
Ken
Text Box
Characterization and Remediation
of Fractured Rock
FracRx-1


Ken
Text Box
Prepared by
Interstate Technology & Regulatory Council
Fractured Rock Team

Ken
Text Box
December 2017

Ken
Rectangle



http://fracturedrx-1.itrcweb.org/#
http://fracturedrx-1.itrcweb.org/#
http://fracturedrx-1.itrcweb.org/#
http://fracturedrx-1.itrcweb.org/1-introduction/
http://fracturedrx-1.itrcweb.org/#
http://fracturedrx-1.itrcweb.org/2-geology/
http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/
http://fracturedrx-1.itrcweb.org/4-chemistry-fate-and-transport/
http://fracturedrx-1.itrcweb.org/5-site-characterization/


http://fracturedrx-1.itrcweb.org/5-5-select-investigation-tools/
http://fracturedrx-1.itrcweb.org/#
http://fracturedrx-1.itrcweb.org/5-8-lessons-learned/#table_5_4
http://fracturedrx-1.itrcweb.org/6-remediation-design/
http://fracturedrx-1.itrcweb.org/7-monitoring/
http://fracturedrx-1.itrcweb.org/8-modeling-fractured-rock/
http://fracturedrx-1.itrcweb.org/9-stakeholder-perspectives/
http://fracturedrx-1.itrcweb.org/10-regulatory-challenges/
http://fracturedrx-1.itrcweb.org/11-case-studies/


1 Introduction

Plume

The term “plume” does not precisely apply to contaminated
groundwater in bedrock, but can be used if contaminant
migration is understood in the context of fractured rock. For
example, a plume may simply be a narrow area of
contamination that is traveling within a transmissive fracture.

Fractured rock sites can be intimidating, because
remediating contaminated groundwater in fractured rock
has not been widely conducted or studied. As a result,
site managers often default to containing and monitoring
contaminant plumes in fractured rock, rather than
actively remediating the site to reduce risk. This
approach has become problematic in areas of the United
States where bedrock groundwater is a primary source
of drinking and process water and demands on this
groundwater are increasing. Recent advances in
characterization and remediation for fractured rock sites,
however, have made an active approach increasingly
feasible.

This guidance addresses these significant advances in skills, tools, and lessons-learned in understanding contaminant flow
and transport in fractured rock environments. The physical characteristics of fractured rock influence the fate and transport
of a broad range of contaminants. If the unique characteristics of fractured rock sites are understood, then modern tools and
approaches can be applied to successfully set and meet characterization and remediation goals at these sites.

The geologic terrane offers insight into the evolution of the landscape, potential groundwater flow, boundary conditions, and
contaminant transport at fractured rock sites. The difference between “terrane” and “terrain” is that terrane is a geologic
area that differs from the surrounding material and is separated from this material by faults, while terrain is a single,
distinctive rock formation. Lithologic, stratigraphic, tectonic, structural, and physiographic characteristics of the region are
reflected in fracture patterns, surface features, and boundary conditions of the site. Each of these attributes influences fluid
flow and contaminant transport. Additionally, fracture orientation, aperture, infilling, length, density, connectivity, planarity
or waviness, and roughness play key roles in fluid movement.

Fracture flow, ranging from large regional chemical plumes that extend for many kilometers (and which may constitute
acute environmental emergencies) to smaller local plumes, threatens to become bigger problems if left unaddressed. As a
first step, fracture flow can be framed in one of three main scales:

macroscopic (regional flow and flow across sites)
mesoscopic (site scale flow)
microscopic (flow in the rock matrix and between microfractures, typically investigated at the subcentimeter
scale)

Scale tends to determine the tools used to characterize the flow of chemicals through fractures. A large-scale chemical
plume in fractured rock is a problem not only at the macroscopic scale, but also at the mesoscopic and microscopic scales.
Practicable large-scale remedies are often determined by understanding and mitigating smaller-scale fracture flow
behaviors. By contrast, if fracture flow of contaminants is first recognized at the microscopic or mesoscopic scale, then it can
be contained at that scale, thus preventing a regional problem.

While fluid dynamics heavily influences contaminant transport, which can vary with changing lithologies, the physical and
chemical characteristics of the contaminant, compound, or mixture further define their transport and fate. The
contaminants’ inherent characteristics (solubility, density, vapor pressure, and Koc among others) control their phase (solid,
aqueous or gas) and thus subsequent transport. Because of these complexities, remediation in fractured rock requires a
collaborative team of professionals in hydrogeology, stratigraphy, structural geology, geophysics, geochemistry, and various
engineering disciplines. This team must investigate and interpret interrelationships of the regional geologic processes and
site geologic characteristics, regional flow regimes affecting local fluid flow and contaminant transport, along with
contaminant characteristics to define a conceptual site model (CSM) sufficient for making reliable decisions.



