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6 Remediation Design

This chapter describes a framework for developing cleanup objectives and a remedial approach for contaminated fractured
rock sites. The framework includes the essential elements necessary for effective, and adaptive, remedial decision making at
these challenging sites. Figure 6-1 describes the framework for decision making (ITRC 2011), which is used to develop a
CSM, set remedial performance objectives, and evaluate remedial options. The CSM is a living document that is refined
throughout the process of developing and implementing a remedy, as well as during the subsequent performance
monitoring. Using the CSM, absolute and functional objectives are developed to comply with applicable regulations and to
establish metrics that are specific, measurable, applicable, relevant, and time-bound (SMART). Potential remedial
technologies are described with a focus on key considerations for technology evaluation and selection in fractured rock. A
screening matrix provided in this guidance (Table 6-2) helps the user select remedial technologies based on the
characteristics of the fractured rock at a site. Once potential remedial technologies are identified, multiple alternatives can
be developed to address contamination at fractured rock sites.



https://fracturedrx-1.itrcweb.org/5-1-review-and-refine-existing-csm/
https://fracturedrx-1.itrcweb.org/5-1-review-and-refine-existing-csm/

CONCEPTUAL FRAMEWORK

Develop/revise the

Conceptual Site Model

REMEDIAL OBJECTIVES

Establish Absolute
Objectives and Set or revisit
Functional Objectives

TREATMENT TECHNOLOGIES

Evaluate/re-evaluate and

Yes

select technologies

/

Implement or
adjust the

MONITORING

Has a more efficient
alternative become
available?

technology(ies)

Monitor
performance

=]
=

Are
Operational

For each treatment area

REMEDY
EVALUATION
Yes

Is progress
toward the
Functional
Objectives
acceptable?

No

Re-evaluate
the basis of
your original

MNo

Metrics
Acceptable?

\

A

Yes

Are Functional
Objectives met

&
-

Are Absolute

decisions
beginning
with the CSM

Objectives met

[ Closure Strategy




Figure 6-1. Remedial strategy development flow chart (ITRC 2011).

6.1 Remedial Objectives

A conventional objective of site restoration is to achieve prescribed cleanup levels such as MCLs for groundwater. Attaining
low cleanup levels (such as drinking water standards) at fractured rock sites is often more challenging than at overburden
sites, and may be technically or economically impracticable within reasonable time frames. Remedies can be developed,
however, that address the most critical risks, foster partial cleanups, and address community concerns with more reasonable
time frames and costs while continuing progress toward complete restoration in the long term. This approach is particularly
applicable when distinguishing between source area and plume area remedial goals and remedies. Remedy implementation
requires careful development of reasonable functional objectives for actions that may not meet the concentration-based
criteria established in regulations, but that will provide benefits. These benefits include reduction in risk and contaminant
mass flux, development of sites, and a transition to passive remedial options such as MNA, if appropriate.

The process for developing remedial objectives for fractured rock sites is similar to that for overburden sites. That process is
described in detail in previous ITRC guidance (ITRC 2011), Chapter 3) and is only briefly summarized here. The primary
difference for fractured rock is that the additional complexities and challenges of bedrock sites must be considered,
particularly for development of functional objectives.

Absolute objectives are based upon broad societal values and upon state or federal regulations, such as protection of public
health and the environment, protection of natural resources, and preservation of beneficial uses of groundwater. Functional
objectives include steps or activities taken to achieve the absolute objectives. Functional objectives should conform to
SMART attributes: specific, measurable, attainable, relevant, and time-bound (Doran 1981). A discussion of the reasoning for
and development of SMART functional objectives is provided in previous ITRC guidance. Functional objectives are Remedial
Action Objectives (RAOs), which are the objectives for a given set of actions, and can be interim or final. At many
contaminated sites the functional objectives established for short-term actions do not represent final, or absolute, RAOs
because the final RAOs often are not attainable in a reasonable time (less than 20 years or so).

Meeting all properly constructed and complete functional objectives should ensure that the absolute objectives are
attainable. Examples of generic absolute and functional objectives for a contaminated fractured rock site are shown in Table
6-1. The generic absolute and functional objectives in Table 6-1 are not significantly different from those that might apply for
unconsolidated media. More specific SMART functional objectives may be developed for fractured rock sites, as illustrated in
the case example at the end of this chapter and with the discussion of remediation objectives as they relate to the
monitoring strategy.

Table 6-1. Examples of possible generic objectives for contaminated fractured rock sites

Absolute Objectives

* Protect human health and the environment.

» Conserve natural resources.

» Address adverse community impacts (for example, beneficial use impacts to groundwater).
* Minimize the burden of past practices on future generations.

Functional Objectives

Risks

* Prevent active adverse human exposure via groundwater or vapor.

* Prevent active ecological exposure via groundwater or vapor.

* Prevent adverse work-related exposures via groundwater, vapor, or both.
* Avoid actions that create new risks (do no harm).

Extent
* Prevent expansion of source zones and extent/flux of dissolved contamination
* Reduce the extent of source zone and extent/flux of dissolved contamination

Longevity
* Reduce the time during which contaminants in source zones and within the dissolved extent of contamination provide persistent
releases to the groundwater, vapor, or both.

Regulatory
* Comply with local, state, and federal regulations.
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Community
» Address adverse impacts to communities.

Land Use
* Restore beneficial use of impacted lands.

Economic

* Select actions that have practical near-term capital costs and minimal life-cycle cost.
* Avoid undue interruptions to communities, government, and industry activities.

* Remove or control adverse impacts to property values.

Sustainability

* Select measures that have a net positive environmental benefit.

* Restore the site to a state for which passive remedies control residual impacts.
* Enhance the effectiveness of complementary technologies.

Resource Conservation

* Limit future degradation of resources.

* Restore impacted groundwater to beneficial use.
* Protect sensitive ecological receptors.

6.2 Key Challenges for Remedial Design and Implementation

Although fractured bedrock remediation can present many challenges beyond those commonly encountered in overburden,
three characteristics of fractured rock that present special additional challenges relative to overburden are:

1. The wide spectrum of hydraulic transmissivities and contaminant mass storage domains that may be present,
within even small portions of typical sites. Remedial technologies tend to be more commonly applied in domains
characterized by higher transmissivity (secondary porosity features and larger fracture apertures), whereas in
sedimentary rock, much of the contaminant mass may be present within less transmissive, primary porosity
storage domains. Release or diffusion of contaminant mass from primary porosity storage domains occurs over a
prolonged period (similar to back-diffusion in unconsolidated media), which affects remediation effectiveness
and performance monitoring.

