive treatment material at
DOE’s Fry Canyon, Utah site. Though considered to be a potentially effective material, the AFO
showed less effective performance than other materials, including ZVI and bone char
(phosphatic constituent) for the treatment of dissolved uranium (Naftz et al. 2000, USEPA
2000b, see also http://ut.water.usgs.gov/fry/fry.html).

2.5.5 Zeolites for Radionuclides

Zeolites are natural aluminosilicate minerals that can have very high ion-exchange capacities and
thus certain characteristics that make them potentially useful as treatment materials for use in a
PRB. The typical mineral is a framework of stacked tetrahedra that form pores or channels where
the ion exchange can occur. Because the mineral is anionic (negatively charged), it can be used
to remove cations from an aqueous solution.

Several hundred zeolitic minerals exist; synthetic zeolitic minerals also have been produced for
various industrial needs. For consideration in a PRB design, the zeolitic mineral clinoptilolite
(solid solution composition [(Ca, Mg, Na,, K;) (Al,Si;p024 © 8H,0)]) has been researched by
several groups (including those at Brookhaven National Laboratory and the State University of
New York at Buffalo) and has been applied in pilot-test programs to assess the ability of the
material to remove radioactive strontium (Sr-90) from a groundwater system (e.g., Lee et al.
1998, Warner et al. 2004b). Surface-modified zeolites also have been evaluated for their
potential use as PRB materials in removing anionic constituents from groundwater (e.g.,
Bowman 1996).
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An example pilot program evaluating the use of the zeolite clinoptilolite to remove Sr-90 from
groundwater was initiated in 1999 at the West Valley Demonstration Project site in West Valley,
New York. This was the first site in the United States that was intended to assess the use of the
zeolite to promote ion exchange reactions capable of treating groundwater affected by Sr-90.

The pilot system was constructed using cofferdam-type methods (i.e., sheet piles, excavation,
and backfilling) within the shallow (bottom depth of approximately 20-25 feet bgs) groundwater
system that exists in lacustrine and outwash sediments lying above a low-permeability till. The
geometry of the pilot permeable treatment wall was approximately 30 feet long by 7 feet wide by
25 feet deep; the upgradient face of the pilot PRB was composed of an approximately 1-foot-
thick pea gravel section where a lateral drain assembly was installed for potential use as a
development tool. Evaluation of hydrogeologic conditions in and around the pilot PRB indicated
a complex hydrostratigraphy that likely controlled the migration of Sr-90 groundwater to specific
depth intervals that may have become affected along portions the face of the pilot permeable
treatment walls during construction.

Assessment of hydrochemical conditions in and around the pilot system appeared to indicate that
the exchange of potassium for strontium is taking place within the PRB, suggesting that the ion
exchange process was occurring. Assessment of hydraulic conditions using the results of field
hydraulic testing and groundwater modeling also suggested that groundwater flow was occurring
through enough of the pilot PRB to provide sufficient information for assessing the efficacy of
the treatment method. The pilot test thus provided valuable information regarding design
considerations and construction lessons learned, including the following:

e Most intrusive PRB construction methods alter subsurface hydraulic and chemical migration
conditions; this disruption to the natural system should be considered during the PRB design
phase, and performance expectations should consider this influence to the subsurface system.

e Because the installation of the PRB creates disequilibrium in the hydraulic and chemical
migration systems, sufficient time should be allowed for the system to reequilibrate before
performing a comprehensive performance evaluation.

e Chemical migration may be controlled by discrete zones or pathways in an aquifer system;
the PRB design (pilot or full scale) should consider such pathways.

e The scale (i.e., size) of a PRB pilot test can influence the interpretation of results (e.g.,
smaller-scale or short-length PRBs can be strongly influenced by regional changes to
hydraulic conditions). The data quality objectives of the test should thus consider the
potential effect of scale on the test results.

2.5.6  Organic Carbon for Denitrification, Sulfate Reduction, and Perchlorate Destruction

The role of organic carbon as an energy source for microbes in denitrification and sulfate
reduction reactions has been recognized for several decades (e.g., Tuttle, Dugan, and Randles
1969; Grienko and Ivanhoff 1983). Robertson and Cherry (1995) adapted the use of permeable
organic carbon materials to stimulate biologically mediated denitrification and sulfate reduction
in contaminated groundwater in PRB systems. Denitrifying and sulfate-reducing bacteria are
ubiquitous in the environment. These are heterotrophic bacteria that reduce nitrate to nitrogen
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gas and sulfate to sulfide in the absence of oxygen. Using a general form of a carbohydrate for
organic carbon, denitrification can be represented by the reaction

4NO3™ + 5CH,O0 — 2N; + 5CO; + 3H,O + 40H" .

Sulfate reduction and the generation of hydrogen sulfide and bicarbonate ion can be represented
by the reaction (Berner 1971)

S0,% + 2CH,0 — H,S + 2HCO; .

In the presence of hydrogen sulfide, soluble metals or metalloids may precipitate as low-
solubility sulfide minerals, consistent with the reaction

Me?" + H,S — MeS + 2H" .

In this reaction Me represents a variety of monovalent and divalent metals or metalloids such as
Fe, Cd, Cu, Co, Ni, Zn, Mo, Sn, As, or Se. In combination, the sulfate reduction and sulfide
precipitation reactions have the potential effect of decreasing concentrations of sulfate, iron, and
other metals and metalloids and increasing alkalinity and pH. The Air Force successfully treated
a perchlorate-contaminated groundwater plume by applying a carbon-based mixture of gravel
and wood chips in a 7:1 ratio, along with the addition of acetate and a soybean oil/mushroom
compost mixture (Craig 2004). Laboratory and field applications have investigated the potential
application of range of solid-phase organic carbon materials for inclusion in PRBs, such as straw,
newspaper, raw cotton, alfalfa, wheat straw, jute pellets, cattle slurry screenings, vegetable oil,
compost, leaf mulch, wood mulch, sawdust, and pulp wastes (Boussaid, Martin, and Mowan
1988; Wakatsuki, Esumi, and Omura 1993; Blowes and Ptacek 1994; Vogan 1993; Volokita et
al. 1996a, b; Hunter, Follett, and Cary 1997; Benner, Blowes, and Ptacek 1997; Benner et al.
1999, 2002; Schipper and Vojvodic-Vukovic 1998; Stuart et al. 1999; Taylor et al. 2002;
Thombre, Thomson, and Barton 1997; Waybrant, Blowes, and Ptacek 1998; Waybrant, Ptacek,
and Blowes 2002; Robertson and Anderson 1999; Robertson et al. 2000; Hulshof et al. 2003).

Benner, Blowes, and Ptacek (1997) and Benner et al. (1999, 2002) applied an organic-carbon
PRB in an aquifer affected by acid-mine drainage derived from a sulfidic mine tailings
impoundment in the Sudbury area, Ontario. A plume of AMD-impacted groundwater extended
from a mine tailings area several hundred meters through a fine sand to silt aquifer and
discharged to a small lake. The surficial aquifer was bounded by a bedrock valley. Active
disposal of mine tailings had ceased, but the effects of AMD within the aquifer tended to
increase with time. The pH of the groundwater at the location of the PRB was less than 6, the
alkalinity was 50 mg/L as CaCOs, the concentration of sulfate was 2400-3600 mg/L, and the
concentration of iron was 250-1300 mg/L. The groundwater velocity was approximately 16 m
per year. The reactive materials were selected on the basis of preliminary laboratory batch and
column testing, which evaluated sulfate-reduction and metal removal characteristics of various
permeable organic-carbon mixtures (Waybrant, Blowes, and Ptacek 1998; Waybrant, Ptacek, and
Blowes 2002). The testing indicated that a mixture of plant-based materials provided gradual
release of labile organic compounds over a sufficiently prolonged period. For the full-scale PRB,
the reactive materials consisted of three organic carbon sources (40% plant-based compost, 40%
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leaf mulch, and 19% wood chips) and 1% limestone by volume. The materials were combined in
a 1:1 mixture with carbonate-rich gravel. The reactive zone was 4 m thick in the direction of
groundwater flow and was bounded on the upgradient and downgradient faces of the wall by
zones of coarse sand 2 m in thickness. The PRB was installed in August 1995 in an excavated
trench with no shoring. The PRB extended across the small bedrock valley and was 15 m in
length and 3.6 m in depth on average.

The wall has been successful in promoting microbially mediated sulfate reduction and the
subsequent precipitation of iron and other metal sulfides. In groundwater within the wall, sulfate
concentrations decreased by as much as 3000 mg/L, iron concentrations decreased by as much as
1250 mg/L, pH increased from less than 6 to 7.0, and alkalinity increased from <50 mg/L to
600-2000 mg/L as CaCOs. The groundwater became net acid consuming, and the ability of the
groundwater to generate acidity upon discharge to surface water or ground surface was
significantly decreased (Benner, Blowes, and Ptacek 1997; Benner et al. 1999, 2002). Residence
time of water within the PRB ranged from 60 to 180 days. Evidence for sulfate reduction has
included the following:

e the decrease of sulfate concentrations within the reactive materials,

e the proliferation of sulfate-reducing bacteria within the PRB,

e the presence of dissolved sulfide (as much as 17 mg/L) in groundwater within the PRB,

e the isotopic enrichment of *S in remnant sulfate (Benner et al. 1999), and

e the identification of iron mono-sulfide solids including mackinawite on cores from within the
PRB using scanning electron microscopy with energy-dispersive X-ray analysis (Herbert,
Benner, and Blowes 2000).

Benner et al. (2002) suggest the most active sulfate-reduction occurred during the three-month
period immediately following installation of the PRB and that reactivity gradually decreased
with time thereafter. Monitoring in 2001 suggested that the overall performance of, and rate of
metal sulfide accumulation within, the PRB have not decreased significantly since the initial
years of operation (Daignault, Blowes, and Jambor 2003). It is anticipated that effective
treatment of AMD-impacted groundwater will occur for at least a decade.

A similar approach to treatment was also employed at a field-scale demonstration in VVancouver,
Canada. The groundwater contains high concentrations of sulphate, iron, and other heavy metals,
including cadmium, copper, nickel, lead, and zinc. The compost-based reactive media was
installed in a guar-gum slurry trench. The trench dimensions were 10 m in length, 6.7 m in depth,
and approximately 2.5 m in thickness in the general direction of groundwater flow. Zinc
concentrations decreased from in excess of 2 mg/L in the influent to <0.1 mg/L, and typically
<0.05 mg/L within the PRB. Copper decreased from as much as 3.6 mg/L to <0.01 mg/L, and
cadmium concentrations decreased from 0.015 mg/L to <0.0001 mg/L within the PRB (Ludwig
et al. 2002). Groundwater velocity estimates were as high as 1 m/day, and the input
concentration of sulphate was approximately 1000 mg/L. A full-scale PRB was constructed at
this site between November 2000 and February 2001. It was approximately 400 m in length, as
much as 15 m in depth, and 2.5-5 m in thickness. The barrier was thicker in the vicinity of the
central part of the plume where copper concentrations were highest. Guar gum slurry trenching
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was used for the full-scale installation. The PRB was constructed over a period of more than two
months (Mountjoy and Blowes 2002).

If the water table conditions in the vicinity of PRBs are maintained, metal sulfide minerals will
not be released. Even in the presence of oxygenated water, the release of Fe by oxidation of
sulfide precipitates in the reactive materials will be limited by the low solubility of oxygen in
water (~10 mg/L O, solubility at 15°C). Furthermore, sulfide oxidation by O, is slow at pH
values above 4 (Stumm and Morgan 1996). The concentration of released metals will be much
lower than the original plume conditions. Additionally, laboratory evidence from sulfate
reduction columns set up to treat simulated mine drainage indicates that the sulfide minerals
form in close proximity to the organic solids (Waybrant, Ptacek, and Blowes 2002). The organic
carbon has a high capacity to consume oxygen and protects sulfide minerals from the influx of
oxidizing groundwater.

2.5.7 Combinations of Solid Carbon and Iron for Organic Contaminants

Various forms of liquid carbon amendments as well as solid carbon sources have been
recognized for their ability to promote the degradation of organic contaminants. In particular,
materials combining controlled-release solid carbon and microscale granular iron have been
developed to take advantage of the integration of abiotic and biotic degradation pathways for the
dechlorination of VOCs (Mueller et al. 2004). These materials are enhancements of materials
used successfully for the remediation of polynuclear aromatic hydrocarbon (PAH)- and
pentachlorophenol-contaminated soils (USEPA 1996). Direct reduction of contaminants may
occur through the oxidation with the iron. Microbial growth is promoted through the controlled
release of dissolved organic carbon from the solid. Extremely low redox values can be obtained
through the combined action of microbial oxygen consumption and chemical reduction of
electron acceptors by the iron. Together these processes create an environment under which
many contaminants can be degraded. The corrosion of the iron increases the pH while the
microbial metabolism of the slow-release carbon component results in biological generation of
organic acids, meaning proper conditions for microbial growth (i.e., near neutral pH) can be
maintained. Particles combining iron and solid carbon have been proposed for treatment of
carbon tetrachloride at an active grain storage facility in Kansas (Mueller et al. 2004). A primary
factor in their selection was the particles’ ability to promote degradation not only of carbon
tetrachloride and trichloromethane, which can be degraded by iron alone, but also of
dichloromethane, which cannot be degraded by iron.