This guidance document dispels the belief that fractured rock sites are too complex to characterize and remediate. The
physical, chemical, and contaminant transport concepts in fractured rock have similarities to unconsolidated porous media,
yet there are important differences. These differences are the focus of this guidance. This guidance uses concepts and
procedures described in Integrated DNAPL Site Strategy (ITRC 2011) and Integrated Site Characterization (ITRC 2015b) while
noting how these strategies are adapted to the fractured rock environment.

This guidance first describes how the geologic history of a site, within defined physiographic provinces, can predict
lithologies and the dominant tectonic forces that are reflected in local structures that control fluid flow (Chapter 2).
Conceptualizing regional, local, and microscopic fluid flow further explains contaminant transport in the rock matrix and
fractures or other openings (Chapter 3). Finally, a table summarizes a wide range of contaminants and properties that affect
the fate and transport of contaminants in solid aqueous or gaseous phases (Chapter 4).

Once the geologic, hydraulic and chemical characteristics are understood, a fractured rock site can be characterized using a
variety of tools. Chapter 5 provides an iterative process for characterizing the geologic, hydraulic, and chemical
characteristics of a fractured rock site. This chapter also includes a searchable tools table containing over 100 tools and
techniques, Finally, this guidance describes the importance and processes of managing data and interpreting results. These
results are used to refine the CSM or, if necessary, dispute the initial CSM.

Although remediation technologies used at fractured rock sites are similar to those being used at unconsolidated porous
media sites, their application requires special considerations in most fractured rock. Chapter 6 illustrates these differences
through explanation, examples, and a case study. Monitoring strategies for fractured rock sites are described in Chapter 7
and models, applicable to fractured rock sites, are described in Chapter 8. Reference to these models are dispersed among
the preceding chapters where they can be applied.

Case studies of successful fractured rock remediation are included to provide examples of how fractured rock sites can be
evaluated and available tools applied to characterization and remediation.

1.1 Characterizing Fractured Rock

Traditional strategies used in unconsolidated porous media have often been inappropriately applied to fractured rock without
success. This failed approach, in part, is due to a limited understanding of dual porosity and its effect on fluid flow and
contaminant transport and storage. Dual porosity occurs when two distinct porosity regions are present: one in the rock
matrix and one in the fractures of the rock. Even though most of the fluid flow may be within the secondary porosity
(fracture porosity), much of the contaminant storage may be in the matrix porosity (primary porosity).

To successfully address contamination in fractured rock, sufficiently detailed conceptual site models (CSMs) must be
developed. Although there is no universally accepted definition or description of a CSM, various governmental agencies,
consulting firms and other organizations have developed their own definitions. The following resources offer a general
explanation of CSMs in various contexts:

Effective Use of the Project Life Cycle Conceptual Site Model (USEPA 2011)
Characterization, Modeling, Monitoring, and Remediation of Fractured Rock

National Academy of Science (NAS 2015); see extensive discussion of “Hydrostructural Models” and “Microstructural Models”

Integrated DNAPL Site Characterization and Tools Selection (ISC-1) (ITRC 2015b)
Integrated DNAPL Site Strategy (IDSS-1) (ITRC 2011)
Conceptual Site Model Development (Triad Resource Center)
Standard Guide for Developing Conceptual Site Models for Contaminated Sites, ASTM E1689-95(2014) (ASTM
2014)

The CSM supports sound scientific, engineering, and policy-based decisions. Regardless of the project objectives or phase, a
fractured rock CSM must be developed, documented, updated, and its assumptions refined, so that it can be used by project
managers, scientists, engineers, regulators, public and tribal stakeholders, and site owners or managers.

1.2 Comparing Unconsolidated Porous Media CSMs and Fractured Rock
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CSMs
To investigate contamination in fractured rock, the fundamental similarities, differences, and terminologies associated with
both fractured rock and unconsolidated systems must be understood. Figure 1-1 illustrates key characteristics for both
fractured rock and unconsolidated porous media within three broad disciplines: geology, hydrology, and chemistry. For each
discipline, the figure illustrates fractured rock characteristics on the left of each column, and unconsolidated porous media
on the right of each column. For example, as shown on the left geology column, the geologic framework of a site must be
evaluated. In unconsolidated materials that framework depends on the depositional setting of the sedimentary environment,
whereas in bedrock, the lithology and tectonic forces determine the physiography of the geologic terrane.