2. Uncertainties that exist in groundwater flow patterns in fractured rock environments. Groundwater flow in
fractured rock environments is generally subject to more uncertainty than in aquifers in unconsolidated media,
which translates to greater characterization effort and cost and greater remediation effort and/cost, potentially
without any significant improvement in overall site understanding.

3. NAPL present in fractures has significantly less water interfacial area than in granular aquifers, and NAPL
saturation (the amount of NAPL present relative to fracture volume) tends to be higher in less transmissive
fractures. This condition generally reduces the effectiveness of remedial processes that rely on NAPL dissolution
or on chemical and biological reaction.

6.3 Development of Remedial Strategies

Considering the characteristics and challenges of understanding fluid flow and contaminant fate and transport in fractured
rock, remedial strategies that may be successful at unconsolidated media sites may not apply to fractured rock sites, or may
require special additional design considerations to be effective. This section offers strategies for developing a remedial
approach to fractured rock sites.

6.3.1 Focus on RAOs and Risk Reduction

Given the challenges associated with remediation in fractured rock, at some sites achieving absolute objectives or low
prescriptive cleanup standards may not be realistic within a reasonable timeframe or cost, or due to technical limitations.
Developing SMART functional objectives with a focus on risk reduction may be an appropriate strategy for these sites, while
continuing progress toward complete restoration in the long term. Stakeholders should be engaged early in the remedial
decision-making process at these sites. Important considerations include how a focus on risk reduction (rather than complete
restoration) in the short-term affects community perception. Stakeholders should be informed about unremediated sources,
long-term institutional controls, loss of resources, and property that will not return to beneficial use.
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A receptor risk evaluation is a common component of a site investigation and is a critical component of assessing remedial
options. Receptor risk evaluation is an ongoing process that continues through the life of a project. Groundwater discharge
and vapor intrusion are two receptor risk components whose characteristics in fractured rock may be very different from
that of overburden aquifers.

6.3.1.1.1 Groundwater Discharge

Groundwater from fractured rock aquifers may discharge to springs or other surface water bodies (wetlands, creeks, rivers,
ponds, lakes), to potable wells located within or downgradient of a plume, or from abandoned mine openings. These
discharges can affect receptors due to contaminant discharge and thus affect RAO development. The discharges also must
be considered during remedial design. For example, the risk of discharge of a chemical reagent injected as part of a remedy
must also be considered because in some cases groundwater flow in fractured rock aquifers may be fast, or discharge
locations may be far from injection locations. Remedial goals and design should consider how the remedies will protect
groundwater discharge areas and protect existing and future receptors.

6.3.1.1.2 Vapor Discharge

Vapor intrusion into overlying buildings may also occur from contaminated fractured rock. Vapor can be transmitted directly
through vertical fractures or from fractured rock through overburden soil to the receptor. In settings with near-surface
bedrock, buildings, utilities, and other structures may be constructed in direct contact with fractured rock. The potential for
vapor intrusion and the rate at which it occurs can be greater in shallow bedrock, and migration endpoints may be less
predictable compared to unconsolidated media (KDHE 2016). Evaluation and presence of a vapor pathway should be
included in the CSM. Vapor pathways should also be considered during development of the RAOs, remedial design, and
remedial action to understand how vapor risks may be affected, and to ensure that the selected remedy is protective and
does not negatively affect receptors.

6.3.2 Address Contaminant Source Areas and Back-Diffusion

Source mass reduction, or mass flux reduction, may provide a realistic path forward with achievable goals, instead of
attempting to treat the entire extent of contamination. A strategy focused on source treatment alone may not be sufficient
where contamination has already migrated away from the source area and threatens human health or other sensitive
downgradient receptors. The potential for matrix and back-diffusion should also be considered both within and downgradient
of the source area. For example, sedimentary rock with significant primary porosity may also have a significant amount of
contaminant mass contained in that primary porosity downgradient of the source area. As with sorbed-phase mass in the
plume area at overburden sites, the contaminant may diffuse out of the primary porosity over an extended period of time,
resulting in long-term plume persistence and continued risk even after source remediation is complete.

6.3.3 Acknowledge Uncertainty

Poor characterization and or invalid assumptions have historically led to failed remedies, a loss of resources, and costs to
both the public and private sectors. A rigorous evaluation of uncertainty and the quality of the site characterization is
therefore recommended when implementing a remedial strategy (ITRC 2012b). Consider if additional investment in site
characterization may increase the probability of success for a remedy, or provide a return (in terms of lower cost) by
providing more targeted or focused remedies. For example, if there is uncertainty that all source areas have been identified,
then a source remedy may not be effective.

On the other hand, additional investment may not be necessary if the resulting data are unlikely to translate to a significant
improvement in effectiveness or reduced cost of a remedy. For example, installation and testing of additional wells may
allow a 3% to 5% reduction in uncertainty in aquifer transmissivity for a groundwater extraction system, but a small increase
in pump rate may result in an effective remedy regardless of the uncertainty. Risk mitigation strategies that incorporate
redundant or overly conservative assumptions and solutions due to uncertainties may increase cost and scope without
providing any meaningful benefit. Thus, when making these decisions, acknowledge remaining uncertainties while
developing a remedial strategy, and seek feedback while performing remediation that may further refine the CSM.

6.3.4 Develop a Contingency Plan

A contingency plan is another component of a successful strategy. While field pilot tests and careful design can reduce or
eliminate the risk of poor remedial performance, developing a contingency plan in advance allows site managers to respond
quickly to data that suggests a remedy is no longer performing as intended. The contingency plan should include an
adaptive site management strategy that acknowledges uncertainties and outlines a plan to resolve and incorporate them as
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needed in additional characterization, optimization of an existing remedy, or transition to an alternative remedy.

6.4 Technologies for Remediation

This section provides general guidance for screening of remedial technologies to use in contaminated fractured rock.
Screening can help in selecting an individual technology or combined technologies (spatially or temporally), or may be used
to develop remedial alternatives. Remedial technologies are divided into three broad categories: physical removal
technologies, containment technologies, and chemical/biological technologies. Substantial overlap can exist between among
these categories and some technologies can fit in more than one category. A screening matrix that evaluates each
technology considering rock types and characteristics (such as primary and secondary porosity or matrix storage) is
provided in Section 6.4.1.2.