This combination of materials may also create extremely low redox conditions, which reduce
many metals and result in precipitation of the metal from solution. Arsenic, for example, is
precipitated through the production of iron arsenic sulfide minerals that are practically insoluble
in groundwater.

2.5.8 Basic Oxyagen Furnace Slag

Baker, Blowes, and Ptacek (1998); Blowes et al. (2000); and McRae, Blowes, and Ptacek (1999)
recognized the potential for basic oxygen furnace (BOF) slag to remove contaminants such as
phosphate and arsenic and waterborne bacteria and viruses from groundwater. BOF slag is a
poorly sorted mixture of material ranging in grain size from silt to fine gravel and is a
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nonmetallic waste by-product of steel production generated at several steel plants throughout
North America. BOF slag contains various oxides and silicates of iron, calcium, magnesium, and
aluminum but in particular is rich in iron and calcium oxyhydroxides. Typically, the interaction
between BOF slag and water results in elevated pH conditions of as high as 12. Proctor et al.
(2000) identified antimony, cadmium, total chromium, manganese, molybdenum, selenium,
silver, thallium, tin, and vanadium at concentrations in excess of background soil in the United
States in samples of BOF slag as part of a review of 58 active steel mills. Toxicity Characteristic
Leaching Procedure (TCLP) tests using leach solution at pH 2.8 for their samples generated
leachate from BOF slag of nonhazardous characteristics. BOF slag is inexpensive, and shipping
and transport have a strong influence on its overall cost. BOF slag is commonly used as
aggregate in roadbed and other construction projects.

Baker, Blowes, and Ptacek (1998) initiated testing with laboratory columns containing BOF
oxide and slag mixtures to remove phosphorus from water in the mid-1990s. With influent
phosphorus concentrations of approximately 3 mg/L POy4-P, the effluent from columns, one of
which has operated continuously since 1993, contains phosphorus at concentrations of less than
0.05 mg/L. Phosphorus is removed by sorption, but subsequent mineral precipitation reactions
also occur (hydroxyapatite). Baker, Blowes, and Ptacek (1997) applied BOF slag in a PRB to
treat phosphorus in groundwater emanating from a septic system and removed phosphorus from
a stream of effluent from a municipal wastewater treatment plant using columns.

In a project implemented and administered by the provincial and municipal governments,
phosphorus removal from septic system effluent has been achieved in a BOF slag chamber at a
single-family residence near North Bay, Ontario since 1999 (Smyth et al. 2002). Phosphorus
concentrations of approximately 5 mg/L PO,-P in the septic system effluent are decreased to less
than 0.01 mg/L PO,4-P in discharge from the BOF slag treatment chamber. The chamber also
effectively removes E. coli from the wastewater. The pH within the treatment chamber is
approximately 12, but neutralization of the pH has been observed in groundwater adjacent to the
subsurface discharge gallery. Maintenance of the influent and effluent lines of the BOF chamber
was not required until the end of the fourth year of operation.

McRae, Blowes, and Ptacek (1999) investigated the removal of arsenic from groundwater in
laboratory columns containing BOF slag. A sorptive removal mechanism for arsenic was
suggested. Subsequent laboratory testing confirmed the capability to remove arsenic to
concentrations of <0.005 mg/L from groundwater from an industrial site. The results of the
laboratory testing indicated that excellent treatment of arsenic-contaminated groundwater could
be achieved by BOF slag. Under conditions present at many sites, the testing also suggested that
in situ treatment systems could be designed to function for periods of at least several years before
the reactive capacity of the BOF slag might be exceeded.

BOF slag from the Chicago area was used in a PRB to treat arsenic-impacted groundwater at an
industrial site in Chicago in 2002. The PRB was installed using a continuous trencher and was
approximately 2000 feet (600 m) long, 30 feet (~10 m) deep, and 2 feet (0.6 m) thick. The initial
two years of monitoring confirm excellent removal of arsenic from influent concentrations of
>1 mg/L to <0.001 mg/L in groundwater within the PRB (Wilkens et al. 2003).
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2.5.9 In Situ Redox Manipulation

To date, probably the most successful reductant for the treatment of metals has been calcium
polysulfide (Rouse et al. 2001). Calcium polysulfide is widely used as an agricultural soil-
conditioning agent and hence is relatively inexpensive. It has been authorized for use by the
National Sanitation Foundation for use in potable water systems, which means that it has certain
advantages with respect to regulatory approval. Calcium polysulfide has proven to be highly
useful for in situ remediation systems by having sufficient migration ability to allow transport
from the point of injection to the point of reaction and yet sufficiently reactive to reduce
hexavalent chromium upon contact (Rouse et al. 2001). When mixed with water, polysulfide
dissociates to form bisulfide (HS") and aqueous hydrogen sulfide [H2S (aq)] with the relative
percentage a function of the solution pH. The sulfide can react directly with the Cr(\V1) to form
Cr(111). Alternatively, the sulfide can reduce Fe(lll) present in the aquifer to Fe(ll). Fe(Il) then
reduces Cr(VI1) entering the reduced zone. A large-scale injection of calcium polysulfide solution
was conducted at a former chemical manufacturing site in northern California (Zawislanski,
Beatty, and Carson 2002).

Another in situ redox manipulation technology creates a treatment zone within the aquifer by
injection of sodium dithionite, a strong reducing agent that scavenges DO from the aquifer and
reduces ferric iron [Fe(lll)], related metals, and oxy-ions. One contaminant for which this
technology has been used is chromium. Sodium dithionite reduces hexavalent chromium Cr(VI)
through an indirect reaction that requires the presence of reactive iron in the aquifer to be
released as ferrous iron, which in turn, reduces the Cr(VI) to the less mobile trivalent chromium
Cr(111). The sustainability of reducing conditions using the dithionite lixiviant relies on the
presence of sufficient reactive iron in the subsurface. This technology was deployed at the
Hanford Site in Richland, Washington for the treatment of a chromium plume. From 1999 to
2003, a 680-m-long barrier was installed (DOE 2000). The treatment included 70 injection wells
along the barrier. Several years after treatment, groundwater in approximately 17 wells has been
found to contain elevated Cr concentrations (DOE 2004b). A solution to the breakthrough of Cr
is currently under investigation (DOE 2004a).

2.6 Sequenced Treatment

Many groundwater plumes contain a mixture of contaminants that are best treated with a
sequence of treatment methods. Examples of sequenced reactive barriers that have been
proposed and/or tested in the field include the following:

e granular iron to treat chlorinated hydrocarbons (e.g., TCE) followed by aerobic
bioremediation to treat aromatic hydrocarbons (e.g., BTEX);

e granular iron to treat carbon tetrachloride and chloroform followed by MNA to treat
dichloromethane;

e granular iron to treat chlorinated hydrocarbons followed by nutrient addition or solid carbon
sources to promote anaerobic biodegradation of VOCs that cannot be degraded by granular
iron;

e solid carbon sources to treat nitrate followed by granular iron to treat VOCs; and
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e a series of four treatment cells consisting of scoria to remove colloids, apatite to remove
radionuclides such as Sr-90; Am-241; and Pu-238, -239, -240 and metals using apatite,
followed by a bio-barrier to treat nitrate and perchlorate and a final limestone “polishing”
barrier to increase pH and remove any remaining soluble radionuclides by precipitation.

A very important aspect of the design of sequenced PRBs is the evaluation of the interactions
between the multiple treatment technologies. Depending on the treatment technologies, the
geochemical influence of the upgradient technology on the downgradient treatment process can
be positive or negative. For example, using granular iron to treat chlorinated hydrocarbons
followed by aerobic biodegradation to treat aromatic hydrocarbons requires a change from a
reducing environment to an oxidizing environment. A transition zone must be incorporated into
the treatment system.

2.6.1 Granular Iron and Aerobic Bioremediation

The use of sequenced treatment involving granular iron and biodegradation processes is the
subject of a book titled Sequenced Reactive Barriers for Groundwater Remediation (Fiorenza,
Oubre, and Ward 2000) This book is an excellent reference for design of this type of treatment
system.

2.6.2  Granular Iron Followed by Monitored Natural Attenuation

A PRB can enhance downgradient biodegradation processes in a number of ways, including the
creation of geochemical conditions conducive to anaerobic biodegradation, the reduction in
overall contaminant loading, the production of hydrogen and simple hydrocarbon electron
donors, the creation of partially dechlorinated breakdown compounds that can act as electron
donors, and direct addition of DOC (Vidumsky 2003). This enhanced biodegradation
downgradient of an iron PRB may allow the PRB to be designed primarily for VOC mass
reduction, thereby reducing the installation cost. Natural attenuation may also be suitable for
treatment of compounds that cannot be treated by the reactive media or are produced during
treatment in the reactive media. For example, carbon tetrachloride can be rapidly degraded by
iron, but a portion of the carbon tetrachloride degrades to DCM, which is not degraded by
granular iron. As DCM can be effectively treated through natural biological degradation
processes, a sequenced treatment approach for carbon tetrachloride plumes could involve the
installation of a granular-iron PRB followed by a natural attenuation zone to treat the DCM (e.g.,
Vidumsky and Landis 2001).

2.6.3  Granular Iron Followed by Enhanced Anaerobic Biodegradation

Treatment with granular iron followed by enhanced anaerobic biodegradation may be applicable
for groundwater plumes containing a mix of compounds degradable by either of these two
processes. Configurations that have been proposed include a typical, continuous iron PRB along
with a bio-barrier. The bio-barrier could contain a solid electron donor such as a solid carbon
source or a liquid electron donor injected into a permeable trench. The sequencing of the
granular iron and bio-barriers must consider the potential interaction between the treatment
technologies. For example, if nitrate is to be used as the electron donor for the bio-barrier, the
bio-barrier must not be placed upgradient of the granular-iron PRB, as any nitrate not consumed
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in the bio-barrier will cause passivation of the granular iron. In addition, there is also the distinct
possibility that DOC leached from the bio-barrier could also cause passivation of the iron.

2.6.4 Carbon Sources Followed by Granular Iron

Waste cellulose solids have been used as a carbon source to promote denitrification in horizontal
PRBs beneath septic plumes at several sites. Granular iron will also reduce nitrate; however,
precipitates that form on the iron surface during nitrate reduction negatively affect VOC
degradation rates. Thus, for nitrate and VOC plumes, removal of nitrate prior to entering an iron
treatment zone will facilitate complete treatment of both nitrate and VOCs.

Laboratory investigations (Vogan, Duchene, and Robertson 2003) have shown this form of
sequenced treatment could be used to treat relatively high (10s of milligrams per liter) nitrate and
TCE plumes; however, the dissolved organic carbon leached from the upgradient cellulose solids
caused slightly lower TCE degradation rates. Based on these and other results, site-specific
laboratory studies are necessary or the design of this type of sequenced treatment system.

2.6.5 Four-Component PRB

A four-component PRB for treating multiple contaminants was installed for demonstration of the
technology in Mortandad Canyon, located at Los Alamos National Laboratory (Kaszuba et al.
2003). The major COCs in the alluvial system include perchlorate, nitrate, plutonium (Pu-238,
-239, -240), americium (Am-241) and strontium (Sr-90). The PRB uses a funnel-and-gate system
with a series of four reactive media cells to immobilize or destroy the contaminants. The cells,
ordered by sequence of contact with groundwater, consist of gravel-sized scoria (for colloid
removal); phosphate rock containing apatite (for metals and radionuclides); a “bio-barrier” of
pecan shells and cottonseed admixed with gravel (to deplete dissolved oxygen, and destroy any
Resource Conservation and Recovery Act [RCRA] compounds present, plus nitrate and
perchlorate); and limestone (for pH buffering and anion adsorption). The PRB was designed with
the following criteria: one-day residence time within the bio-barrier, 10-year lifetime, minimal
surface water infiltration and erosion, optimal hydraulic capture, and minimization of excavated
material requiring disposal. The PRB was installed in January—February 2003 to a depth of 27
feet. The PRB is continuously monitored through a series of wells that were part of the design.
The levels of nitrate and perchlorate have been reduced to below detection in the apatite and bio-
barrier cells, and Sr-90 levels also have been reduced by an order of magnitude in the apatite
cell. More information is available in the case study section.