Figure 1-1 illustrates the investigative scale from macro (physiography or regional scale) at the top of the column to the
micro (fabric or grain size) at the bottom of the column. The macro scale investigation informs the next steps in data
collection in each of the disciplines. CSM development generally proceeds in each discipline according to the following steps:

Geology

Consider regional rock types and local tectonic forces associated with the formation and fracturing of the
bedrock. This information may be found in the published literature and is comparable to the evaluating the
depositional environment of unconsolidated materials (such as fluvial, deltaic, marine, and glacial).
Next, define the specific rock type. Are the rocks competent, weathered, or both, and what are the apparent
rock structures and fabric? This analysis is comparable to considering unconsolidated porous media types
(gravel, sand, clay) and their associated depositional environment (such as stratigraphy).
After developing the overall fractured rock framework, determine the texture of the bedrock. This step is
comparable to gathering information on of grain size distribution within unconsolidated materials.

Hydrology

Determine the likely regional recharge/discharge boundaries before assessing the individual aquifers.
Assess fracture patterns and orientation based on various lithologies in the region. This step is comparable to
evaluating stratigraphic units in an unconsolidated system.
Evaluate transmissive units within fractured rock aquifers including fracture orientation, aperture, connectivity,
fracture density, planarity or waviness, and roughness. The transmissive units are controlled by lithology,
tectonics/structure, and weathering (see Appendix A for karst settings and vesicular basalt).
Review fractured rock primary porosity primary (rock matrix or micro fractures) and secondary porosity
(fractures and partings of all types). This is a significant difference from unconsolidated porous media. With few
exceptions (for example, fractured till), primary porosity dominates fluid flow in an unconsolidated porous media.
Evaluate anisotropy of the system. Fracture flow takes place within a system of interconnected fractures,
frequently with a small number of dominant flow and transport pathways. Groundwater flow in unconsolidated
porous media is often treated as isotropic, although there can be discrete flow features that are controlled by
lithostratigraphic layers and depositional history.
Determine fluid flow in the fractured rock aquifer. Flow in fractured rock can be Darcian, non-Darcian and
channel flow; whereas, flow in the unconsolidated sediments materials is interstitial and usually Darcian.
Analyze potentiometric surface. Understanding the potentiometric surface and hydraulic gradients is important
for both unconsolidated and bedrock aquifers. Anisotropy in bedrock aquifers may result in groundwater flow
that is orthogonal to the potentiometric contours. Additionally, the apparent potentiometric elevation associated
with a bedrock may reflect a weighted average of the hydraulic pressure and transmissivity of individual
fractures intercepted by a single well. This condition may be similar to the potentiometric measurement
associated with a well that spans multiple confined aquifers in unconsolidated strata.

Chemistry

Consider the following mechanisms, which do not necessarily depend upon one another:

Dispersion in fractured rock aquifers can be one-dimensional (such as within a solution channel), two-
dimensional (such as along a fracture plane or bedding), or three-dimensional (such as interstitial or equivalent
porous medium). Dispersion in unconsolidated sediments materials is usually three-dimensional.
Diffusive transport of compounds in fractured rock aquifers may occur in primary porosity of sedimentary rock
and in matrix or secondary porosity in crystalline rock. In unconsolidated sediments, diffusion can be dominant
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transport mechanism in low hydraulic conductivity deposits.
Degradation of compounds in fractured rock aquifers can be chemically or biochemically controlled by the matrix
and pore fluids and volatilization, similar to unconsolidated sediments.
Entrainment (migration of solids / particulates) may occur via groundwater flow paths in large aperture fractured
rock features. Entrainment is not typically associated with unconsolidated materials.
Vertical emplacement of surface and near-surface contaminant releases may occur when the release is located
near or above vertical bedrock fractures and structures (for example, down-dip migration to a location off-set
from the release). Variations in primary porosity and stratigraphy in unconsolidated materials (for example, pore
entry of NAPL in sand/accumulation of NAPL on a clay layer) control vertical emplacement in unconsolidated
aquifers. Lithologic contacts in crystalline rocks and stratigraphy in fractured sedimentary rock may also
influence fluid flow and contaminant transport. Contaminants emplaced in fractured rock may also end up in
discontinuous (dead end) fractures.
Contaminant sorption occurs in both fractured rock (sorption to microtextures and mineral surfaces) and
unconsolidated sediments materials (sorption to organic carbon and grains).

Figure 1‑1. Bedrock versus unconsolidated rock types.

1.3 21- Compartment Model
The Integrated DNAPL Source Strategy (ITRC 2011) guidance document includes the 14-Compartment Model for application



to unconsolidated media. This model is a valuable tool to illustrate and communicate where storage zones (or
compartments) for contaminant mass are likely to be in an unconsolidated porous media flow system (for example, low
permeability zones versus more transmissive zones). The model also illustrates the flux that is expected to occur between
mass storage compartments (ITRC 2011).