The CLU-IN website hosts a searchable database of fractured rock project profiles. This database is an additional resource for
screening remedial technologies and accounts for rock types, location, and other characteristics.

6.4.1.1 Key Elements of the CSM Relevant to Technology Screening

Final selection, design, and deployment of remedial technologies considers all aspects of the CSM. At the technology
screening level, key elements include the remedial strategy (Section 6.3), in addition to special considerations for bedrock
lithology and contaminant characteristics.

Bedrock Lithology. Many site characteristics relevant to contaminant fate, transport, storage, and remediation are directly
or indirectly related to the type of rock present and associated characteristics (see Table 2-1 and Chapter 4). Initial
technology screening should therefore assess the general the bedrock lithology. Bedrock can be divided into sedimentary
rocks and igneous or metamorphic rocks. Each of these can be further subdivided by their origin; for example, sedimentary
rocks can be divided into clastics (such as sandstone or mudstone), or chemical (such as limestone or coal), whereas
igneous rocks can be divided into intrusive or extrusive rocks, and metamorphic rocks into foliated or nonfoliated.

General lithology characteristics influence hydrologic and porosity characteristics. For example, a sedimentary rock such as
sandstone may have a high primary matrix porosity whereas an igneous rock such as granite may not. Rock chemistry can
also significantly affect geochemical conditions relevant for in situ chemical or biological remedies. For example,
groundwater within a fractured limestone bedrock aquifer may have high alkalinity, which can impede a zero-valent iron
remedy due to iron carbonate precipitation on the zero-valent iron particles. Similarly, a rock with elevated reduced iron
content may be amenable to an abiotic degradation technology for chlorinated solvents.

Contaminant Characteristics. The contaminants of concern and their corresponding effects on fate and transport in the
rock affect remedial technology screening. For example, contaminants that readily dissolve into groundwater may exhibit
strong partitioning into the rock matrix by matrix diffusion and subsequent back-diffusion following attenuation or
remediation of contamination within the secondary, or fracture, porosity. Contaminants present as NAPLs may be
transported great distances at a site in which the rock exhibits a network of large, interconnected fractures. Similarly, the
presence of organic carbon in the rock matrix (such as coal) may affect both sorption and transport of dissolved
contaminants. Certain rock types exhibit properties that are amenable to natural attenuation through abiotic or
biogeochemical transformation.

6.4.1.2 Technology Screening Matrix

Table 6-2 presents a screening matrix that identifies types of technologies that may apply at a bedrock site. Further
discussion of each technology with emphasis on bedrock is provided in Section 6.4.2. Variations in bedrock physical,
hydrologic, chemical properties, and time since release for NAPL at a site must be considered carefully during remedial
technology selection. For example, at a granitic bedrock site with little primary porosity or matrix storage, but high
secondary porosity, technologies such as pump and treat or an ISCO approach with a short-lived oxidant may be
appropriate. In contrast, if a site has shale or sandstone bedrock with both appreciable primary porosity and matrix storage,
then technologies or strategies with long-lived reagents or a thermal approach could be considered. This matrix is not
intended to provide a site-specific solution, but rather to assist with an initial screening of technologies or combinations of
technologies. Characteristics and remedial objectives must ultimately be evaluated on a site-specific basis.

Table 6-2 summarizes hydrology characteristics relevant to remedial screening and ranks their applicability as “high” (H) or
“low” (L). The lower portion of Table 6-2 lists the applicability of technologies, and the presence or absence of contaminant
mass as NAPL, in matrix storage, and matrix and fracture transmissivity.

The applicability of technologies to certain rock types and settings in Table 6-2 was assigned values of “Y” (yes), “N” (no), or
“U” (unlikely). These values are intended as general guidance based on the professional judgment and experience of the
ITRC team. A value of “N” or “U” should not be interpreted as a conclusion that a technology cannot or should not be applied
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at a site with the associated characteristics. Ultimately, that decision must be based upon site-specific characteristics,
remedial strategies, and objectives. In addition, innovations in design can advance technologies for successful applications
at sites that do not currently seem to be good candidates for those technologies.

Table 6-2. Remediation technology screening matrix for fractured bedrock environments.

Click Here to view Table 6-2 in Adobe Acrobat format.

6.4.2 Remediation Technologies for Bedrock

General types of technologies are discussed in this section, with an emphasis on special characteristics or considerations for
design and implementation in bedrock. The CLU-in website includes bedrock remediation case studies, organized by
remedial technologies. The CLU-in site also includes a database of fractured bedrock project profiles that is searchable by
both remedial technologies and keywords.

6.4.2.1 Physical Removal Technologies

Physical removal technologies are those that recover contaminants from bedrock. These technologies range from direct
physical removal methods such as excavation, to indirect removal methods such as multiphase extraction and thermal
treatment (which rely on physical properties of the contaminant, such as volatility, for removal). Physical removal
technologies are more commonly applied to source areas due to technical feasibility and cost considerations.

Removal VYRead more

Removal (excavation) of contaminated bedrock is possible in certain situations. This approach could be effective with
bedrock characterized by high primary porosity and matrix contaminant mass storage, because contaminant mobility during
removal will be low and because contaminant mass storage can be difficult to address with other technologies. To be
successful, the contaminated bedrock zone must be accessible and the nature of the bedrock such that it can be physically
excavated without enhancing contaminant migration or displacement. Physical limitations of excavation generally limit
removal to relatively “soft” bedrock types, characterized by low seismic velocities (for example, sedimentary rocks such as
sandstone and limestone) or weathered rock, in unsaturated environments, which can be ripped by excavating tools.

Thermal Remediation Methods VRead more

All thermal remediation methods rely on heating the subsurface to enhance removal or destruction of contaminants
(primarily volatile contaminants) from the solid matrix and aqueous phases. Increased volatility or mobility of contaminants,
resulting in enhanced contaminant recovery, is the most common style of application and thus thermal methods are
categorized as a removal technology. Elevated temperatures, however, can also result in enhanced biodegradation and
hydrolysis. Thermal remediation methods offer an advantage over chemical and biological approaches, in that direct contact
and reaction of a reagent or microbial activity with a NAPL or dissolved solute is not necessary. Thermal remediation
methods are accepted options for unconsolidated formations, and within the past few years have become more widely
applied to bedrock.