2.7 Deployment Tables

While iron PRBs are treating groundwater in several countries, most installations have occurred
in the United States, where 67 full-scale PRBs have been installed in 29 states. Table 2-3 lists the
full-scale installation of iron PRBs for VOC treatment within the United States and abroad.
Table 2-4 contains information on PRB installations worldwide that use alternative reactive
media.
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Table 2-3. Full-scale installations of iron PRBs for VOC treatment worldwide

Site name Location Construction and configuration | Installation
date

Intersil Semiconductor site? Sunnyvale, CA, USA Sheet pile continuous wall Nov 94

Industrial facility Sunnyvale, CA, USA Sheet pile continuous wall Sep 95

Industrial facility® Belfast, N. Ireland Slurry wall funnel and in situ reactor | Dec 95
vessel

Industrial facility® Coffeyville, KS, USA | Slurry wall funnel and sheet pile Jan 96
gates (extension Nov 99)

U.S. Coast Guard facility? Elizabeth City, NC, USA | Continuous trencher continuous wall | Jul 96

Federal Highway® Administration Lakewood, CO, USA Sheet pile funnel and gate Oct 96

facility

Industrial facility® Manning, SC, USA Continuous trencher continuous wall | Nov 97

Industrial facility CO, USA Gate and slurry funnel Nov 97

Industrial facility Upstate NY, USA Continuous trencher continuous wall | Dec 97

Aircraft maintenance facility? Southern OR, USA Continuous trencher funnel and gate | Mar 98
(soil bentonite funnel)

U.S. DOE facility, Kansas City Plant® | Kansas City, MO, USA | Sheet pile continuous wall Apr 98

Caldwell Trucking Superfund site Northern NJ, USA Vertical hydrofracturing Apr 98

Copenhagen freight yard® Copenhagen, Denmark | Continuous wall Jun 98

U.S. DOE facility?® Rocky Flats, CO, USA | In situ collection system and Jul 98
reactive vessel

Industrial facility VT, USA Continuous trencher funnel and gate | Aug 98
(high-density polyethylene [HDPE]
funnels)

Former manufacturing site® Fairfield, NJ, USA Sheet pile continuous wall Sep 98

Industrial facility” Tuebingen, Germany Gate and slurry funnel Oct 98

U.S. DoD facility, Watervliet Watervliet, NY, USA Shored excavation continuous wall | Oct 98

Arsenal®

Industrial facility Louisiana, USA Continuous trencher continuous wall | Nov 98

U.S. DoD facility, Shaw AFB? Sumter, SC, USA Continuous trencher continuous wall | Nov 98

Haardkrom site® Kolding, Denmark Continuous wall and recirculation Nov 98
system

U.S. DoD facility, Seneca Army Romulus, NY, USA Continuous trencher continuous wall | Dec 98

Depot?®

U.S. DoD facility, Pease AFB, Site 73 | Portsmouth, NH, USA | Biopolymer (BP) continuous wall Aug 99

U.S. DOE facility® Rocky Flats, CO, USA | In situ collection system and Aug 99
reactive vessel

Industrial facility® Kinston, NC, USA Jetting in panel configuration Aug 99

Industrial facility Sudbury, MA, USA Sheet pile continuous wall Aug 99

Vapokon Petrochemical Works? Sonderso, Denmark Sheet pile funnel and gate Aug 99

U.S. DoD facility, Warren AFB Cheyenne, WY, USA Shored excavation continuous wall | Aug 99

Industrial facility® Seattle, WA, USA BP gates, slurry funnels Oct 99

Industrial facility Cleveland, OH, USA Open-trench excavation continuous | Nov 99
wall

McGraw-Edison Superfund Centerville, 1A, USA Vertical hydrofracturing Nov 99

U.S. DoD facility, Pease AFB Portsmouth, NH, USA [ BP continuous wall Jun 00

Somersworth Landfill Superfund Somersworth, NH, USA | BP continuous wall Aug 00

site®

U.S. DoD facility, Lake City AAP | Lake City, MO, USA BP continuous wall Aug 00

Industrial facility Cincinnati, OH, USA Open-trench excavation continuous | Sep 00
wall

Former dry cleaning site Geneva, NY, USA Shored excavation continuous wall | Sep 00
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Industrial facility Los Angeles, CA, USA | BP continuous wall Dec 00
Industrial facility” Edenkoben, Germany Funnel and gate—sheet piles Dec 00
DuPont facility? Oakley, CA, USA Vertical hydrofracturing Dec 00
City of Needham Needham, MA, USA BP continuous wall Jul 01
Industrial facility St. Louis, MO, USA BP continuous wall Sep 01
Former dry cleaning site Burlington, VT, USA Shored excavation continuous wall | Sep 01
Industrial facility Bradford, UK Trench box gates and HDPE funnel | Sep 01
Industrial facility Florida, USA Aboveground vessel Mar 02
U.S. DoD facility, Carswell AFB Forth Worth, TX, USA | BP continuous wall Apr 02
NASA facility, Stennis Space Center | MS, USA BP gates, slurry funnels May 02
Arrowhead Superfund site Montross, VA, USA Vertical hydrofracturing May 02
Industrial facility Osaka, Japan Sheet pile continuous wall Jun 02
U.S. DoD facility, Kelly AFB San Antonio, TX, USA | BP continuous wall Jul 02
Industrial facility Detroit, MI, USA BP continuous wall Jul 02
Industrial facility” Oberursel, Germany Funnel and gate Jul 02
Industrial facility Amersfoort, Netherlands | Sheet pile funnel and reactive vessels | Sep 02
U.S. DoD facility Charleston, SC, USA BP continuous wall Dec 02
Industrial facility Nashville, TN, USA BP continuous wall Dec 02
Industrial facility Dallas, TX, USA Aboveground vessel Mar 03
U.S. DoD facility, Kelly AFB San Antonio, TX, USA | BP continuous wall Jun 03
U.S. DoD facility, Kelly AFB San Antonio, TX, USA | BP continuous wall Aug 03
Industrial facility Sunnyvale, CA, USA BP continuous wall Aug 03
Industrial facility Gardena, CA, USA Vertical hydrofracturing Aug 03
U.S. DaD facility, Offutt AFB Omaha, NE, USA BP continuous wall Sep 03
U.S. DoD facility, Offutt AFB Omaha, NE, USA Continuous trencher continuous wall | Oct 03
Industrial facility Michigan, USA Continuous trencher continuous wall | Oct 03
Industrial facility Belgium Funnel and gate Oct 03
Industrial facility Missouri, USA Continuous rock trencher continuous| Nov 03
wall
Industrial facility Illinois, USA Continuous trencher continuous wall | Nov 03
Industrial facility Veile County, Denmark | Bentonite funnel and caisson gates | Dec 03
U.S. Government facility Louisiana, USA Granular iron collection trench Dec 03
Industrial facility Connecticut, USA Continuous wall Dec 03
U.S. DoD facility, Kelly AFB San Antonio, TX, USA | BP continuous wall Apr 04
Industrial facility Michigan, USA BP continuous wall May 04
Industrial facility Montana, USA Continuous trencher in bedrock May 04
Industrial facility Ontario, Canada Shored excavation continuous wall | May 04
U.S. DoD facility, Tinker AFB Oklahoma City, OK, Vertical hydrofracturing July 04
USA
Industrial facility Saitama, Japan Soil mixing Oct 04
Industrial facility Yamagata, Japan Soil mixing Oct 04
U.S. DoD facility, Kelly AFB, Zone 2 | San Antonio, TX, USA | BP continuous wall Nov 04
Industrial facility Italy BP continuous wall Nov 04
Industrial facility Ohio, USA Continuous trencher continuous wall | Nov 04
U.S. DoD facility, Hill AFB Utah, USA Continuous trencher continuous wall | Nov 04
Superfund site Vermont, USA BP continuous wall Nov 04
U.S. DoD facility, Kelly AFB San Antonio, TX, USA | Vertical hydrofracturing Dec 04
Industrial facility Mississippi, USA BP continuous wall Dec 04
Industrial facility Illinois, USA BP continuous wall Dec 04

For detailed descriptions of applications, refer to
& www.rtdf.org/public/permbarr/PRBSUMMS

b \www.rubin-online.de
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Table 2-4. PRBs with alternative reactive media composition worldwide

Site name Location Reactive media Contaminants _Const_ructlon, Installation Reference/contact
configuration and scale date
Non-Iron Reactive Materials
Chalk River Ontario, Clinoptilolite Strontium-90 Funnel and gate, full 1/1998 www.rtdf.ora/public/permbarr/prb
Laboratories Canada (Zeolite) scale summs/default.cfm
100 D Area Richland, Sodium dithionite Chromium Injection, full scale 1997 www.rtdf.org/public/permbarr/prb
Hanford site Washington summs/default.cfm
Tonolli Nesquehoning, | Limestone Lead, cadmium, Continuous trench, pilot | 8/1998 www.rtdf.org/public/permbarr/prb
Superfund site Pennsylvania arsenic, zinc and scale summs/default.cfm
copper
Marzone Inc./ Tifton, Georgia | Activated carbon BHC, DDT, xylene, | Funnel and gate, full 8/1998 www.rtdf.org/public/permbarr/prb
Chevron ethylbenzene, methyl | scale summs/default.cfm
Chemical Co. parathion
Amax US Carteret, New | Limestone and Copper, nickel, zinc, | Continuous trench, full 1993 Matthew Turner, NJDEP, (609)
Metals Jersey sodium carbonate arsenic, cadmium, scale 984-1742
lead, selenium
West Valley West Valley, | Clinoptilolite Strontium-90 Continuous trench, pilot | 1999 Robert Steiner, (716) 942-2870,
Demonstration | New York (Zeolite) scale steiner@wvnsco.com
Project
Louisiana Fort Bragg, Activated carbon Chlorinated volatile | Funnel and gate with 4” | Unknown Craig Hunt, North Coast Water
Pacific California organic compounds | carbon canisters and Board,
upgradient gravel chunt@waterboards.ca.gov, (707)
collection trenches 576-3767
Success site Wallace, Idaho | Apatite 1™ Zinc, lead, cadmium | Belowground vault, full | 1/2001 James Conca, New Mexico State
scale University, (505) 706-0214
Industrial site East Chicago, | Basic oxygen Arsenic Full-scale wall 2002 Wilkens et al. 2003
Indiana furnace slag
In-Situ Bioremediation Using a PRB Design (i.e. Bio-barrier)
Industrial site Vancouver, Organic carbon Dissolved metals, Full-scale wall 2000 Mountjoy and Blowes 2002
British mixture sulfate
Columbia
Nickel Rim Sudbury, Organic carbon Nickel, iron, sulfate | Excavation and backfill, |8/1995 www.rtdf.org/public/permbarr/prb
Mine site Ontario full scale summs/default.cfm
Zeneca/Campus | Richmond, Compost (leaf Acid mine drainage | Continuous slurry trench, | 10/2002 Peter Zawislanski, LFR,
Bay California material with (low pH, iron, full scale peter.zawislanski@Ifr.com, (510)

soil/sand mix) and
sulfate-reducing
bacteria

mercury, Copper,
arsenic, zinc)

596-9685
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Site name Location Reactive media Contaminants _Const_ructlon, Ll Reference/contact
configuration and scale date
Naval Base Port Hueneme, | Microbes and MTBE, BTEX Continuous trench, full | 9/2000 Johnson, Bruce, and Miller 2003
Ventura County | California oxygen scale
Vandenberg Lompoc, Dissolved oxygen MTBE Polyethylene tubing Unknown Beatrice Kephart, (805) 605-7924
AFB California flow-through barrier
Dow Pittsburg Pittsburg, Propylene glycol, Chlorinated volatile | Subsurface circulation Pilot 2000, Alec Naugle, S.F. Bay Water
California sodium lactate, and | organic compounds | system (39 circulation full scale Board,
nutrients (PCE, TCE, DCE, wells screened over two | 2002 anaugle@waterboards.ca.gov,
carbon tetrachloride, | zones: 40-80 feet and (510) 622-2510
chloroform) 110-130 feet), full scale www.bcilabs.com/monterey2.html
www.bcilabs.com/montereyl.html
Altus AFB Oklahoma Cotton gin compost, | Chlorinated VOCs Continuous trench, full 2002 www.afcee.brooks.af.mil/ms/msp/
sand, and shredded scale center/spring2003/6.asp
bark mulch www.afcee.brooks.af.mil/products
[techtrans/bioremediation/downloa
ds/AltusBiowallPaper-
163PEHa.pdf
McGregor Naval | Texas Solid carbon Perchlorate Interceptor trench, full- | 2002 www.afcee.brooks.af.mil/products
Weapons Plant substrate scale field demonstration [techtrans/perchloratetreatment/per
meablereactivebarriers.pdf
Moss-American | Milwaukee, Air and nutrients PAHs, BTEX Funnel and gate with air | 2000 Federal Remediation Technologies
Wisconsin and nutrient injection at Roundtable (2004)
gates, full scale
Dover AFB Delaware Soybean oil Chlorinated VOCs Injection wells spaced 2000 www.afcee.brooks.af.mil/products
over two 6-m lengths, [techtrans/bioremediation/downloa
pilot scale ds/DoverAFBBattellePaper04.pdf
SAFIRA test site | Bitterfeld, Hydrogen with Benzene, Vertical well shafts and | 1999 www.rtdf.org/public/permbarr/prb
Germany paladium catalyst chlorobenzene, horizontal wells, pilot summs/default.cfm
dichlorobenzene, scale
TCE, DCE
East Garrington | Alberta, Oxygen BTEX Trench and gate, pilot 9/1995 www.rtdf.org/public/permbarr/prb
Canada scale summs/default.cfm
Private Industrial | Mountain Liquid carbon Chlorinated VOCs | Shallow injection points | Unknown Mark Johnson, S.F. Bay Water
site View, substrate including aligned in barrier Board,
California cheese whey formation, full scale mjohnson@waterboards.ca.gov,