For fractured rock environments, the 14-Compartment Model is expanded to a 21-Compartment Model to provide a similar
method to illustrate and communicate likely mass storage, flow, and flux in fractured rock aquifers.

1.4 Value of Investigation
Collecting data from a fractured rock site requires efficiencies beyond what are often followed in unconsolidated media
investigations. Applying the characterization practices and concepts to fractured rock sites outlined in this guidance will
improve understanding of the site so that environmental professionals can select effective and cost-appropriate
investigation and remedial methods. Reducing uncertainty fosters sound decision-making process for these sites. Thus, the
money spent on a fractured rock site investigation can be considered as a return on investment. For a more detailed value
analysis, see Integrated DNAPL Site Characterization and Tool Selection (ITRC 2015a), Section 1.3.
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2 Geology

Terrane or Terrain?

Terrane is a block of the earth’s crust that differs from the
surrounding material and is separated from this material by
faults (WikiDif 2017). In addition to being bounded by faults,
terrane has a distinct stratigraphy, structure, and geologic
history.

Terrain, on the other hand, is a single, distinctive rock
formation or an area made up mostly of a particular rock or
group of rocks (WikiDif 2017). While faults define terrane,
faults may be absent from terrain.

Knowledge of fractured rock geology, or “terrane,”
provides important context for investigating
contaminated sites. Tectonic forces impart characteristic
structures on rock formations that influence the
evolution of the landscape, groundwater flow, and
contaminant migration. For example, different rock types
may be juxtaposed due to crustal deformations such as
faulting, folding, and erosion. These deformations give
rise to uplifting, unloading, and erosion, which generate
tensional fractures and open bedding-plane fractures.
Differential physical and chemical weathering, and
eroding rock types that exhibit variable resistance to
weathering, cause landforms and lineaments that may
be evident on maps, aerial photography, and satellite
imagery, reflecting the underlying bedrock structure. In
some instances, these features may be buried and thus
not evident on the surface. In many terranes, however,
major faults and fractures can be inferred from
topographic information alone. Anthropogenic
characteristics of the terrane, such as mining activities,
may also be resolved through terrane analysis.

Analysis of the surficial and bedrock lithologic, stratigraphic, tectonic, structural, and physiographic characteristics allows
the identifying of geologic patterns, features, and boundary conditions that influence fluid flow in fractured rock aquifers.
Synthesis of this information provides a macroscale hydrogeologic framework. Taken together, the rock type and the
geologic forces cause fracture systems and terrane fabric that influence groundwater flow patterns. This initial terrane
analysis is refined during the characterization and design phases and the 21-compartment model assessment, which results
in a more detailed and actionable CSM.

2.1 Elements of Terrane Analysis
A terrane analysis is an iterative process consistent with a CSM. Terrane analysis consist of six elements in the early stages
of a fractured rock investigation:

Regional physical setting.1.
Bedrock lithology and stratigraphy.2.
Structural geology and tectonic setting.3.
Anisotropy and heterogeneity.4.
Hydrology.5.
Potential receptors.6.

A terrane analysis matrix is provided to help evaluate these elements and their interrelationships. This matrix can serve to
organize the crucial elements of terrane analysis, which may be evaluated collectively or simultaneously, but not necessarily
sequentially.

2.1.1 Potential receptors
The potential receptors within the geologic terrane provide the basis for more detailed investigation design. The initial
geologic terrane assessment should identify potential receptors that may be exposed to contaminants. Potential pathways to
receptors may include groundwater supply wells, surface water, migrating vapor/inhalation, direct contact, ephemeral

http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/
http://fracturedrx-1.itrcweb.org/5-site-characterization/
http://fracturedrx-1.itrcweb.org/appendix-d-the-21-compartment-model/
http://fracturedrx-1.itrcweb.org/apppendix-b-bedrock-types/#table_b_1


drainage features, and surface discharge locations (such as seeps and wetlands).

2.1.2 Regional Physical Setting
The physical setting can be evaluated, from area- to regional-scale characteristics, through a desktop analysis and field
reconnaissance. The terrane analysis is scale-dependent and is relative to the scale of the site investigated. Factors affecting
the scale of the terrane analysis include, but are not limited to the following:

size of the site and release
length of identified lineaments
proximity of potential receptors (such as surface water bodies or supply wells)
mobility of chemicals of interest
availability of exposed outcrops for direct inspection

The regional physical setting is determined by the physiographic province in which the site is located, and associated
characteristics of the physiographic province. Physiographic provinces are characterized by their major rock types (igneous,
sedimentary, metamorphic) structural attributes, topography, and drainage features (see lithology and fractured rock
overview).