Thermal remediation methods include electrical resistance heating (ERH), thermal conduction heating (TCH), and steam-
enhanced extraction (SEE). Each type of thermal remediation method has certain individual advantages and disadvantages,
depending on the different porosity and matrix storage characteristics of bedrock. SEE methods flood the bedrock formation
with fluid. These methods apply to sites with high secondary porosity and large fracture apertures, but may be less effective
for sites with high matrix storage or fracture zones with lower transmissivity. ERH methods pass an electrical current
primarily through water in the system entrapped around rock grains. When the primary porosity is negligible, the electrical
current flows through the fractures and the rock is heated only by thermal conduction. ERH is, therefore, generally more
applicable to sedimentary rock types (except for coal-rich formations) with relatively high primary porosity. ERH methods
cannot achieve temperatures greater than the boiling point of water. TCH methods rely upon heat conduction through the
rock matrix, and thus can achieve higher temperatures and apply to rocks with low primary or secondary porosity. TCH is
more limited by higher rates of groundwater flux than by variation in bulk rock properties (Baston 2009; Lebrén 2012).

Air Sparging VRead more

Air sparging (or air sparging coupled with vapor extraction) is widely applied to remediate volatile contaminants in
unconsolidated aquifers. Air sparging (in contrast to vapor extraction) is generally not widely applied in contaminated
fractured rock. Air bubbles may exhibit a greater tendency to coalesce in fractures and bypass large portions of the
treatment zone, particularly at sites characterized by vertically oriented fractures. Variable and elevated pressures may also
reduce compressor lifetime.

Vapor and Multiphase Extraction VRead more
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Vapor extraction methods are widely applied to volatile contaminants in unsaturated zones, including in bedrock. Vapor
extraction is a typical component of thermal remediation methods, and can been combined in bedrock environments with
other technologies such as with in situ chemical oxidation (Cho 2002). The vapor migration pathway characterization, and
hence vapor extraction system design, may be more challenging relative to overburden due to discrete fracture control of
vapor migration in bedrock. The characterization must define fracture geometry and potential vapor flow pathways for
effective remedial design.

Multiphase extraction is also widely applied to volatile contaminants in fractured rock sites. Multiphase extraction typically
combines vapor extraction with groundwater and LNAPL extraction. Like vapor extraction alone, vapor and fluid migration
pathway characterization, and hence multiphase extraction system design, may be more challenging than overburden due
to discrete fracture control of vapor migration in bedrock.

Surfactant/Cosolvent Flushing VRead more

With surfactant/cosolvent flushing, a compound that enhances mobilization or solubilization dissolution of a NAPL is injected
into the aquifer, and the injected compound (along with the solubilized dissolved or mobilized NAPL) is subsequently
extracted. An advantage of this technology in bedrock is enhanced recovery of relatively insoluble NAPL phases that may be
immobilized on fracture surfaces, such as coal tar. Specific challenges to using this technology in fractured rock are related
to fluid movement and collection. The injected fluid preferentially migrates through highly transmissive, large-aperture
fractures associated with secondary porosity, with little or no contact with NAPL in less-transmissive fracture zones, primary
porosity, or matrix storage. In addition, effective distribution and recovery of the surfactant/cosolvent is more challenging in
a fractured rock environment due to heterogeneous and anisotropic fluid flow. As a result, applying surfactants/cosolvents in
fractured rock aquifers is generally not recommended (ITRC 2003).

LNAPL Recovery VRead more

Techniques for LNAPL-only recovery can also be successfully applied in fractured rock settings. The methods are similar to
porous media applications and include active and passive skimming, hand-bailing, passive absorption (socks), and
multiphase extraction (when targeted to remove LNAPL only). The primary differences between LNAPL recovery in fractured
rock compared to porous media are related to how groundwater and LNAPL migrate in the subsurface. LNAPL may be
present and recoverable in multiple fractures, which may require targeting discrete fracture features with specifically-
screened vertical, horizontal, or angled wells.

6.4.2.2 Containment Technologies

Containment technologies prevent or reduce contaminant mass flux and migration. Containment technologies offer little or
no direct treatment of concentrated source areas, but instead protect downgradient receptors. Groundwater pump and treat
systems are historically the most commonly deployed bedrock containment technology. Permeable reactive treatment zones
are another containment technology used in fractured bedrock.

Groundwater Pump and Treat VRead more

Pump and treat system design and implementation in bedrock are more complex than in overburden aquifers, because
bedrock aquifers exhibit greater heterogeneity and anisotropy than overburden aquifers. Considerations relevant to
fractured bedrock or which are more challenging in fractured bedrock than in overburden systems include the following:

= Bedrock typically exhibits both primary and secondary porosity domains with different fluid movement and
contaminant migration characteristics. Groundwater yield is derived primarily from very transmissive zones,
which typically exhibit the greater mass flux but overall lower contaminant concentrations and mass. Dead-end
fractures zones prevent trapped water and NAPL from being extracted. Thus, pump and treat may provide an
effective containment strategy, but on the other hand provides relatively little (or very slow) mass removal.

= Relict sedimentary bedding planes may exist, with variability in primary porosity patterns resulting from grain
size and distribution of the original sediment.

= Local and regional structural and tectonic effects, and evolving tectonic stress regimes, can result in fracture-
dominated flow that is affected by the strike and dip of the fractures. Complex geologic histories can result in
multiple intersecting fracture sets with different structural orientations. This geology complicates identification of
optimal well locations and depths.

= Bedrock fracture zones may communicate with overburden or heavily weathered bedrock zones, resulting in
migration of groundwater and contaminants between overburden and bedrock fractures.

= Multiple discrete or interconnected fracture zones within individual boreholes or wells, with variable
transmissivity and contaminant mass flux, may require multiple, separate pumping zones within individual wells
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or well fields.

= Contaminants can diffuse into the secondary porosity and matrix storage domains, and then slowly back-diffuse
into groundwater within transmissive fracture zones as chemical gradients change with time and plume
maturity.

These factors result in unpredictable well yields, which may vary by orders of magnitude due to spatial variability in fracture
characteristics. Consequently, groundwater flow or fate and transport modeling is often not a useful tool for pump and treat
system design.