(510) 622-2493
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Site name Location Reactive media Contaminants _Const_ructlon, ol Reference/contact
configuration and scale date
ExxonMobil Linden, New Dissolved oxygen BTEX and product | Cutoff wall with trench Full scale Brent Archibald, Exxon Mobil,
Bayway Jersey collection collection, pilot to full 8/2002 (908) 730-2404
Refinery scale
Offutt AFB Nebraska Sand and wood TCE Continuous trench, pilot | Pilot scale Philip E. Cork, Chief,
Building 301 mulch scale, full scale 1/1999, full | Environmental Restoration
scale 7/2001 | Element, (402) 297-7621

Combination or Sequenced PRB Designs
Rocky Flats Golden, Iron and wood chips | Nitrate, uranium Reaction vessel, full scale | 1999 www.rtdf.org/public/permbarr/prb
Environmental | Colorado summs/default.cfm
Technology
Center
Fry Canyon site | Fry Canyon Iron, amorphous Uranium Funnel and gate, pilot 8/1997 www.rtdf.org/public/permbarr/prb

Utah ferric oxide and scale summs/default.cfm

phosphate

Mortandad Los Alamos, Scoria, phosphate Perchlorate, nitrate, | Funnel and gate, pilot 2/2003 Betty A. Strietelmeier, Los
Canyon, Los New Mexico | rock, pecan shells, | plutonium, scale Alamos National Laboratory,
Alamos National limestone americium, (505) 665-9986
Laboratory strontium
Former Charleston, Compost, ironand | Arsenic, heavy Continuous trench, pilot | 9/2002 Ralph Ludwig, USEPA, (580)
phosphate South Carolina | limestone metals, and acidity | scale 436-8603
fertilizer
manufacturer
Alameda Point | Alameda, Zero-valent iron DCE, VC, TCE Funnel and gate, pilot 1997 www.rtdf.org/public/permbarr/prb

California followed by oxygen | BTEX scale summs/default.cfm

biosparging

Private site Texas Solid carbon and PCE, TCE, DCE Continuous trench, full 2/2004 www.adventus.us/vocs_ehc.htm

zero-valent iron

scale
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3. SITE CHARACTERIZATION OF PRB SYSTEMS

A site must be thoroughly characterized to enable design and installation of a PRB. The physical
setting and the site’s regulatory constraints must be accounted for before this technology can be
considered feasible. This step is particularly important for PRBs as the treatment system is
immovable or passive, yet must intercept and capture the contaminant plume for effective
treatment. Important features of the physical setting include topography, structures at the surface,
underground utilities and structures, surface water features, and ecological resources. All sources
of existing information should be researched, including permits and radiation licenses, operating
records, waste disposal records, interviews, site reconnaissance maps and aerial photographs, and
previous reports. This existing information may need to be enhanced by acquiring and properly
analyzing additional site-specific data needed to develop an appropriate design. Sampling should
be supported by a sampling and analysis plan that is based on specific data quality objectives
(USEPA 1994).

3.1 Conceptual Site Framework

The conceptual site framework is a system of tasks that characterize sites by collecting and
integrating site data. Typically, six basic activities are part of this work:

e identification of potential contaminants;

e identification and characterization of the source or sources of contaminants;

e delineation of potential migration pathways through environmental media, such as
groundwater, surface water, soils, sediment, biota, and air;

e establishment of background areas of contaminants for each contaminated media;

e identification and characterization of potential environmental receptors (human and
ecological); and

e determination of the limits of the study area or system boundaries.

Further details on these activities can be found in the American Society for Testing and
Material’s (ASTM) Standard Guide for Developing Conceptual Site Models for Contaminated
Sites (ASTM 1995, reapproved 2003).

The complexity of this work should be consistent with the complexity of the site and available
data and is usually iterative, as detailed in the discussion of the Triad approach (Section 3.10).

The emphasis of this data collection is on the requirements for PRBs and the determination of
their success as a remedial alternative. A summary description of data needs and design approach
is presented in Table 3-1.

Finally, chemical and biological parameters involved with reaction mechanisms affecting

inorganic and organic contaminants are discussed in detail in Chapter 3 of the RTDF’s
Permeable Reactive Barrier Technologies for Contaminant Remediation (1998).
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Table 3-1. PRB design approach

Pr_lma_ry Detailed subobjective Data analysis method Timing of activity
objective
Determine Characterize hydrogeologic, geochemical Analysis of borings, push During alternative

background and
contaminants of
concern

and microbiological conditions, and
contaminant profile to determine whether
the PRB installation is applicable at the site.

technology, monitoring
wells, and modeling.

analysis

Determine Analysis of borings, push During alternative
applicability of technology, monitoring analysis

PRB at site wells, and modeling.

Evaluate Evaluate reactivity and longevity of various | Batch and column During design and

treatability of
contaminants by
reactive media

media. Determine reaction rate, residence
time, and compliance with state-specific
cleanup standards. Identify the potential
need for alternative cleanup standards or
technologies if compounds cannot be treated
to compliance levels.

experiments with site
groundwater and/or soils.

during system
operation

Identify
contingencies

Identify the potential need for alternative
cleanup standards or technologies if
compounds cannot be treated to compliance
levels.

Batch and column
experiments with site
groundwater and/or soils.

During design and
during system
operation

Define
hydrogeologic
characteristics

Evaluate impact of PRB on aquifer and
ensure capture of contaminants.

Compare pre- and post-
emplacement aquifer
hydrologic tests and water
quality data across PRB.

During design,
emplacement and
system operation

Hydrologic performance evaluation
including contaminant degradation
capability, system longevity (i.e.,
compaction, plugging, precipitate formation
and migration, by-product formation, etc.)
and subsurface characteristics.

Compare post-emplacement
and final aquifer hydrologic
tests across the reactive
media using site
investigation techniques.
Evaluate precipitate
formation from geochemical
data and modeling.

During bench scale
longevity testing,
feasibility study,
design, and system
operation

Determine groundwater gradient.

Measure water levels.

Before construction
and during system
operation

Determine
constructability
of the PRB

Evaluate ability to achieve design depth and
width.

Install boreholes, test pits,
and/or conduct cone
penetrometer testing.

Before construction

Evaluate ability to emplace reactive media
without abrading, crushing, or mixing with
fines from excavated and surrounding
materials.

Observe. Review proposed
construction method.

Before and during
construction

Evaluate ability of the method to control and
provide quality assurance of design
parameters.

Review design package.

Before and during
construction

Determine performance and compliance
monitoring requirements.

Review design package

Before and during
construction

Identify operational issues in the following
categories: environmental impacts, public
acceptance, health and safety.

Review proposed design
package/construction
method. Solicit public
comment.

During feasibility
study, design and
construction

Identify any other construction issues and
ideas for improvement.

Observe.

During construction
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Primary

L Detailed subobjective Data analysis method Timing of activity
objective
Evaluate costs Determine design and installation costs. Obtain quotes and cost During procurement
estimates. process, feasibility
study and design
Determine any operation/maintenance and | Obtain quotes and cost Feasibility study
monitoring costs. estimation tools. and design
Develop information for cost comparisons | Obtain quotes and cost Feasibility study
with other remedies. estimation tools, perform and design
benefit/cost analysis, if
necessary.
Obtain information to document final cost | Federal Remediation Throughout project
and performance. Technology Roundtable.

3.2 Hydrogeologic Data

All relevant hydrogeologic and aquifer characteristics should be identified so that the PRB can
be designed to capture the entire targeted portion of the contaminant plume. These characteristics
should include stratigraphy; vertical and horizontal lithologic continuity; fracturing; groundwater
levels and gradient (horizontal and vertical gradient); flow velocity; hydraulic conductivity;
temperatures; pH; porosity; aquifer heterogeneity; preferential pathways; depth to aquitard; and
aquitard continuity, thickness, and competence. All major controlling influences on groundwater
flow should be defined (e.g., bedrock, production wells, tidal and seasonal influences, surface
features, and infiltration). Remedial investigation activities such as soil borings and aquifer
testing may be necessary to enhance existing site information. Hydrogeologic data will typically
include maps and cross sections to present three-dimensional aspects of the hydrogeology. For
further detail see Chapter 3 of Battelle’s Final Design Guidance for Application of Permeable
Reactive Barriers for Groundwater Remediation (Gavaskar et al. 2000a).

Detailed site characterization in the local vicinity of a prospective PRB site is an essential first
step in a successful PRB application. Site characterization should be sufficient to provide a good
understanding of the hydraulic flow system at the prospective PRB location.

Groundwater flow velocity is one of the most important parameters influencing the design and
monitoring of a PRB. The residence time in a PRB is a product of the flow-through thickness of
a PRB and the groundwater flow velocity. Hence, the thickness of the PRB is directly
proportional to the groundwater flow velocity. An accurate determination of the groundwater
flow velocity at a site is required for the successful application of the PRB technology and for
the correct interpretation of performance data once the PRB is installed.

Three general methods are used to determine the groundwater flow velocity:

e Darcy’s law
e insitu flow measurement
0 HydroTechnics™ VECTOR® Probe
KVA GEOFLO® Groundwater Flowmeter
colloidal borescope
University of Waterloo Drive-Point Probe

(elNelNe]
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e tracer tests
o0 single-well tracer tests (borehole dilution test)
o multiple-well test

The Darcy velocity provides an average flow velocity (assuming hydraulic conductivity
estimates are representative), and the direct measurement methods provide localized flow
velocities (i.e., at a specified location and/or vertical horizon). The application of Darcy’s law is
described below. and in situ flow measurement is described in Section 3.2.3.

3.2.1 Darcy’s Law

The most common method used to determine the groundwater flow velocity involves Darcy’s
law. The groundwater flow velocity can be determined with Darcy’s law in the form v = Ki/n,
where v = average groundwater flow velocity, K = hydraulic conductivity, i = hydraulic gradient
and n = porosity. Darcy’s law provides reasonable estimates of the flow velocity provided the
estimates of the parameters (K, n, and i) are representative. The most common methods used in
PRB design to determine each of these parameters are briefly described below.

3.2.1.1 Hydraulic Conductivity (K)

The three common methods of determining the hydraulic conductivity are

e field measurements:
O pump test
0 slug or bail test
o hydraulic interference
e laboratory measurements:
o falling-head permeameter
O constant-head permeameter
e empirical determination based on grain size distribution.

A detailed description and application of these methods is beyond the scope of this report. The
following briefly describes some of the advantages and disadvantages of each method
specifically for PRB design.

Field measurements—The estimate of K determined from a pump test is an average over the
measured area of aquifer (i.e., between the pumping well and the monitoring well[s]). Pump tests
may not identify relatively small zones of contrasting (i.e., higher or lower) hydraulic
conductivity, which may or may not be a concern for design purposes.

Slug tests provide K estimates that are representative of a small volume of porous media in the
immediate vicinity of the well screen. Slug tests should be completed along the proposed line of
installation. The frequency and test locations are dependent on the heterogeneity of the aquifer in
relation to the length and depth of the proposed PRB.

Pump tests are generally considered more reliable than slug tests, but slug tests have several
advantages over pumping tests: they can be conducted in small-diameter wells, they do not
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produce large volumes of contaminated water that may require treatment and/or disposal, a large
number of tests can be conducted in the amount of time and for the same cost as for one pumping
test, and slug tests can be used to estimate the spatial variations in K at heterogeneous sites.

One commonly cited limitation to slug testing is that the method generally gives K information
for only the area immediately surrounding the test well. Another limitation on slug tests is that
they are heavily dependent on the characteristics and construction of the monitoring well. The
hydraulic conductivity estimated with a slug test or bail test could be highly influenced by the
monitoring well (including the well screen and sand pack), resulting in the estimate’s being more
representative of the well than of the aquifer.

Hydraulic pulse interference tests involve a cyclic injection of fluid onto a source well, and by
high-precision measurement of the pressure pulse in a neighboring well, detailed hydraulic
characterization can be made. Hocking (2001) provides a detailed description of this method.
The advantages of the test are the short duration of the test, the high resolution and directional
characterization data obtained, and the fact that no contaminated groundwater is generated. A
disadvantages are that the method requires high-precision equipment and there is limited
documentation for conducting the test and interpreting the test data.

Laboratory measurements—Hydraulic conductivity can be determined in a laboratory with
either a falling-head or constant-head permeameter test using an undisturbed sample of aquifer
material. A number of samples would have to be analyzed to obtain a useful set of K values for
PRB design.

Empirical determination—Hydraulic conductivity is related to the grain size distribution of
granular porous media. There are several empirical equations available that use this relationship
to estimate the hydraulic conductivity. One of the most common is the Hazen formula, an
empirical relationship that relies on the effective grain size, di. This method is not
recommended for design of a PRB, as there is typically too much uncertainty in the K estimate.

3.2.1.2 Porosity (n)

The porosity of the aquifer used in PRB design is typically obtained from standard tables using
the soil description. Table 3-2 is one such standard table.

Table 3-2. Porosity ranges for sediments

Sediment type Poros(lc'% )range
Well-sorted sand or gravel 25-50
Sand and gravel, mixed 20-35
Glacial till 10-20
Silt 35-50
Clay 33-60

Source: Fetter 1994.
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The porosity can also be measured in laboratory with standard methods using an undisturbed
sample of aquifer material.