Visit the U.S. National Park Service regional geology discussion for illustrations and description of physiographic provinces in
the U.S.

Within a specific physiographic province, physiography and topography may be evaluated using information and tools such
as topographic maps, geologic maps, light detection and ranging imagery (LiDAR), and aerial photography, including
stereoscopic analysis to investigate the terrane and its fabric (for example, ridges and valleys), which can show trends and
surface expressions (Figure 2-1).

Figure 2-1. LiDAR image illustrating physiographic expression of metamorphic terrane including northeast-
southwest trend in landscape.

2.1.3 Bedrock Lithology and Stratigraphy
Rock types and their specific lithologies and stratigraphy directly influence primary porosity (matrix), secondary porosity
(fractures), fracture characteristics (orientation, aperture, infilling, length, planarity, roughness, connectivity, density, and
the physiography), of an area or region. Determining the types of rock underlying a site and the surrounding area, therefore,
is key to understanding fate and transport of contaminant. For instance, the lithology of underground mined ore bodies is
invaluable information for characterizing a site. The position of ore zones is linked with underground mine workings or voids
used to access the ore. As a result, the voids provide conduits for movement of water and air through barometric pumping,
resulting in oxidation of the mineralized ore zones and generation of metal-laden and often acidic groundwater plumes.
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This guidance provides a more detailed description of specific lithologies, including subcategories, mineralogy, porosity
characteristics, associated drainage patterns, and hydrogeologic implications. USEPA’s Contaminated Site Clean-Up
Information webpage (CLU-IN) provides pictorial examples of various rock types, their physical descriptions, and
hydrogeologic characteristics.

2.1.4 Structural Geology and Tectonic Setting
Compressional, extensional, decompression, and shear forces may result in several types of faults and features: normal,
reverse (thrust) and strike slip, brecciated zones, foliation, inclined/folded sedimentary bedding, rift zones, or tabular
intrusions. These distinct structural features influence fluid flow. These characteristics can be determined from evaluating
desktop resources such as tectonic, geologic, and physiographic province maps, and supplemented by field reconnaissance.
Structural characteristics commonly associated with rock types are summarized in the terrane analysis matrix.

Many tectonic structures are the result of either compression, extension, or shearing of the rock and tend to form parallel or
at a predictable angle to the main stresses imposed on the rock, as shown in Figure 2-2. Tensional fractures are common in
anticline, syncline, and isostatic rebound zones and should be considered as part of the site characterization, migration
pathways, and drilling techniques (link Appendix C). Figure 2-2 illustrates the three primary types of faults (reverse, normal,
and strike-slip) that form as a result of compression, extensional, and shear forces.

Figure 2-2. Reverse, normal, and strike slip faults due to compression, extensional, and
shear forces.

Source: U.S. Geological Survey Department of Interior.

The following example illustrates how the structural geologic history of an area is used to predict type, orientation,
distribution, and intensity of geologic discontinuities. The Triassic Basin in Virginia (Figure 2-3) was created by extensional
tectonic forces. In this rift structure, gently dipping beds and extensive, subvertical fracturing can be expected. Investigation
activities can then be designed to locate and verify these geologic discontinuities.
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Figure 2-3. Tectonic and structural characteristics of the Triassic Basin in Virginia.

Compressional forces result in folding as illustrated in Figures 2-4 and 2-5. The folding of the rocks create a range of joints
and other discontinuities whose orientations can be predicted if the geologic stress history is understood.

Figure 2-4. A generalization of dominant fold-related fracture or joint sets.
Source: (Stearns 1968)

 



Figure 2-5 Intense folding of sedimentary rocks due to compressional forces with jointing along fold axis.
Groundwater flow impeded left to right across page. Preferential groundwater flow along strike of folds

into/out of page.

2.1.5 Heterogeneity and Anisotropy
Knowledge of the rock type and of the associated structure and tectonic history are combined to determine the expected
degree and geometry of anisotropy and heterogeneity that may occur within the terrane. Heterogeneity in fractured rock is
the condition where, for a given property (usually hydraulic conductivity), there is a spatial variability and the rock properties
are different at various locations. This condition is in contrast to homogeneity, which refers to the condition in which one or
more properties are the same at all locations. Anisotropy should be considered when assessing groundwater fracture flow
direction due to structural or stratigraphic orientation. Intrusive (Link Appendix C) investigations may be guided by the
suspected preferential flow direction due to anisotropy.

The terrane analysis matrix indicates the degree of anisotropy and potential for heterogeneity within aquifers consisting of a
variety of rock types and subjected to differing degrees of structural/tectonic deformation, dissolution processes,
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intrusive/extrusive processes, and thermal history. Figure 2-6 illustrates the characteristics and differences of isotropy,
anisotropy, homogeneity, and heterogeneity.