The hydrologic complexity of fractured rock aquifers often requires extensive study, pilot testing, and optimization to design
and operate an effective system. The location and construction of the extraction network and the location of the pump
within extraction wells are critical in fractured bedrock applications. Aquifer testing is needed to understand the behavior of
fluid flow in the fractured bedrock. Geophysical tools can provide insight on the location and relationship of fracture features.
Unlike many groundwater extraction well networks in overburden with overlapping zones-of-influence, extraction well
networks in fractured bedrock instead focus on fracture flow and communication. Accordingly, an extraction well network in
a fractured bedrock setting may differ during the conceptual design stage. With proper design, testing, and monitoring,
pump and treat systems can be applied effectively in nearly any water-bearing rock formation, with the understanding that
the system is likely to be in long-term operation unless combined with other technologies, or at sites with relatively low
contaminant mass stored in primary porosity.

Permeable Reactive Barrier Zones VRead more

Permeable reactive barrier zones (PRBZs) can be constructed in fractured bedrock aquifers. For this method, a reactive
material is injected into existing or induced fractures. Injected material can include ZVI, solid potassium permanganate, or a
combined sorptive and reactive material such as a carbon-based substrate combined with ZVI for example. Subsequent
groundwater flow through the fractures and contact with the reactive material results in treatment of the contaminants.
PRBZs typically use a chemically- or biologically-active treatment medium and thus may also be considered a
chemical/biological technology. However, PRBZs are included here as a containment category strategy because the primary
intent of the application is to treat groundwater as it passes through the PRBZ, limiting (and containing) contaminant
migration.

Numerous case studies describe chemical (oxidation and reduction), biological, or combined chemical/biological media in
fractured bedrock. The Former Industrial Site, Greenville, South Carolina used hydraulic injection of a solid potassium
permanganate slurry in the source area coupled with hydraulic injection of ZVI in the plume area, in both overburden and
bedrock. Insoluble or low-solubility substrates such ZVI or solid potassium permanganate can provide ongoing treatment for
years or potentially decades with a single injection. This single injection can address contaminants that migrate or diffuse
from less-transmissive primary porosity or matrix storage domains over time. Some substrates, such as permanganate
(Goldstein 2004), may also chemically diffuse into the secondary porosity domain within the bedrock matrix in addition to
filling fracture zones. Considerations for PRBZs specific to fractured bedrock aquifers include the following:

= Remedial design requires accurate identification of transmissive, water-bearing fracture zones. A PRBZ remedy
may be ineffective if a single transmissive fracture zone is missed. The same considerations and uncertainties
regarding design of pump and treat systems also apply to PRBZs.

= |dentification of the fracture interval depths is critical. Media are typically injected into existing fractures.
Identifying the exact depth at which to inject with sufficient vertical resolution to target a specific fracture
requires careful geologic coring and logging.

= |njected media (whether chemical or biological), or their resulting precipitates or biofilms, may affect fluid flow
through the fractures. Groundwater flow may be diverted away from the media-filled fractures rather than
through the treatment medium, resulting in reduced remedy performance and altered plume geometry or
hydrologic properties.

In general, PRBZ technologies are likely to be most applicable to sites characterized by significant secondary porosity, which
provides a location to inject the reagents effectively. Reagents are not readily injected into primary bedrock porosity.
However, PRBZ reagents are typically intended to persist over many years in the subsurface, and therefore (in the presence
of secondary porosity for reagent injection) can be appropriate technologies for sites with significant contaminant mass in
primary porosity and matrix storage domains.

6.4.2.3 Chemical and Biological Technologies

Chemical and biological technologies remediate contamination by transformative and destructive processes such as in situ
chemical oxidation (ISCO), in situ chemical reduction (ISCR), in situ bioremediation (ISB), and various combinations of these
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technologies. As when using these technologies in porous media aquifers, the contaminant properties, geochemistry, rock
matrix properties, and presence of organics and inorganics in the matrix are important factors in remedy selection and
design. Formation hydraulics, mineralogy, primary and secondary porosity, matrix storage, and fracture aperture size are
considerations specific to fractured bedrock remediation for in situ technologies. For NAPL treatment, an additional challenge
is that the NAPL-water interfacial area (which is exposed to reaction with chemical reagents and to microbial processes) is
substantially lower than in granular porous media aquifers, and a greater proportion of the NAPL may be trapped in less
transmissive fractures (Schaefer 2016). This condition can significantly reduce overall treatment effectiveness.

Selecting specific amendments at a site requires expertise and is beyond the scope of this guidance; however, general
observations that are relevant at the technology screening level are presented.

In Situ Chemical Oxidation and In Situ Chemical Reduction vyread more

ISCO and ISCR are common remediation technologies applied to chlorinated compounds, petroleum hydrocarbons, and other
contaminants including metals (such as hexavalent chromium, arsenate, and uranium) and anions (such as perchlorate), in
dissolved, sorbed, and nonaqueous phase forms. ISCO and ISCR are versatile remedial strategies with a wide array of
chemistries available depending upon the target contaminants and design objectives (ITRC 2005; Siegrist 2011).

Significant considerations for bedrock applications include reagent lifetime and distribution of the reagent through less-
transmissive, primary porosity and matrix storage domains. Both ISCO and ISCR can be applied as PRBZ containment
remedies. Each approach can also be applied as a source-area remedy, targeting NAPL within transmissive fracture zones
using a more aggressive (but shorter-lived) reagent, such as catalyzed hydrogen peroxide (for ISCO) or nanoscale ZVI (for
ISCR).

ISCO and ISCR in PRBZ design is summarized in Section 6.4.2.2, and some of the design considerations (such as potential
alteration of the groundwater flow regime) also apply to source area applications. Additional considerations for source-area
remedies specific to bedrock include the following:

= Reagent injection into fractured bedrock is different from injection into homogenous overburden settings. Design
considerations include fracture transmissivity, orientation, and connectivity between fractures and resulting
reagent distribution, particularly for shorter-lived reagents such as catalyzed hydrogen peroxide (for ISCO) or
liquid reductants such as calcium polysulfide (for ISCR). Highly transmissive fractures carry injected reagents but
may not deliver them to the target treatment area. Dispersion may be successful in transmissive zones but
resulting contact time may be limited by the rate of groundwater flow. The density of some liquid reagents is
significantly different from water, and thus density-driven flow (for example, of a relatively dense oxidant
solution down-dip) may result in unexpected reagent distribution.