3.2.1.3 Hydraulic Gradient (i)

The hydraulic gradient is determined using a water table or potentiometric surface maps.
Sufficient measurements should be taken to delineate localized and seasonal variations in the
flow field. At some sites, it may be necessary to evaluate both the lateral and vertical hydraulic
gradients. If available, multiyear variations in the potentiometric surface should be evaluated.
The hydraulic gradient over a section straddling the proposed location of the PRB is determined
and used in the design. The groundwater flow direction can also be determined from these maps.

3.2.2 Localized Scale of the Application

Most “well-characterized” sites have good water level and contaminant plume maps on a
moderately large scale (few tens or hundreds of feet). However, to ensure that a PRB is designed
to capture the targeted volume of groundwater, data on a more localized scale (with monitoring
points spaced within a few feet) often are required. Because most PRBs are built with a flow-
through thickness of 6 feet or less, groundwater flow information along this scale is required.
However, at many sites with low or moderate groundwater velocities, such as Dover AFB and
Seneca Army Depot, water level differences on a localized scale are difficult to discern, even
when a relatively large number of monitoring points are present in the area of interest. At such a
small scale, local aquifer heterogeneities play a much larger role in determining flow. Because a
PRB captures more of a targeted plume when the length of the PRB is oriented perpendicular to
the flow, it is important that the local flow direction and magnitude at a prospective PRB
location be well identified. At particularly difficult sites, where this feat has been a challenge,
such as at DOE’s Kansas City Plant (Laase et al. 2002) and Lake City Army Ammunitions Plant
(Keller, Graff, and Buechler 2003), groundwater has been found to be flowing at a sharp angle to
the length of the PRB, considerably reducing the capture of the targeted portion of the
groundwater.

3.2.3 Limitations of Flow-Measurement Tools

Many different tools have been tested in the field to determine flow on a more localized scale.
Water levels and slug tests/pump tests are the conventional tools and, despite their limitations,
have been used in some way at almost every PRB site. Examples of some secondary tools that
can be used include down-hole heat sensors and colloidal borescopes. Down-hole heat sensors
that measure groundwater velocity in monitoring wells were used at former Naval Air Station
(NAS) Moffett Field, in situ heat sensors installed permanently in the ground were used at Dover
and Lowry AFBs, and the colloidal borescope (another down-hole instrument that measures
groundwater velocity in wells) was used at Lowry and Dover AFBs (Gavaskar et al. 2002).
Although many of the readings appeared to agree with the expected direction of the flow at these
sites, enough readings appeared to be anomalous so that relying solely on these sensors would be
unwise. This shortcoming may be a deficiency of the instrument itself or a consequence of
measuring point flow instead of bulk flow. However, at particularly heterogeneous sites, these
sensors could be useful in delineating local variations in flow. Another example of a secondary
tool is tracer testing. At sites such as Moffett Field and Elizabeth City Coast Guard Station,
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tracer tests have proved to be a very useful tool for determining flow velocity, flow direction,
and the extent of groundwater capture by PRBs. They can provide valuable information to aid in
the design of a PRB or to evaluate a PRB that has already been installed. Consideration should
be given to this investigative technique, especially when other techniques provide a wide range
of data. However, successful tracer tests are relatively difficult to conduct and can be very
resource-intensive.

3.2.4 Temporal and Seasonal Variations

Depending on the presence of tidal and/or seasonal influences at a site, groundwater flow
magnitude and direction can change substantially. At Dover AFB, groundwater flow direction
was found to vary by 30° on a seasonal basis. At other sites, the variability has been even higher.
Tidal influences have been a factor in determining flow at the Elizabeth City site. Generally, it is
advisable to obtain at least four quarters of water level data on the local scale of the PRB to
account for seasonal variability. Where tidal influences are possible, monitoring frequency needs
to be adjusted accordingly. With changing seasons, another factor that may change significantly
is groundwater temperature. In the PRB at the Vapokon site, for example, it was observed that
the reaction rate increased from January to March to August to September (Lo, Lai, and Kjeldsen
2004). As the groundwater temperature rose to a maximum in August and September, the
reaction rate was highest. O’Hannesin, Przepiora, and Gillham (2004) have conducted laboratory
tests with granular iron and reported that TCE half-lives decreased exponentially with
temperature and, in general, conformed to the theoretical Arrhenius equation for temperature
dependence. From a hydrologic perspective, the PRB must be designed to provide adequate
residence time during the cold season, when groundwater temperature and, consequently, the
contaminant half-lives are at their highest. Reaction rate (half-life) data obtained from laboratory
treatability tests (at room temperature) must be carefully adjusted to field temperatures to
determine residence time and PRB thickness.

3.2.5 Aaquifer Heterogeneity

At most sites, aquifer properties in the region of interest often show significant heterogeneity.
Even in the relatively homogeneous aquifer at Dover AFB, where a pilot-scale funnel-and-gate
PRB was installed, hydraulic conductivity varied by more than an order of magnitude from well
to well. In addition, there is the uncertainty in hydraulic gradient measurements that are collected
on a very localized scale. At many sites, either average or maximum values of these aquifer
properties have been used to determine an average or maximum groundwater velocity that was
then used in the PRB design. Detailed soil coring and hydrogeologic testing to identify soil and
rock stratigraphy and aquifer properties are essential. These should be conducted both vertically
and horizontally along the PRB installation area. Groundwater and solute transport modeling can
be used to simulate representative flow conditions for determining the orientation and
dimensions of the PRB. At sites such as Dover AFB and Moffett Field, groundwater modeling
has been used successfully in addressing the flow variability and inherent uncertainties in
measurements (Gupta and Fox 1999). Other designs have employed a probabilistic approach
when evaluating the range of groundwater velocities expected to occur in the PRB (see Section
4.1.3).
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Several theoretical studies have examined the effect of aquifer and PRB heterogeneity on flow
through PRBs and the monitoring network needed to identify and adequately characterize this
heterogeneity (Benner, Blowes, and Molson 2001; Elder, Benson, and Eykholt 2002). The
numerical simulations show that the spatial variations in the hydraulic conductivity of both the
aquifer and PRB will result in preferential flow through the PRB. In general, the studies showed
that all aquifer heterogeneities (e.g., hydraulic conductivity, porosity, etc.) can produce
preferential flow in PRBs, and such preferential flow is be more pronounced in thinner barriers.
While these efforts need to be tempered in the context of PRB sizes and the complexity of the
geologic setting, consideration of possible heterogeneities intersected by the PRB is a critical
step in a successful design.

At one site, the presence of a zone of high hydraulic conductivity at one end of the PRB was not
identified in the predesign investigation. The zone of high conductivity influenced groundwater
flow and resulted in groundwater flow around the end of the PRB (Laase et al. 2002). Lastly,
often highly conductive nonnative fill materials, which are often heterogeneous by nature, have
also been observed at several PRB sites.

3.3 Contaminant Plume(s)

Information regarding the contaminant plume(s), the existence of nonaqueous-phase liquid
(NAPL), and contaminant source(s) should be generated. The nature and concentration of all
contaminants, their vertical and lateral distributions, and all pertinent degradation characteristics
should be accurately identified. The concentration of contaminants within soil should also be
assessed to determine the effect on groundwater concentrations. The contaminant flux should be
sufficiently characterized so that the upgradient concentrations can be accommodated by the
PRB design. It is also imperative to understand variability in plume shape and direction over
time. Plumes deviate in direction and location over time and may change shape due to
attenuation, degradation, mixing with other plumes, dilution, recharge, and other natural and
anthropogenically induced disturbances. Groundwater level measurements are particularly
important in areas where low flows or seasonally fluctuating water tables must be accounted for
in the PRB design. These fluctuations impact both the performance of the media and hydraulic
capture.

3.4 Geochemical Data

The geochemistry of the groundwater must be evaluated as part of the design for a PRB. The
groundwater geochemistry can have an effect on the efficacy of the treatment of the PRB and on
the long-term performance of the PRB. Sufficient samples should be collected in the vicinity
(along the proposed length and depth) of the PRB to characterize the geochemistry of the
groundwater. Field measurements of specific conductance, pH, oxidation-reduction potential
(ORP), temperature, and DO should be completed. For the design of a PRB, samples should be
collected and analyzed for inorganic parameters listed in Table 3-3, including Ca, Fe, K, Mg, Na,
Si, Cl, SO4, NOs, alkalinity, total organic carbon (TOC), and DOC. Characterization of
additional constituents (e.g., high levels of dissolved metals) may be necessary on a site-specific
basis.
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3.5 Miicrobial Data

Microbial data may be needed on a site-specific basis and for the evaluation of specific reactive
media. If the treatment process will be biological (bio-barrier), it is important to confirm that the
microbial population required for treatment is present within the aquifer or can be introduced and
sustained.

Microbial data are not typically collected for the design of PRBs using granular iron because the
treatment media and the reaction mechanism are abiotic. Microbial data have been collected as
part of the performance monitoring for iron PRBs. Microbial data that can be collected include
the following:

e lipid analyses

0 Phospholipid fatty acid (PLFA) analysis provides a quantitative way to assess viable
biomass, community structure, and metabolic activity.

o0 Quinones provide an indication of aerobic/anaerobic conditions at a site.

e DNA analyses

o To provide qualitative information about prominent organisms (e.g., bacteria or fungi) in
a sample. Of particular interest may be the presence or absence of Dehalococcoides
microorganisms in soil and groundwater samples. Currently, only microorganisms
belonging to this group have demonstrated the capacity to biologically reduce cDCE and
VC to ethene (e.g., Maymo-Gatell et al. 1997).

o0 Depending on the type of PRB, the number of delta-Proteobacteria that are sulfate- or
iron-reducers, the number of Geobacter bacteria, and the presence and number of aerobic
hydrocarbon degraders and anaerobic hydrocarbon degraders may be useful.

o Isolate identification determines the phylogenetic affiliation of pure cultures.

0 DNA-based fluorescent probes can be used to determine the presence of organisms (and
identify species) in selected groups of bacteria that are expected to be present (i.e.,
denitrifiers when nitrate is present).

e culture analyses

0 Culture methods can be used for estimating the number of bacteria capable of degrading
contaminants and can be used for other general purposes.

0 Most-probable number and other semiquantitative enumeration techniques can be used to
give estimates of the numbers of various species involved in anaerobic respiration of
contaminants (e.g., denitrifiers, perchlorate reducers, iron reducers, sulfate reducers).

3.6 Dissolved Gases

Dissolved gases can be produced by the treatment process promoted by a PRB installation. For
example, the reaction of granular iron in a typical natural groundwater affected by chlorinated
hydrocarbon compounds can generate several gas constituents, including hydrogen, methane,
carbon dioxide, ethene, and other hydrocarbon gases related to either the iron corrosion reaction
or the degradation of target chemical constituents. Dissolved gases related to the use of non-iron-
based treatment materials may also be expected due to direct reaction of the treatment material in
an aqueous environment or indirectly due to the reaction process on (e.g., due to enhanced
biological processes).
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Because the production of dissolved gases can be evidence that the reaction process intended by
the PRB treatment is occurring, collecting background information on the presence, occurrence,
and concentration of dissolved gases is recommended during the PRB design phase. For
example, a typical dissolved hydrogen content of a natural groundwater under sulfate-reducing
conditions may be very low (e.g., 1-4 nanomolar ([nM]; under typical conditions, the solubility
of hydrogen approaches 800,000 nM) (Chapelle et al. 1996). The concentration of dissolved
hydrogen in groundwater collected from within an iron-filled PRB has been measured at a
concentration greater than 600,000 nM (Sorel et al. 2003).

A variety of methods can be used to both collect and analyze groundwater samples for dissolved
gas occurrence and content. The designer should contact the laboratory to develop the appropriate
protocol and analytical techniques after consulting with the regulatory agency. An example of
analytical techniques used for dissolved gases include those listed in Table 3-3, which analyze
groundwater samples collected in typical 40-mL volatile organic analyte (VOA) bottles.

Table 3-3. Analytical techniques used for dissolved gases

Carbon dioxide SM 4500 or ASTM D1945

Methane RSK 175M or ASTM D1945
Ethane RSK 175M or ASTM D1945
Ethene RSK 175M or ASTM D1945

For dissolved hydrogen, a typical collection protocol involves the bubble-strip method followed
by analysis by gas chromatography using a mercury-reduction detector.

3.7 Geotechnical Characterization

The geotechnical design of a PRB is an integral component of the overall system design and is
critical to ensuring a sustainable and effective subsurface remediation system. Most of the
historical attention on PRB design and effectiveness has focused on the chemical and hydraulic
systems; however, the geotechnical or geomechanical components are equally important. Soil
properties and PRB material properties define the ability of the PRB system to maintain the
structural integrity for its design lifetime. PRB material properties including specific gravity,
grain size, shape, and moisture content affect the constructability of the system and its ability to
be uniformly mixed with either support or multiple treatment materials in ways that maintains
structure and permeability. Also, depending on land use, the installed PRB must not compromise
surface conditions or structures. In all cases, it is recommended that a certified professional such
as a geotechnical engineer and/or a certified engineering geologist provide oversight for the
geotechnical characterization and design. Proper engineering of the installation can help
eliminate schedule delays, cost overruns, and hazardous conditions, as well as other unexpected
and unwanted circumstances. This section summarizes several basic tenets relevant to assessing
the geotechnical aspects of a PRB design.