Figure 2-6. Hydraulic conductivity (K) in an aquifer: a) Isotropy – K is the same in all locations. b) Anisotropy –
K is significantly greater in the NE/SW directions. c) Homogeneity – K is the same at all locations (top right). d)

Heterogeneity – K is different at different locations.

2.1.6 Hydrology
Surface water features (such as creeks, streams, rivers, lakes, seas, and oceans) represent hydraulic boundary conditions
(discharge or recharge boundaries, for example) that influence groundwater flow directions and hydraulic gradients within
the physical framework consisting of the lithology, structure, and topography. Surface water features often reflect the
geologic terrane, fabric, and underlying structural geology. In some cases, however, local recharge to surface water may
occur but regionally may flow beyond the local boundary. Appendix B Table B-1, illustrates types of drainage patterns
(surface hydrology) that occur with various terranes and underlying rock types and structures. Figure 2-7 illustrates an
example of the superposition of a surface water drainage within the geologic terrane, which has developed preferentially
along the strike of schist foliation. General hydrology information can be obtained from USGS topographic maps. More
detailed hydrology is often necessary for the specific site, which can be obtained with LiDAR data, aerial photographic
imagery, field reconnaissance (for example, ground truthing) or GPS data, and then developing hydrology line work using
ArcGIS or similar programs combined with GIS software.
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Figure 2-7. Stream valley eroded into tilted layers of rock (schist).

2.2 Benefits of Terrane Information for the Initial CSM
Terrane analysis is used to develop an initial terrane-based CSM framework. As part of this effort, it is important to consider
the following: relative geometry of hydraulic boundaries, hydraulic gradient, rock fabric orientation, degree of weathering
and contaminant sources and receptors, including where groundwater saturation occurs relative to the physical setting and
the overburden/ bedrock interface. Figure 2-8 shows initial terrain CSM examples that illustrate the potential relative
influences of the six elements.



Figure 2-8. Initial CSM examples of contaminant source, flow direction, hydraulic boundaries, and receptors.
Red arrows indicate flow direction but not magnitude of velocity or hydraulic gradient. a) Isotropic flow

orthogonal to hydraulic gradient, no supply wells affected. b) Anisotropic flow orthogonal to hydraulic gradient, no supply
wells affected. c) Radial isotropic flow orthogonal to hydraulic gradient, supply wells potentially affected. d) Linear

anisotropic flow to a tributary stream, supply well potentially affected. e) Isotropic flow orthogonal to hydraulic gradient,
supply well potentially affected. f) Anisotropic flow, oblique to hydraulic gradient, supply well not affected.

2.3 Terrane Analysis Case Study
Without a terrane analysis, potential receptors can be missed. In addition, the bedrock geochemistry should be considered
for its potential effect on contaminant migration. A terrane analysis case study that was verified and validated through high
density intrusive characterization is presented in Figure 2-9. This example highlights each element of the terrane analysis
matrix.
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Figure 2-9. Case study demonstrating terrane-influenced migration of LNAPL within foliated, metamorphic
rock and trellis drainage system surrounded by groundwater supply wells. Elements of terrane analysis matrix

are denoted by number: 1) potential receptors, 2) physiographic province, 3) lithology, 4) structure, 5)
anisotropy / heterogeneity, 6) hydrology. Concentric circles represent radii from release in ½ mile increments.

The elements of the terrane analysis case study are described in terms of the six components of the terrane analysis matrix:

Potential Human and Ecological Receptors. Potential receptors include private supply wells installed into1.
bedrock and streams incised into bedrock that are hydraulically connected to groundwater. Contaminant vapors
could migrate through bedrock fractures and present vapor intrusion issues.
Regional Physical Setting. The site is located within the Piedmont Physiographic Province. The map of2.
physiographic provinces (Figure 2-1) shows that the Piedmont has a northeast-southwest structural trend.
According to the USGS (Swain 2004):

“The Valley and Ridge, Blue Ridge, and Piedmont Physiographic Provinces are underlain by metamorphic,
igneous, and sedimentary rocks; gneiss, schist, granite, and siliciclastic sedimentary rock underlie almost
two-thirds of the study area [Lithology]. Following faulting and folding, as well as one or more periods of
metamorphism and igneous intrusion [Structural Geology and Tectonics] of the rocks in most of the
study area, the entire area was uplifted during the Cenozoic Era. Subsequent weathering and erosion
enlarged existing fractures in the bedrock and may have created new fractures by stress relief.”

The aquifers of the Piedmont Physiographic Province are a major source of drinking water supplies in the Eastern

United States, with documented transmissivity values for terranes in the Piedmont range from 9 to 1,400 ft2/d
(Swain 2004).