= QOxidant or reductant demand from fractured rock is generally much lower than for overburden aquifers. In
overburden, the reagent is intended to permeate the formation. Mineral surfaces exert a primary demand for
oxidants and reductants, and the amount of surface area that reagents contact in overburden is large (reflecting
better reagent distribution). In contrast, in bedrock the reagents primarily contact fracture faces, rather than
permeate intergranular primary porosity, and the corresponding rock surface area exposed to react with the
oxidants or reductants is much lower. As a result, particularly with reagents injected as liquids, oxidant or
reductant demand must be carefully considered to mitigate risks associated with adding too much reagent.

= Back-diffusion of dissolved contaminants from less-transmissive portions of primary porosity or from matrix
storage domains remains a significant area of concern in bedrock. Back-diffusion can result in apparent rebound
following ISCO or ISCR applications in which the oxidant lifetime may be relatively short. While the potential for
back-diffusion of contaminants from bedrock is known, the duration and magnitude may not be well understood.
Certain long-lived reagents, such as permanganate, may diffusively penetrate the bedrock (Goldstein 2004) and
thereby address organic contaminant back-diffusion.

= |SCO is often used as a source remedy to address NAPL. In fractured rock, the interfacial surface area of NAPL
droplets or pools exposed to reaction with the oxidant is much lower than in granular aquifers, and NAPL may be
trapped in less-transmissive fractures with little or no exposure to oxidant. The lack of exposure to the oxidant
reduces treatment efficiency and potential effectiveness, particularly for short-lived oxidant systems (Schaefer
2012).

= The effectiveness of most ISCO and ISCR reagents is sensitive to groundwater and rock chemistry. However, in a
fractured rock environment, the amount of rock surface area exposed to reagents within fractures is much lower
than the granular surface area of each grain in an overburden aquifer. As a result, commonly-recognized
limitations to these reagent systems resulting from rock lithology or chemistry in overburden aquifers are often
less important in fractured rock. For example, a mildly acidic pH range optimal for catalyzed hydrogen peroxide
may be difficult to achieve in a carbonate-rich overburden aquifer, but that same pH shift will be easier to



achieve in fractured rock because there is significantly less carbonate mineral surface exposed to reaction on a
fracture face. Stop read more

In Situ Bioremediation YRead more

In situ bioremediation (ISB) is a commonly used technology that offers a wide array of chemistries and modes of injection.
For example, solid and liquid reagents, a range of viscosities and densities of liquid reagents, reactivity, lifetime and direct
source application, and PRBZs in fractured rock applications can address organic compounds, metals, anions, and other
contaminants. ISB in fractured rock also shares many of the specific challenges as those for ISCO and ISCR reagents,
including preferential delivery of reagents to relatively transmissive fracture zones, inability to address contaminant mass
trapped in primary porosity or in matrix storage domains, reduced NAPL-water interfacial area, and density-driven flow.

Special challenges unique to ISB in fractured rock include the distribution of microbial fauna between groundwater within
fractures and the primary porosity of the fractured rock matrix, and the potential effect of biofilm growth on groundwater
flow in transmissive intervals. Characterization of microbial activity and ISB processes in fractured rock aquifers has
primarily focused upon the planktonic or suspended biomass in groundwater, or groundwater geochemistry within
transmissive fracture zones (Hohnstock-Ashe 2001). A more abundant microbial mass and activity, with a different species
diversity and physiology, may be associated with biofilms attached to fracture surfaces and even within the rock matrix
(Lima 2012) Whether microbes can migrate into and survive within the primary porosity of the rock matrix is not known. In
one study of a sandstone rock matrix, (Lima 2012) found a variety of dechlorinating bacteria as much as 64 cm away from
the nearest discrete fracture. Stimulated biofilm growth on fracture surfaces resulting from injection of a carbon amendment
may also reduce fracture transmissivity, affecting groundwater flow patterns within transmissive fracture zones. For
example, one study reported two to four orders of magnitude decrease in transmissivity within 20 to 60 days of the onset of
biostimulation (Smith 2010).

Given the presence of microbial activity potentially deep within the primary porosity domain, ISB can likely be applied to a
wide variety of rock environments. The potential lifetime of ISB substrates is another design factor. Short-lived substrates
may be most applicable where there is low primary porosity or matrix storage, while longer-lived substrates may provide an
effective solution even for sites with significant primary porosity and matrix storage contaminant mass.

Monitored Natural Attenuation VRead more

Some contaminants may be amenable to natural attenuation mechanisms. This approach not only includes typical
attenuation mechanisms such as advection and diffusion, but also abiotic reduction or biogeochemical transformation of
certain contaminants such as chlorinated solvents. High iron or sulfate content in certain rock matrices may trigger abiotic
reduction mechanisms or stimulate biogeochemical transformation. While these attenuation mechanisms are not unique to
fractured rock, understanding how rock mineralogy benefits these mechanisms can inform the characterization and remedial
development stages. Additional information regarding abiotic degradation and biogeochemical transformation are
documented in ITRC guidance (ITRC 2011).

6.4.2.4 Innovative and Combined Remedies

Contaminated fractured bedrock sites often present a unique set of site conditions that require development or modification
of typical remedial approaches. Innovative technologies, such as electrokinetic remediation, may offer special advantages in
fractured rock settings. Coupling multiple technologies customizes remedies to address the wide range of conditions present
at typical hazardous waste sites. Technologies can be coupled in time (one technology followed by another technology in the
same treatment area), space (different technologies applied simultaneously in different parts of the site), or both.

Certain combinations of technologies, for example ISCO with ISB, or ISCO with ISCR, were historically considered
incompatible with each other. Recently, however, integration of multiple technologies (including technologies historically
considered incompatible) has been found to provide yield synergistic benefits for effective site remediation (ITRC 2011). For
example, ISCO and ISCR have been applied successfully in different portions of a fractured bedrock site impacted with
DNAPL (see the Former Industrial Site case study). As another example, the biogeochemical reductive dechlorination (BiRD)
process can be combined with ISB to stimulate microbial reduction of native iron and formation of reactive iron sulfide
minerals. These reactive minerals are capable of abiotic reaction and destruction of contaminants such as certain
chlorinated VOCs. As with coupled technology applications in overburden (ITRC 2011), combined technology remedial
designs for bedrock must account for the potential interactions of the different technologies in time and space.