3.7.1 Geotechnical Considerations for PRB Systems

Geotechnical testing should be performed as a fundamental part of a comprehensive study at a
PRB site (shallow or deep installation) to support characterization of earth materials prior to and
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during trenching excavations. Shallow excavations (e.g., <50 feet bgs) are likely to have greater
potential impact to surface features and structures; thus, this geotechnical section focuses on
those shallowly excavated PRB systems. Geotechnical laboratory studies used to support the
project work will identify factors to consider during trenching and/or excavation of PRB, such as
the shear strength and cohesion properties of the earth materials, sieve/grain-size analysis,
moisture content, consolidation (placing a load on it), and density. For deeper PRB systems
involving jetting, fracturing, or similar injection methods, consideration of soil properties that
affect the propagation of the reactive materials should be assessed to ensure proper placement
and geometry of the PRB. Geotechnical testing should apply the ASTM methods listed in
Appendix D or equivalent methods.

Most shallow PRBs have been, and likely will continue to be, implemented by excavation with
backfilling, single-pass trenching, and caisson installation. High-pressure injection (e.g., jetting)
and fracturing methods are mostly used for deep installations. For shallow systems, two basic types
of excavations include “open” excavations, where stability is achieved by providing stable side
slopes, and “braced” excavations, where vertical or sloped sides are maintained with protective
structural systems that can be restrained laterally by internal or external structural elements. Both
excavation types may include a biopolymer slurry (e.g., guar gum) to stabilize the trench walls and
maintain the open excavation. Important factors for selecting and designing the excavation system
include soil type and soil strength parameters, groundwater conditions, slope protection, side and
bottom stability, vertical and lateral movements of adjacent areas, and effects on existing
structures. The depth of an excavation and groundwater conditions generally control the overall
stability and potential movements of open excavations. During PRB construction operations, the
stability of an open excavation must be evaluated and determined by the geotechnical field
investigation and laboratory testing. In certain geologic formations (stiff clays, shales, sensitive
clays, clay tills, etc.) stability is controlled by construction procedures, side effects during and after
excavation, and inherent geologic planes of weaknesses. The U.S. Department of the Navy Design
Manual DM-7.2 (1986a) provides a summary of the primary factors controlling stability in
excavation slopes and for a variety of soil and rock types. U.S. Department of the Navy Design
Manual DM-7.1 (1986b) describes methods for controlling bottom heave.

An exploration program to define the soil and groundwater conditions over the full extent of the
PRB project is strongly recommended so that the design of the stable open-trench system (e.qg.,
shoring, slurry, and guar gum) can be adjusted to satisfy the varying site conditions.

3.7.2 Geomechanical Considerations for PRB Treatment Materials

Since its modern inception in the early 1990s, the PRB has employed the use of nonnative
materials, including granular iron metal, granular activated carbon, zeolitic minerals, compost,
limestone, and other “solid” materials placed in the subsurface to promote the physical,
chemical, and biological conditions necessary for treatment of chemically affected groundwater.
Assessing the potential geomechanical and geohydraulic considerations for a PRB material
should first consider the design and performance objectives of that material. The general
geomechanical and geohydraulic purpose of the PRB is to encourage sustained groundwater flow
through it, and provide a sustainable framework (i.e., maintain certain porosity and geometry) for
the chemical reactions to occur. Contrast these with typical objectives for the conventional
backfill material emplaced within any excavation (Table 3-4) (Warner 2002).
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Table 3-4. Geotechnical intent of placed materials

Purpose of compaction PRB material considerations
Reduce compressibility Maintain pore space
Increase material strength Maintain pore strength
Reduce permeability Maintain (or increase) permeability
Control expansion Affect chemistry of native soils
Control frost susceptibility | Promote hydraulic uniformity

Soil properties and PRB material properties contribute significantly to the ability of the PRB
system to transmit groundwater through it and sustain the flow for its design lifetime. PRB
material properties including specific gravity, grain size, shape, and moisture content affect the
constructability of the system and its ability to be uniformly mixed with either support or
multiple treatment materials in a way that maintains structure and permeability. The use of
specific geotechnical tests, as described previously, or numerical modeling methods can assist
with developing composition designs for a given application. It is recommended that the designer
consider such methods, particularly if the PRB system is to be located where the potential for
significant dynamic loading may occur within the design life of the PRB system. This step
enables a more sustainable PRB composition to be developed and likely contributes to increasing
the treatment efficacy of the PRB system.

Each potential PRB material has specific physical properties that affect both the constructability
of a PRB and its long-term performance. Properties such as density or specific gravity, unit dry
weight, shape, and moisture content affect compaction, effective porosity, permeability,
geometry of the backfilled zone, and—when two or more materials are used in a PRB—ability to
sustain a uniformity of mixing within the emplaced treatment cell.

3.7.3 Consideration of Unanticipated Events

PRBs are intended to remain in the subsurface for many years if not decades. Even if the
chemical treatment efficacy is lost, the PRB may continue to remain in place. Changes in land
use, adjacent subsurface excavations, nearby dewatering of the groundwater system (causing
variable filling and drainage), are all considered “unanticipated events” that may reduce the
competency of the PRB structure. Like conventional soil-bentonite slurry wall systems that are
designed to reduce groundwater flow through them, typical PRB compositions are not designed
to maintain high lateral or shear strength conditions. PRB systems can be composed of a mixture
of both granular materials (such as iron particles) and finer-grained materials closer to silt in
grain size. Unless there is sufficient granular material to maintain structure, nearby dynamic
loads such as pile driving or earthquakes can result in geometrical changes in the PRB structure
and the uniformity of its composition. These can lead to channeling and void spaces, which can
reduce the treatment efficacy of the PRB. Also, exposure of the PRB system by removing its
lateral support (such as excavating adjacent or in close proximity to the PRB) can lead to
structural failure. Constructed and compacted systems such as PRBs would be expected also to
have much less shear strength than undisturbed native soil material. While these events cannot
necessarily be predicted, the lesson is that the design of the PRB system should consider the
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positioning of subsurface systems to areas that are less likely to be subject to controllable
dynamic loading (such as excavation and dewatering) (Warner 2002).

3.8 Analytical/Sampling Methods

Inorganic analytes (e.g., nitrites, sulfates, and metals) and VOCs should be measured by USEPA-
approved methods. Besides being contaminants at some sites, these inorganic analytes and VOCs
can provide valuable information on the chemistry of the local groundwater and its effects on the
performance of the reactive media. At sites where radiological contamination is suspected,
radiological analysis such as isotopic analysis should be performed to determine the
concentrations of site-specific radionuclides, gross alpha, and gross beta. Laboratory methods
may include alpha or gamma spectroscopy or various mass spectrometry methods. Standardized
methods for characterizing radiologically contaminated sites are described in the Multi-Agency
Radiation Survey and Site Investigation Manual (USEPA et al. 1997).

Table 3-5 identifies suggested field and laboratory parameters that should be monitored within
the groundwater. This table should be used as a guide to select site-specific parameters of
concern but is not all-inclusive—other parameters may apply. State-specific protocols and
regulatory agency requirements should be reviewed to determine whether filtered or unfiltered
samples should be collected.

Table 3-5. Field and laboratory parameters

Analyte or parameter Analytical method Sample Sample Preservation Ho_Idlng
volume container time

Field parameters

Water level In-hole probe None None None None

pH In-hole probe or flow-  [None None None None
through cell

Groundwater temperature In-hole probe None None None None

Redox potential Flow-through cell None None None None

Dissolved oxygen Flow-through cell® None None None None

Specific conductance Field instrument None None None None

Turbidity Field instrument None None None None

Salinity Field instrument None None None None

Organic analytes

\Volatile organic compounds® [USEPA SW846, Method [40 mL Glass VOA  J4°C, pH <2 14 days
8240 vial No pH adjustment |7 days
USEPA SW846, Method |40 mL Glass VOA  J4°C, pH<2 14 days
8260a or b vial No pH adjustment |7 days
40 CFR, Part 136, 40 mL Glass VOA  |4°C, pH <2 14 days
Method 624 vial No pH adjustment [7 days

Inorganic analytes

Metals®: K, Na, Ca, Mg, Fe, [40 CFR, Part 136, 100 mL Polyethylene (4°C, pH < 2, 180 days

Al, Mn, Ba, V, Cr*®, Ni, SiO, [Method 200.7 (HNO3)

Metals: Cr*® 40 CFR, Part 136, or 200 ml Glass, plastic 4°C 24 hours
HACH method

Anions: SOy, Cl, Br, F 40 CFR, Part 136, 100 mL Polyethylene |4°C 28 days
Method 300.0
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Analyte or parameter Analytical method Sample Sample Preservation Ho_Idmg
volume container time

NO; 40 CFR, Part 136, 100 mL Polyethylene |4°C 48 hours
Method 300.0

Alkalinity 40 CFR, Part 136, 100 mL Polyethylene |4°C 14 days
Method 310.1

Other

Total dissolved solids 40 CFR, Part 136, 100 mL Glass, plastic  [4°C 7 days
Method 160.2

Total suspended solids 40 CFR, Part 136, 100 mL Glass, plastic  [4°C 7 days
Method 160.1

Total organic carbon 40 CFR, Part 136, 40 mL Glass 4°C, pH < 2, 28 days

Dissolved organic carbon 40 CFR, Part 136, 40 mL Glass 4°C, pH < 2, 28 days

Dissolved gases
Methane, ethane, ethene RSK-175 (gas None None None None
chromatograph—flame
ionization detector)
Carbon dioxide SM 4500 None None None None
Hydrogen gas Bubble strip method (gas|None None None None
chromatograph with
mercury-reduction

detector)
Radionuclides
Field screening HPGe gamma None None None None
spectroscopy
FIDLER
Gross a/gross P activities  |Gas proportional 125 mL®  |Polyethylene® [pH <2, (HNO3)®  [N/A°
(screening) counting
Specific isotopes (Am, Cs,  |Alpha spectroscopy 41° Polyethylene® [pH < 2, (HNO3)® |6 months®
Pu, Tc, U) Gamma spectroscopy

4 1f <1.0 mg/L, use photometric field kit for analysis.

® Gas chromatograph methods may be substituted once identity of compounds and breakdown products are verified.
¢ Other metals analytes characteristic of the media should be included.

¢ General guidelines; the parameter is laboratory specific.

3.9 Data Management

During site characterization activities, careful field notes and field data forms should be kept and
maintained for the project. During site characterization and monitoring, site-specific groundwater
quality objectives should be identified and used to determine the appropriate analytical methods
based on the goals and cleanup standards/criteria applicable to the site. Upon completion of these
activities, all data should be recorded, including appropriate visual presentations such as maps,
graphs, diagrams, etc. Many regulatory agencies now require electronic reporting of analytical
data.

Quiality assurance/quality control (QA/QC) requirements and reporting requirements should be
determined by project-specific data quality objectives. All QA/QC measures required by the
analytical method used should be completed. At a minimum, the lab should provide QA/QC
summary documentation (including nonconformance summary report and chain of custody) with
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the analytical results. QA/QC deliverables, as specified by the analytical method, should be
maintained and made available upon request for at least three years. Ultimate responsibility for
QA/QC documentation belongs with the responsible party of a site, the contractor installing the
PRB for a site, or a vender conducting a demonstration. However, the responsible party may
contract with another entity, such as an analytical laboratory, to house the actual QA/QC data. In
addition, all state-specific reporting requirements should be adhered to, as they tend to vary from
state to state. QA/QC may also be applied to the construction of the permeable and impermeable
barriers.

Additional considerations and guidance for various types of barriers can be found in Design
Guidance for Application of Permeable Barriers to Remediate Dissolved Chlorinated Solvents
(Battelle 1997).

3.10 Triad

Triad is a methodology developed by USEPA to update, unify, and form a logical approach to
environmental investigation planning, execution, and evaluation. It relies on technological,
scientific, and process advances to increase effectiveness, improve quantity, and save costs.

It recognizes the scientific and technical complexities of site characterization, risk estimation,
and treatment design. In particular, the Triad approach acknowledges that environmental media
are fundamentally heterogeneous at both larger and smaller scales. Heterogeneity can have
important repercussions on sampling design, analytical method performance, spatial
interpretation of data, toxicity and risk estimation, and remedy design and success. It is
applicable across all types of environmental programs.

Triad emphasizes three components: better investigation preparation (Systematic project
planning), greater flexibility while performing fieldwork (dynamic work strategies), and
advocacy of real-time measurement technologies, including field-generated data.

The central concept that joins all of these ideas is the need to understand and manage
uncertainties that affect decision making. These are decision uncertainties (those unknowns that
stand in the way of making confident decisions) and data uncertainties (sources of variation in
data results when decisions are based on data).