Lithology. The lithology of the case study area consists of the metamorphic rocks gneiss, quartzite, marble, and3.

http://fracturedrx-1.itrcweb.org/apppendix-b-bedrock-types/#table_b_1


schist. The site itself is specifically located within schist (crystalline, metamorphic rock exhibiting foliation).
Structure. The foliation of the schist is the predominant structural characteristics, which strikes northeast and4.
dips northwest, imparting a regional fabric to the terrane.
Anisotropy and Heterogeneity. The structural orientation of the schist results in anisotropy that strongly5.
influences the direction of groundwater flow and contaminant migration (northeast and southwest) along
foliation strike. The local occurrence of gneiss within the schist provides an element of heterogeneity.
Hydrology. The characteristic trellis drainage pattern associated with foliated metamorphic terrane is evident in6.
Figure 2-10. These streams provide hydraulic influence on groundwater flow as discharge boundaries (potential
surface water receptors with fixed head conditions). The physiography is influenced by differential weathering
and erosion, which has resulted in more resistant ridges and less resistant valleys where streams occur.

2.4 Terrane Analysis Summary
The example terrane analysis illustrates that foliation of the bedrock, which is expressed as regional terrane fabric
(northeast-southwest trending ridges, valleys, geologic contacts, and streams) influenced the direction of contaminant
migration to be linear to the northeast and southwest. The hydraulic gradient for groundwater flow in this terrane is toward
the headwaters of streams that are also aligned northeast-southwest according to the foliation and regional terrane fabric.
Many potential supply-well receptors exist in the area, but few are affected due to the terrane influence on contaminant
migration and groundwater flow.

The terrane analysis provides an initial hydrogeologic framework (initial CSM), which, when incorporated into the CSM, can
be used to guide and direct subsequent site investigation, remediation, and risk management measures. Subsequent work is
necessary to understand and validate site-specific characteristics of fracture flow, further development of a sufficiently
detailed and actionable CSM, and the assessment using the 21-compartment model.
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3 Hydrology: Fluid Flow
This section examines fluid flow at three physical/investigation scales that are relevant for fractured rock:

macroscopic (regional flow and flow across sites)
mesoscopic (flow at a site scale)
microscopic (flow in the rock matrix and between microfractures, typically investigated at the sub-centimeter
scale)

At each of these scales, nine key characteristics influence fluid flow in fractured rock. Although these characteristics are
generally present at all scales, the focus of this discussion are those characteristics most relevant to fracture flow at each
individual scale. Most of these characteristics are not as relevant to unconsolidated porous media, and recognizing the
differences between the two systems is critical to designing an effective remedial strategy in fractured rock.

Understanding fluid mechanics is key to characterizing fractured rock sites, with special consideration of the vapor phase
and its differences compared to fluid flow in fractures. For purposes of this guidance, any type of fluid flow (such as NAPL or
DNAPL) is considered similarly as “fluid.” See Section 4 for additional information on contaminant transport as it pertains to
fluid flow in fractured rock.

There are inherent limits to observing and evaluating the nine characteristics and their influence on flow. The physical scale
of a particular feature or mechanism largely determines how it influences a particular remediation problem. See Case
Studies for specific applications using the tools and techniques to characterize and remediate fractured rock sites. In
comparison to sites underlain by unconsolidated sediments, fractured rock sites often require additional evaluation to
understand the characteristics influencing fluid flow.

3.1 Fractured Rock Characteristics
The characteristics intrinsic to fractured rock that influence fluid flow, direction, and storage include:

matrix lithology
orientation
aperture
infilling
length
density
connectivity
planarity or waviness
roughness

Figure 3-1 presents a range of fracture characteristics, hydraulic properties, and flow and transport mechanisms that are
addressed directly or indirectly by scale (microscopic, mesoscopic, and macroscopic). See Section 5.4 and Section 5.5 for
discussions on establishing data collection objectives, designing data collection process, and selecting investigation tools to
characterize these properties.
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Figure 3-1. Range of fracture characteristics, hydraulic properties, and flow and transport mechanisms.

While these characteristics are always present to some degree in fractured rock (Figure 3-2), their relative importance for
fluid flow varies depending on the observational scale of interest. Certain characteristics may be negligible with regards to
fluid flow, depending on the scale.



Figure 3-2. Fracture characteristics.