6.4.2.5 Bench and Field Pilot Test Considerations

Bench and field pilot tests can provide important, site-specific information for remedy evaluation and design. Contaminant
treatability, rock-chemistry interactions, reagent distribution, long-term treatment prospects, and overall effectiveness at a
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field-scale for a technology in a fractured rock aquifer may be different than in overburden. Several case studies offer
examples of how bench and field pilot tests have been performed for a variety of site conditions. Bench and field pilot tests
for fractured rock sites have two key considerations that differ from granular overburden sites: rock surface area and
reagent transport.

Rock Surface Area

The rock surface area exposed to groundwater, contaminants, and reagents is different in fractured rock relative to
overburden, and is important for all stages, from bench test to full-scale implementation. Bench testing for remediation
technologies that are strongly influenced by interaction with particle surfaces (such as chemical and biological technologies)
must account for this difference. For example, bench tests of oxidant demand or pH buffering of a relatively short-lived
reagent in a fractured granite rock with little or no primary porosity should analyze the reagent solutions only in contact with
natural fracture surfaces. One method to restrict reactions to only fracture surfaces is to coat the “cut” surfaces of rock
cores with epoxy or other nonreactive material and immerse the fracture face in the solution under evaluation. These tests
should not be conducted with crushed rock samples, or with core segments in which portions of the drilled surface of the
core (as opposed to just the natural fracture surfaces) are exposed to the reagents. Using crushed rock or drill core surfaces
exposes fresh, unweathered mineral surfaces to the reagents, which would not normally occur in field conditions.

Reagent Transport

Fracture-controlled groundwater flow in bedrock can be much faster than typically observed in overburden aquifers. This
factor must be considered when evaluating remedial technologies, and especially when evaluating technologies that rely on
fluid flow, such as injection of a soluble chemical or biological reagent. The much smaller rock surface area exposed to
reagent interaction in bedrock aquifers relative to granular overburden aquifers strongly affects characteristics such as
oxidant demand and pH shifts. This reduced surface area is significant for technologies such as in situ chemical and
biological methods, which require injection of a reactive reagent. The differences in reactivity associated with surface area
also affect reagent transport. The reduced surface area exposed to reaction may translate to less degradation or reaction of
a reagent, which therefore results in increased reagent transport. This result must be considered for the following reasons:

= |njected reagents may be transported far greater distances and in far shorter time frames in fractured bedrock
aquifers than in granular overburden aquifers. At sites where groundwater discharges to surface water (by
springs, for example) or other receptors, the risk of reagent discharge must be evaluated.

= Transport of liquid reagents preferentially follows transmissive fracture networks. At many sites, the
contaminant mass and flux are lowest and reagent transport is greatest in the most transmissive zones. Thus, a
liquid reagent injection may initially exhibit a large radius of influence and effective reductions in groundwater
contaminant concentration or flux. But at sites with high primary porosity, the contaminant reductions may be
short-lived due to mass flux from less transmissive zones, primary porosity, or matrix storage domains.

= Transport of nonaqueous liquid reagents (such as vegetable oils) or of aqueous solutions with high
concentrations of dissolved solutes (all of which affect viscosity and density) may also be different in fractured
rock. These fluids exhibit a greater tendency to float or to sink within fracture networks due to the contrast in
density and the greater size of fracture aperture relative to intergranular pore throat diameter.

= Dilution characteristics of injected reagents in fractured bedrock may be different from typical overburden sites.
For example, reagents may be diluted due to distribution over larger radii of influence, or could be concentrated
at greater distances due to flow in relatively small but very transmissive fractures.

6.5 Case Example

The Former Industrial Site in Greenville, South Carolina, provides a case study for the remedy selection process. Further
details regarding the site conditions, remedial actions, and results are provided in the full case study. In summary, an
estimated 1,365 gallons of trichloroethene (TCE) were released to the environment at the site between approximately 1991
and 1996. The source area lies near the top of a hill and the groundwater plume in the saprolite and bedrock occupies
approximately 15 acres. Groundwater is naturally relatively acidic (pH approximately 5.2), thus there is little biodegradation
occurring. The resulting groundwater plume in saprolite overburden and bedrock is approximately 15 acres. The bedrock is a
foliated schist and gneiss metamorphic rock, with discrete relatively horizontal, transmissive fracture sets, and low primary
porosity or matrix storage.

6.5.1 Objectives

This example site illustrates how difficult, yet important, it is to define the absolute objectives and associated SMART
functional objectives for remediation of the site.


https://fracturedrx-1.itrcweb.org/11-case-studies/
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6.5.1.1 Site Risks

A potential risk to human health at this site is vapor intrusion into the building adjacent to the source area (Figure 6-2).
Piping and appurtenances related to TCE use at the facility were removed. Unsaturated soil in the source area was
previously remediated by a combination of soil removal, soil vapor extraction, and in situ thermal desorption. Results of

subsequent vapor sampling inside the building yielded initial cancer screening risks well below the 1.0 x 10 threshold, thus
there is no unacceptable risk to workers. TCE and cis-1, 2-dichloroethene migrated off site in groundwater, but no residences
or other actively occupied buildings overly the plume and groundwater is not used. Groundwater flows towards a local river
adjacent to the site.

The responsible party no longer owns the property but retains liability for the remediation. The building is currently used as
a warehouse and for light industrial purposes. The primary driver for site remediation is the off-site migration of impacted
groundwater and potential discharge to the local river. The goal of the responsible party is to remediate the site
groundwater to MCLs within 15 years to eliminate their ongoing liability in a reasonable timeframe.

6.5.1.2 Absolute and SMART Functional Objectives

The absolute objectives for the site were established as the following:

1. Protect human health and the environment.
2. Mitigate off-site migration of contaminants and potential impact to surface and groundwater resources.

The site investigation demonstrates the following:

1. High concentration and likely DNAPL in the aquifer in the source zone provide an ongoing TCE source to
groundwater.

2. TCE and degradation products in the plume zone (groundwater and sorbed) result in off-site migration and
potential discharge to a surface water body.

Although high TCE concentrations are in the source area groundwater, the aquifer is approximately 55 feet below grade in
the source area and the saprolitic soil has low permeability, which helps mitigate vapor risks. Vapor sampling inside the
building confirmed the absence of vapor risks to workers.
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Figure 6-2. Cross-sectional schematic illustrating potential pathways and risks at the Former Industrial Site,
consistent with the 21-Compartment Model in Table 6-4.

Table 6-3. Absolute and functional objectives and SMART attributes for Former
Industrial Site.



Absolute objective #1: Protect human health and the environment.