In the systematic planning component of the Triad approach, the project goals and objectives are
established. Once these goals and objectives are defined, a conceptual site model (CSM) is
developed to incorporate existing knowledge about the site and to establish what additional
information and data are needed to achieve the goals. The CSM is expanded and improved as
additional knowledge is obtained. It serves as the organizing tool for communication among the
project team, the decision makers, and the field personnel. The systematic planning process
allows the CSM to evolve and mature as site work progresses and data gaps are filled. During the
systematic planning phase of the project, the project team identifies the type, quality, and
quantity of data needed to answer the questions raised in the conceptual site model. Those
decisions guide the design of sampling procedures and the selection of analytical tools and
methods for providing relevant information.
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The dynamic work plan component of the Triad approach is centered on the activities in the
field. The dynamic work plan is designed to allow the project team to update the CSM with real-
time data and make decisions in the field on how subsequent site activities will progress. For this
phase of the Triad approach to be successful, it is essential that the field personnel are
experienced and are allowed to make decisions in the field based on decision logic developed
during the systematic planning phase. They must, however, stay in close communication with
regulators or others overseeing the project during implementation of the plan.

The third component of the Triad approach, real-time analysis, focuses on gathering and
analyzing real-time data to support real-time decision making. This phase uses technologies that
support data gathering, management, processing, and interpretation. The use of proper quality
control protocols for field-generated data and data management tools is also extremely important
and essential in managing uncertainty. The use of real-time measurement technologies facilitates
faster decision making with fewer uncertainties and an improved CSM.

The advantages of the Triad approach are that it produces better investigation quality, faster
investigations, and improved stakeholder communication, leading to faster and more effective
cleanups and redevelopment and lower life-cycle costs. The disadvantages are higher up-front
costs, a change in approach to data quality, a greater need for training about Triad, and negative
bias towards field-generated data.

There are barriers to implementing the Triad approach. These are organizational barriers,
concerns with real-time measurement technologies, conflicts with state law, lack of regulatory
guidance, difficulties of establishing cleanup criteria during initial planning, and confusion in
associating uncertainty to specific decisions. The methodology details ways to overcome these
barriers.

Triad’s emphasis on systematic planning to manage the full range of uncertainties, which clarify
project goals and concerns through open discussion and documentation, creates an atmosphere
conducive to trust and cooperative negotiations among all involved parties. If the technical issues
are out in the open and stakeholders are assured that resource limitations and scientific
uncertainties are being fairly balanced in relation with their concerns, then there is a stronger
foundation for negotiating parties to work on more challenging social issues.

Further information on this concept is available in Technical and Regulatory Guidance for the
Triad Approach: A New Paradigm for Environmental Project Management (ITRC 2003),
prepared by the ITRC Sampling, Characterization and Monitoring Team.

4. DESIGN AND CONSTRUCTION

This section describes the design and construction of PRBs in general. The use of probabilistic
design to incorporate the variability of the input parameters into the design process is discussed.
Recently, biopolymer has been used extensively for the construction of PRBs. The use of
biopolymer for support of excavations and as a carrier gel for injection of reactive media using
vertical hydrofracturing is discussed. Lessons learned from the design and construction of PRBs
over the last decade are presented in this section.
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4.1 PRB Design Geotechnical

Engineer
When designing a PRB system is it important to use
experienced, well-trained professionals (see Figure
4-1). Selecting the PRB design team is an important
step in the design and construction process. Note that
there may be several variances to the mixture of
professionals presented in Figure 4-1 and that the
selection of team members is dependent on the scope
and nature of the site.

Microbiologist

The primary physical function of the PRB is to
capture the targeted groundwater (and plume) and
provide it with sufficient residence time in the
reactive media to achieve the desired cleanup goals.
Understanding the groundwater flow regime is key to  Figure 4-1. Conceptual PRB design
the physical design of a PRB system. and construction team.

Regulatory
Support

Even the best site characterization effort has limitations, especially if the geology is complex.
This is where a good design process can help. Even in a relatively homogeneous aquifer,
hydraulic conductivity values tend to vary by an order of magnitude, and hydraulic gradients are
often difficult to determine on a very localized scale. Seasonal variations in hydraulic gradient
can cause flow direction to vary at many sites. Using average or maximum values for these site
parameters (hydraulic conductivity and/or hydraulic gradient), as has been done in the past, may
lead to a limited understanding of the flow. Groundwater flow and solute transport modeling can
help understand the effects of this variability. The effects of an entire range of conductivities and
a range of gradients on the flow through a PRB can be modeled through multiple simulations.
Multiple simulations allow users to optimize the design of the PRB. For example, if the
groundwater flow direction changes considerably on a seasonal basis, the PRB can be oriented
along a direction that is not too far from perpendicular to the flow during most seasons. The
design variables that often can be controlled to optimize the design of a PRB are orientation,
dimensions, permeability of reactive media, and construction method.

Despite detailed site characterization and a thorough design process, flow problems may arise
due to the uncertainties inherent in subsurface installations. If nothing else, aging PRBs could
potentially develop flow problems as precipitation or microbial populations build up in the
reactive media to the point where flow is impeded. Retroactive conceptual modifications, such as
trench extensions, to improve groundwater/plume capture or increase residence time in the PRB
have been modeled and described as part of an Environmental Security Technology Certification
Program (ESTCP)-sponsored, ITRC-supported study (Gavaskar et al. 2002).

Underground utilities located beneath the groundwater table can have a significant influence
on the groundwater hydraulics in the vicinity of a PRB. Ultilities are typically bedded in a
permeable material. If a PRB crosses a utility or even is installed in close proximity to a utility,
flow paths along the PRB and into the utility line bedding can develop. The potential impact of
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utility lines on the groundwater flow patterns must be evaluated and incorporated into PRB
design.

4.1.1 PRB Configurations

Various configurations of PRBs have been constructed, including continuous PRBs, funnel-and-
gate systems, and in situ reactive vessels. In a continuous PRB configuration, the reactive media
is distributed across the width of the contaminated groundwater plume. Properly designed and
constructed continuous PRBs have minimal impact on the natural groundwater flow patterns.
Unlike impermeable barrier walls, PRBs are not designed to prevent the flow of groundwater and
therefore theoretically do not need to be keyed into a low-permeability layer. However, it is good
practice to key the PRB into an underlying low-permeability layer to ensure complete capture
and as a safeguard in the event the permeability of the PRB is reduced. The continuous PRB has
been the most common configuration used to date. A funnel-and-gate configuration uses low-
permeability materials (funnel) to direct groundwater towards a permeable treatment zone (gate).
Directing or funneling the groundwater towards a treatment gate may increase the natural
groundwater flow velocity several times. Funnel-and-gate designs need to extend beyond the
extent of the plume to ensure that all the contaminated groundwater is captured and treated. The
goal of a funnel-and-gate or continuous PRB is to ensure that contaminant flow beneath, around,
or above the system does not occur.

Related to the funnel-and-gate design are in situ reactive vessels, which use funnels and/or
collection trenches to capture the plume and pass the groundwater, by gravity or hydraulic head,
through a buried vessel containing the reactive media. The treatment vessels can be located
within the contained area, within the funnel, or some distance downgradient.

4.1.2 Geochemistry

Geochemistry refers to the native constituents of the groundwater that affect short- and long-term
performance of a PRB. To a large extent, the type of reactive media used in a PRB determines
the types of reactions that occur between the groundwater constituents and the PRB. ZVI, or
granular iron, is the reactive media that has been most commonly used in PRBs so far, and most
of the studies of PRB-groundwater geochemistry relate to this medium. However, the experience
with iron medium serves as an illustration of the kinds of interactions that may impact the
performance of reactive media, in general.

Geochemistry is important from the perspective that other groundwater constituents (constituents
other than the target contaminants) may interfere with a PRB’s ability to perform its two main
functions:

e capture groundwater from the targeted portion of the aquifer and provide it with sufficient

residence time in the reactive media and
e react with the target contaminants and reduce their concentrations to target cleanup levels.
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4.1.3 Probabilistic Design

Typically a deterministic approach has been used for the design of PRBs. Average or maximum
values of groundwater flow velocity, contaminant concentrations, and reaction rates are used to
calculate the thickness of reactive material required. Safety factors may be incorporated into the
input parameters or applied to the design thickness. A probabilistic design incorporates the
variability in the input design parameters into a probabilistic model to determine the PRB
thickness required to achieve a certain confidence level. Probabilistic distributions are
determined for the input parameters, including aquifer and PRB hydraulic properties, influent
concentrations, and reaction rates and breakdown product yields. It is important for the input
distributions to be realistic for the model to provide realistic results.

Advantages of this probabilistic approach include the following:

The variability in input data is incorporated into the design.

The degree of confidence in effluent concentrations is predicted.

The need for arbitrary safety factors is eliminated.

Sensitivity analyses can be completed to quantify the influence of the variability of specific
parameters on the design.

For more information on this probabilistic approach to PRB design, see Vidumsky and Landis
(2001) and Hocking, Wells, and Ospina (2001). Also see papers by Eykholt, Elder, and Benson
(1999); Elder, Benson, and Eykholt (2002); and Bilbrey and Shafer (2001).

4.2 PRB Construction

Several construction methods are available to construct granular iron PRBs. Selecting the most
suitable method depends on several site-specific factors, including the design of the PRB, depth
of installation, the nature of the geologic materials present, and surface/subsurface obstructions
(e.g., buildings and utilities). The flow-through thickness, which is governed by the residence
time required for treatment, also has an influence on the selection of construction method. All
construction methods have a minimum or maximum flow-through thickness that can be
achieved. Where the minimum practical excavation or injection thickness is wider than the
required flow-through thickness of certain reactive materials required for treatment, including
granular iron, sand, or other inert material can be used as bulking material and mixed with the
reactive material.

The more common methods of installing PRBs are excavation using a biodegradable slurry for
support of the excavation, continuous trenching machines, and vertical hydrofracturing. The
reactive material can be placed directly in an excavation if the excavation remains open.
Trench supports like hydraulic shoring or trench boxes can be used for temporary support in
shallower applications. The “traditional” method of using sheet piling to support the
excavation, while effective, is relatively expensive and has mostly been replaced by the
methods listed above.
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4.2.1 Excavation with Biopolymer Trench Support

Installation of a PRB using biopolymer or biodegradable slurry is similar to constructing a
conventional impermeable slurry wall. As the trench is excavated, biopolymer slurry is added as
liquid shoring to provide stability to the trench walls. The biopolymer slurry used is typically
guar gum based. Excavation continues through the biopolymer without the need for dewatering.
The biopolymer slurry must be maintained to slow the microbial breakdown of the biopolymer
during excavation. Microbial breakdown of the slurry can result in a decrease in the viscosity of
the biopolymer and loss to the supporting properties of the slurry. The reactive media is placed
through the slurry by tremie. Recirculation wells are spaced along the length of the trench. Any
residual slurry in the PRB is broken down by circulation of an enzymatic breaker fluid and
through natural biological degradation allowing groundwater to flow through the PRB. Depths of
up to 90 feet (27 m) bgs and a thickness of 2 feet (0.6 m) or greater can be achieved using this
method.

Using biopolymer as a liquid shoring is a specialized construction method, and it is
recommended that an experienced and qualified contractor complete the construction. A well-
prepared work plan prepared by the contractor can prevent potential problems arising during
construction. One of the most significant problems that can occur is a collapse of the trench
during excavation or backfill, which could present a health and safety issue. If a trench does
collapse, a new trench must be excavated some distance away because the soils are disturbed and
weaker.

The stability of trench/slurry walls also depends on the shear strength of soils and related factors,
which can vary significantly based on site-specific conditions, e.g., soil type (percent sand, clay,
silt and related properties), drained and undrained conditions, depth of trench, pore water
pressure (a function of water table and variations due to any dewatering/flooding, etc), surcharge
loadings from excavated/stockpiled materials or equipment, length of trench opened, etc.
Section 3.7 provides recommended geotechnical characterizations that should be carried out
along the alignment of the PRB. These characterizations need to be evaluated during preparation
of the work plan for construction. Primary factors to address in a work plan are hydrostatic head
required to maintain stability, maintenance of the biopolymer slurry, length of trench open, and
control of surcharges on the edges of the trench. If required, additional hydrostatic head can be
achieved by constructing a raised work platform. The biopolymer slurry is maintained against
microbial degradation by increasing the pH of the slurry and the addition of a biostat (see
Section 6.3.4 for more information on biostats).

4.2.2 Vertical Hydrofracturing

Vertical hydrofracturing enables placement of PRBs deeper than that possible by conventional
construction methods of open trenching or biopolymer-supported trenching. Continuous PRB
treatment walls deeper than 300 feet and up to 9 inches thick can be injected into the subsurface
using vertical hydrofracturing. This installation method is minimally invasive (i.e., no trenching),
requiring only the drilling of 6-inch boreholes approximately every 15 feet on the planned
placement line (azimuth) of the PRB.
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Due to minimal site disruption and depth capabilities, vertical hydrofracturing is ideally suited to
treat deep contaminant plumes and/or emplace PRBs in urban settings where surface structures
and underground utilities may make surface trenching impractical. The trenchless installation
method of vertical hydrofracturing produces virtually no spoils, i.e., less than 0.5% of the
volume of spoils generated by trenched placement methods. Because there are no swinging
backhoe booms or heavy trucks to load and haul waste, trenchless construction of a PRB can be
done along a two-lane street without having to close the road.