Absolute objective #2: Mitigate offsite migration of contaminants and potential impact to surface
and groundwater resources

Functional objective #1: High concentration and likely DNAPL in the aquifer in the source zone, providing an ongoing
TCE source to groundwater: Eliminate DNAPL and reduce groundwater VOC concentrations to MCLs within 15 years,
to eliminate ongoing source of VOCS to plume area

* Specific - Yes: defines a numeric treatment objective and treatment area.

* Measurable - Yes: achieve MCLs in groundwater samples.

= Attainable - Yes: an aggressive source-area ISCO remedy has been implemented

* Relevant - Yes: source elimination will mitigate further offsite plume migration.

* Time-bound - Yes: 15 years.

Functional objective #2: TCE and degradation products in the plume zone (groundwater and sorbed), resulting in
offsite migration and potential discharge to a surface water body: Reduce dissolved and sorbed-phase contaminant
mass to MCLs within 15 years, to eliminate further offsite migration and potential surface water discharge

* Specific - Yes: defines a numeric treatment abjective and treatmeant area.

= Measurable - Yes: achieve MCLs in groundwatear

= Attainable - Yes: a senes of £V permeable barriers were constructed which, based upon modeling results,

should reduce dissolved VOC concentrations (including flux from back-diffusion) within 15 vears,
*Relevant - Yes: eliminates offsite migration and potential impact to surface water body.
= Time-bound - Yes: 15 years.

Table 6-3 lists the absolute and functional objectives, along with a list of the SMART attributes of each functional objective.
In this case, the vadose zone was addressed with previous remedial actions, and only saturated-zone impacts in the source
and plume zones remain. The responsible party identified a specific and time-bound objective of MCLs within 15 years.
Modeling results predicted that a remedy that rapidly eliminated mass flux from the source zone would not be sufficient (by
itself) to collapse the plume zone within 15 years, thus both source-zone and plume-zone active remedies were required.

The modeling results were then used to develop a design that coupled an ISCO remedy in the source zone with a series of
three ZVI permeable reactive barriers in the plume area. Modeling results based upon the assumption that groundwater
passing through each barrier was reduced to MCLs (leaving back-diffusion of VOCs from the sorbed phase as the remaining
source to plume-zone groundwater) provided predictions of long-term trends in groundwater VOC concentrations. As part of
the performance and remedial progress evaluation, long-term groundwater monitoring results can be compared to these
predicted trends to ensure that progress is being made towards the functional objectives. This comparison provided a
SMART basis to evaluate remedy progress and to reevaluate the CSM and remedy.

6.5.2 Technology Screening

The bedrock at the site is characterized as metamorphosed schist and gneiss, with relatively low primary porosity or matrix
storage. Saprolite and partially weathered rock also requires treatment, which influenced remedy selection but is not
detaileded in this example. Although DNAPL is not observed in bedrock, elevated TCE concentrations indicate that a DNAPL
phase is likely present. A plume of over 900 feet has emerged from the source area. Table 6-4 summarizes the initial
screening of remedial technologies for the site based upon the type of bedrock present.

Table 6-4. Remediation technology screening matrix for fractured rock environments.
Click Here to view Table 6-4 in Adobe Acrobat format.

Technologies were selected on the following basis:

1. Among likely applicable physical technologies, air sparging was eliminated due to the need for extensive
infrastructure construction (because much of the plume area extended off site with limited access), and
surfactant flushing was eliminated because a separate phase DNAPL was never found in the fractured bedrock.

2. Among chemical/biological technologies, in situ bioremediation and monitored natural attenuation were
eliminated due to relatively acidic groundwater conditions (pH approximately 5.2). Very little natural degradation
of TCE was occurring, and estimates of pH buffering requirements to bring pH within a reasonable range were
impractical.

3. Among ISCO and ISCR technologies, methods with long-lived reagents were desirable because the client no
longer owned the facility, and access was limited.

Based on these considerations, ISCO and ISCR technologies with long-lived reagents were retained for detailed
consideration.


https://fracturedrx-1.itrcweb.org/wp-content/uploads/2017/11/table_6-4js.pdf

6.5.3 Technology Selection

The technologies selected from screening-level assessment were ISCO and ISCR technologies using long-lived reagents.
Conceptual modeling with REMChlor and PREMChlor was used for both the overburden and bedrock to assess the
technology-independent remedial performance required to achieve the functional objectives. This effort indicated that the
functional objectives could be achieved if:

1. The source area was rapidly eliminated with an aggressive technology.

2. Permeable treatment zones were constructed at accessible locations within the plume so that groundwater
migrating through the barriers was treated to below MCLs. VOCs would diffuse (from matrix porosity and from
the overlying saturated overburden) into groundwater, which would then encounter subsequent barriers.

Permanganate ISCO was selected for the source area. The permanganate was delivered with a solid slurry injection method.
Injection in the bedrock interval targeted the existing fracture network. Transmissive, water-bearing fracture zones were
identified by coring at each injection location. The following factors influenced remedy selection:

1. Large amounts (tons) of permanganate can be injected in a short period of time. The large volume was required
to satisfy the natural oxidant demand as well as provide a slowly dissolving, long-lasting (years) source of
oxidant to groundwater.

2. Permanganate exhibits a long lifetime in groundwater and can diffuse vertically from each lens to address the
full range of fracture and matrix porosity. In fractured rock, permanganate can diffuse into the matrix porosity
like the pathways followed by VOCs.

ISCR with ZVI was selected for the plume area. The ZVI was injected as a solid slurry. ZVI was selected rather than
permanganate for the plume area because groundwater may discharge to an adjacent surface water body. The combination
of technologies (ISCO in the source area with simultaneous application of ISCR in the downgradient plume area) required
guantitative considerations of reagent transport, particularly of permanganate from the source area to the down gradient
ZV| treatment zones.

1. A granular (rather than micro- or nanoscale) ZVI product was used because the granular ZVI would remain active
for a long period of time (many years).

2. The long-lasting ZVI provides long-term treatment of VOCs desorbing and diffusing into groundwater from the
rock matrix or from the overburden.

The approach used a wide variety of site characterization tools prior to remedial design. The remedial design included
guantitative modeling coupled with bench and field pilot tests to confirm key assumptions. The full-scale implementation
adopted a flexible approach that began with a design based on the CSM and available data, but was optimized on a boring-
by-boring basis as core data and field observations became available.