After the boreholes are drilled, a special split-winged casing is inserted into the borehole to the
required depth with the wings oriented to control the direction and fracture pathway for what will
become the PRB wall. With proper alignment confirmed by a down-hole camera and compass,
the borehole surrounding the casing is then filled with cement grout. After the grout has cured,
the fracture injection process takes place. The vertical interval for fracturing and injection is
isolated in the borehole by packers and the PRB is built from the bottom up. Iron filings of
medium sand size are mixed with hydroxypropyl guar (HPG) biodegradable gel, and,
immediately before injection, a special enzyme and cross-linker are mixed with the HPG gel and
iron filings to form a highly viscous gel containing 10 pounds of iron filings per gallon. The gel
and iron filings are then injected into the casing under low pressure, causing the casing to open
and creating a fracture pathway for the gel and iron filings to follow. The enzyme breaks down
the gel within a few hours, reducing it to water and harmless sugars, leaving a permeable wall of
iron filings.

QA/QC tools and processes are employed to ensure and verify PRB placement according to all
design specifications, i.e., height, depth, thickness, and length. In addition, a hydraulic pulse
interference test (Hocking 2001) is conducted before and after placement of the PRB in to verify
that the PRB is in fact permeable and that its placement has not impeded the permeability of the
formation.

Vertical hydrofracturing has been used to complete nine iron PRBs up to 117 feet bgs and 1200
feet in length.

4.3 Lessons Learned from PRB Design and Construction

Several lessons have been learned from the design and construction of previous PRB
applications. These lessons include reduced permeability due to construction, variability in the
reactive media, aquifer heterogeneity, and permeability contrasts affecting groundwater flow.
These lessons result in the need to use safety factors and more preferably probabilistic design to
account for heterogeneity and uncertainty. These lessons are discussed below.

4.3.1 Reduced Permeability Resulting From Construction

Certain construction methods, when used at sites where the PRB has to be installed through low-
permeability layers, have the potential for smearing and reducing the hydraulic conductivity at
the face of a PRB. For example, if sheet piling has to be driven through low-permeability layers
during construction of a PRB, there is potential for smearing and the consequent flow
impedance.
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In addition, sharp permeability contrasts between emplaced and native media should be avoided,
whenever possible. For example, upgradient and downgradient pea gravel zones were
incorporated into several of the early PRBs in an attempt to homogenize flow into the reactive
media. To conserve iron medium, some PRBs have used mixtures of pea gravel and iron in
portions of the PRB where the plume is not as strong. Mixtures of coarse sand and iron may be
more desirable as permeability contrasts are more diminished. Actually, given the complexity of
the flow system that develops even in the simplest (most homogeneous) of PRBs, there probably
should be very strong reasons for choosing anything but the simplest PRB configuration, namely,
a single trench (or space) filled with a uniformly sized reactive media.

A funnel-and-gate PRB was installed at the Denver Federal Center in Lakewood, Colorado in
1996. The PRB was completed as a 1200-foot-long sheet-pile funnel with four 40-foot-wide
gates. The entire length of the system, including the gate sections, was preexcavated with a
trackhoe, and the excavated material placed back in the trench and the sheet-piles installed. This
method left a “smear zone” of backfilled material on the upgradient side of the gates that resulted
in a 10-foot groundwater mound forming upgradient of Gate 2. Recently, a row of 2-foot-
diameter auger borings filled with sand and granular iron was installed along the upgradient face
of Gate 2 in the smear zone. Water level measurements indicated that the smear zone had been
successfully removed by this modification (Hart and May 2004).

A PRB was installed at the Lake City Army Ammunition Plant in Lake City in Missouri in
2000. Biodegradable slurry was used to support the excavation. There were problems
maintaining the viscosity of the biodegradable slurry and in placement of the sand and granular
iron backfill. These issues have resulted in a significant reduction of permeability of the PRB
(Moylan 2003).

At former NAS Moffett Field, there has been no significant mounding upgradient of the PRB,
but detailed water level measurements have indicated that groundwater flows more easily from
lower- to higher-permeability zones (e.g., from aquifer to pea gravel or from granular iron to pea
gravel) than from higher- to lower-permeability zones (e.g., from pea gravel to granular iron or
from pea gravel to aquifer), with slightly noticeable mounding upgradient of the high-to-low-
permeability interfaces.

4.3.2 Preferential Flow Pathways in the Reactive Media

Although efforts are made during PRB construction to place the reactive media as uniformly as
possible, packing variability may cause preferential pathways to develop. This may not be a
pronounced problem in homogeneous material with a narrow grain size distribution placed in a
PRB in a method that prevents the gradation of material or reduction of the permeability of the
material. However, this problem may arise when mixtures of reactive material of differing grain
sizes are used (e.g., a mixture of compost, granular iron, and pea gravel). A variation in the grain
size of the reactive material may inadvertently occur as a result of construction (see
Section 4.3.1). Tracer tests completed on a pilot-scale PRB installed at Moffett Field in
California (Gavaskar et al. 2002), at the VVapokon site in Denmark (Lai, Lo, and Kjeldsen 2004),
and at the Tubingen site in Germany (Parbs et al. 2004) have all indicated the presence of
preferential pathways in the reactive media. It has been suggested that aquifer heterogeneity
across the face of the PRB may have contributed, at least in part, to these results (Elder, Benson,
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and Eykholt 2002). Monitoring data from many PRB sites show no indication that variability in
the reactive media is resulting in an impact on the PRB performance.

A PRB is typically designed to capture groundwater flow (and the plume) from the surrounding
aquifer by ensuring that the particle size range (and the permeability) of the reactive media is
significantly greater than that of the surrounding aquifer. Although this approach is widely
practiced and has some obvious advantages, there may be some unintended consequences as
noted at certain sites and in more sophisticated modeling exercises. At the Vapokon, Denmark
site, a lithium tracer injected in the shallower portion of the upgradient aquifer emerged from the
deeper portion of the aquifer on the downgradient side (Lai, Lo, and Kjeldsen 2004). Although
the authors proposed precipitation and clogging in the upgradient section of the PRB as a
possible explanation for the horizontal and vertical modifications in the flow path taken by the
tracer, there could be other explanations.

In a detailed three-dimensional numerical modeling exercise, Thomson and Vidumsky (2004)
found that the use of a significantly more permeable reactive media in a PRB leads to a vertical
hydraulic conductivity that is orders of magnitude greater than that of the surrounding aquifer.
In these simulations, the PRB was observed to be redistributing heads, with relatively reduced
heads in the upper portion of the reactive media (near the top of the PRB) and relatively higher
heads in the lower portion of the reactive media (near the base of the PRB). As a consequence,
a stagnant zone occurred in the shallower portions of the aquifer, immediately downgradient of
the PRB. This effect could explain the long time (several years) that it has often taken
monitoring wells on the downgradient side of the PRB to show a significant decline in
contaminant levels. A stagnant zone on the downgradient side would prevent the flushing of
dissolved and adsorbed contaminants in that part of the aquifer. The authors also found that the
deeper portion of the plume would bypass the PRB if such localized head differences appeared.
Many earlier modeling efforts (e.g., Gupta and Fox 1999) used two-dimensional models in the
horizontal plane to determine flow patterns through the PRB. These two-dimensional models
were unable to identify vertical flow developments. More recent modeling in the vertical plane
or in three dimensions is providing better delineation of the effects of introducing a high-
permeability zone (PRB) in a relatively lower-permeability aquifer. Depending on the vertical
saturated thickness of the PRB, the potential redistribution of heads may merit consideration
during design.

In addition to the vertical flows described above, the existence of very low groundwater flow
velocities at many sites is certainly a contributing factor in the time it takes for a clean front to
emerge on the downgradient side. At many PRB sites, detailed characterization has shown the
natural groundwater flow velocity to be less than 1 foot/day (Gavaskar et al. 2002). This
situation can lead to slow flushing of preexisting contamination in the downgradient aquifer.
Slow diffusion of contaminants from less accessible pores in low-permeability lenses and/or
porous grains in the downgradient aquifer may also contribute to the long time it takes for
perceptible changes to occur on the downgradient side.
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4.4 Summary of Lessons Learned for PRB Design and Construction

The best time to incorporate lessons learned from previous applications is when a PRB is being
designed. If the PRB is later found to be functioning inadequately, modifications are possible,
but can be costly.

Thorough site characterization is the best insurance against future PRB failure. The hydrogeology,
chemistry, and microbiology of the site and the reactive media need to be well understood.
Hydrologic properties of aquifers are highly variable even at relatively “homogeneous” sites.
Using average values of aquifer properties can lead to inadequate performance. Modeling
using a range of values for various hydrologic parameters, such as hydraulic conductivity and
gradient, is the best way to optimize the design for a PRB.

Seasonal variations in groundwater flow and temperatures can affect the performance of the
PRB and need to be accounted for in the design.

Despite their limitations, water level measurements are usually the best way to determine
flow at prospective PRB sites. These measurements can be supplemented with the selective
use of sensors at some highly heterogeneous sites.

Tracer tests provide the best flow information but are somewhat more difficult and expensive.
Even with the best characterization, performance of a PRB may sometimes turn out to be
different from that expected. In many cases, performance problems can be corrected through
appropriate modifications.

Variability in packing of the reactive media or aquifer heterogeneity may lead to preferential
pathways in the iron.

When ZVI is used as the reactive media in a PRB, reactivity and hydraulic performance
decline over long periods of time (probably several years or decades at many sites).
Precipitation of native inorganic constituents such as calcium and carbonates in groundwater
are the primary cause of loss of reactivity and porosity in an iron PRB.

The level of total dissolved solids and magnitude of the groundwater flow through the PRB
are the main determinants of the level of precipitation in iron PRBs. Consequently, a PRB at
a site with high-TDS groundwater could have a longer life if the groundwater flow velocity
at the site is low (mass flux of the dissolved solids through the iron is low).

Indications from studies are that the reactivity of the iron starts declining before precipitates
have built up to the level where the hydraulic performance of the PRB is affected.
Preliminary estimates for the life of an iron PRB, based on field investigations and laboratory
studies, range 10-30 years or more.

PRB longevity has implications for cost projections used for comparison with conventional
pump-and-treat systems. If a PRB can perform acceptably longer, regeneration and replacement
costs get pushed into distant years, reducing the present value of the future cost of a PRB.
Microbial communities have been found to exist in iron PRBs but appear to be concentrated
near the upgradient edge, where pH and Eh conditions are more benign.

Anaerobic microbial populations, especially metal reducers and sulfate reducers, have been
identified in field iron PRBs.

Farther along the flow path within the iron and in the downgradient aquifer, the microbial
biomass may be different than the native material upgradient. The implications of this effect
for downgradient natural attenuation of residual contamination are unclear. It is possible that
groundwater emerging from the PRB may have to travel farther downgradient before natural
biodegradation resumes. This topic is addressed further in Section 5.3.
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5. PERFORMANCE ASSESSMENT

Performance assessment refers to evaluating a system to determine whether the design objectives
are being met. The scope of this section includes an evaluation for iron PRBs focusing on the
following components:

e hydraulic assessment
e geochemical assessment
e microbiological assessment

These criteria apply to both iron and non-iron PRBs. The assessment information for iron PRBs
has a 10-year record of documentation. This section therefore focuses primarily on iron PRBs.
Some additional information on the performance assessment of non-iron PRBs can be found at

www.rtdf.org.
5.1 Hydraulic Assessment

The hydraulic performance of PRBs must be continually evaluated to monitor for any potential
changes in the groundwater hydraulics that may affect the performance of a PRB. The hydraulics
of a PRB can change over time due to several factors, including precipitation of minerals within
the PRB and reduction of the hydraulic conductivity of the reactive media. Other external factors
can affect the hydraulic performance of a PRB, including the addition or shutdown of
groundwater extraction in the area of the PRB, changes in regional groundwater flow (excessive
rainfall, drought, etc.), and changes in land use (e.g., development of a property which reduces or
changes the infiltration and the groundwater flow). The hydraulic performance of a PRB must be
monitored to identify any potential changes in plume capture and take corrective measures if
required.

Tracer tests provide the most reliable flow information and have been conducted at many PRB
sites, including former NAS Moffett Field (Gavaskar et al. 1998), Coast Guard Site Elizabeth
City (Wilkin and Puls 2003), Vapokon Site in Denmark (Lai, Lo, and Kjeldsen 2004), and the
Tubingen and Rheine sites in Germany (Parbs et al. 2004). However, successful tracer tests can
be difficult and relatively resource-intensive to conduct. In general, water level measurements,
with all their limitations, are the most cost-effective tool for characterizing the bulk flow at a
prospective PRB site. Most in situ or down-hole flow sensors appear to be relatively accurate but
provide point flow information. The magnitude and direction of flow from point to point, even at
different depths in the same monitoring well, can be highly variable and can make interpretation
difficult. At a site with significant heterogeneities, flow sensors can sometimes provide valuable
information that supplements water level data.

5.2 Geochemical Assessment

For most types of PRBs, the geochemistry of the groundwater changes as the groundwater flows
through the PRB due to reactions that occur in an