3.1.1 Matrix Lithology
Rock matrix type or character refers to the lithology (from a mineralogical and petrological perspective), grain or crystal size
distribution and fabric, primary porosity (void spaces, which can include microfractures), inorganic and organic
cementation/binding materials and their stability, bedding planes, paleochannels, sedimentary sequences with variable grain
size, grain imbrication, lineations, nonconformities, and overall connectivity within the primary porosity network. Depending
on the lithologic sequence, typical planar features can also be applicable to planar fractures. These combined matrix
properties control the storage of contaminants in rock, connected fractures, and flow through the matrix.

The key features that influence storage and flow potential in fractured rock are matrix porosity (primary porosity), matrix
intrinsic permeability, and the properties of the fluid of interest, respectively. Typical ranges for total porosity of common
rock types are presented in Table 3-1. These ranges include the matrix porosity and fractures (secondary porosity). Matrix
porosity is not always higher than fracture porosity for given fractured rock. In general, fracture porosity typically
determines overall contaminant flow potential.

Table 3‑1. Porosities for common rock types

Rock Type Total Porosity (%) (Matrix and Fractures)

Claystone/Mudstone 21-451

Shale 0-101,2

Siltstone 21-451

Fine grained sandstone 14-491

Medium grained sandstone 30-44 1

Limestone/Dolomite 0-40 2

Karst Limestone 0-50 2

http://fracturedrx-1.itrcweb.org/2-geology/


Rock Type Total Porosity (%) (Matrix and Fractures)

Tuff 7-551

Basalt 3-501,2

Gabbro (weathered) 42-451

Granite (weathered) 34-571

Fractured Crystalline Rock 0-10 2

Dense Crystalline Rock 0-5 2

Schist 4-49 1

1(Morris 1967)
2(Davis 1966a)

3.1.2 Fracture Orientation

Stereographic Projection

The stereographic projection is used in structural geology and
engineering to analyze the orientation of lines and planes with
respect to each other. The stereonet is a type of standardized
mapping system that represents various angles in 3D space
on a 1D paper.” (Wiki 2013)

Fracture orientation is the position of a fracture in three-
dimensional space, typically defined by the strike of the
fracture (the compass direction of a horizontal line on
the fracture plane face), and its dip (or maximum slope
angle of the fracture plane angle measured off the
horizontal perpendicular to the strike). Fracture
orientation of multiple fractures making up particular
fracture sets is often represented using stereographic
projections. Fracture orientation generally constrains the
potential directions in which fluids can flow in a fractured
rock system. Above the water table or vadose zone,
aqueous fluid flow generally runs down the face of the
structural feature (down dip). In the saturated zone,
aqueous fluid flows along the face of the structure or
fracture (along strike), although the degree to which it
does so depends on both the dip angle and the gradient
direction at and below the water table. Vapor phase
above the water table may flow freely along a fracture
plane; however, fracture orientation generally influences
the potential directions that fluids can flow in a fractured
rock system.

The block diagrams in Figure 3-3 illustrate how strike and dip control flow of aqueous and nonaqueous phase liquids in a
fracture and how different apparent plume patterns emerge depending on boreholes, wells, and depth. Figure 3-3a Vertical
Structure, Figure 3-3b Steeply Dipping Structure and 3-3c Simple Shallow Dipping Structure.
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Figure 3-3a

 



Figure 3-3b

 



Figure 3-3c

Figure 3-3. Block diagrams illustrating strike and dip and influence on flow in a borehole or well located within
fractured rock: a) vertical fractures b) steeply dipping c) simple shallow dipping).



Anisotropic rock systems vary with respect to groundwater and dissolved-phase aqueous flow in a rock formation. For
example, dipping fractures exert differing degrees of anisotropy. A continuum of anisotropy exists ranging from the vertical
fractures (maximum anisotropy) to horizontal fractures, which impart no anisotropy. Many intermediate anisotropies exist
between these two extremes. It is important to collect hydraulic parameters, such as hydraulic gradient and conductivity, in
multiple dimensions to evaluate the degree of anisotropy in a fractured rock system. Alternatively, if anisotropy of the
fractured rock system is well understood, these variations in hydraulic gradient and conductivity parameters may be
effectively estimated based on single dimension measurements or empirical estimates.

Figure 3-4 presents three examples of the continuum of anisotropy that can occur in fractured rock. Example A represents a
strongly anisotropic fractured rock system, which is vertically fractured. In this example, the groundwater flow direction is
largely determined by the strike of the fracture, but the prevailing hydraulic gradient also plays a part. If the fracture strike
is north-south, then the groundwater is constrained to flow either north or south, depending on the direction of the prevailing
hydraulic gradient. As the dip angle lessens, an inclined fracture is produced (Example B) and variable flow directions
become possible, depending on both the prevailing gradient direction and the fracture strike orientation. Example C
illustrates a horizontal fracture imparting no anisotropy; the system is isotropic and the flow is controlled entirely by the
gradient direction. A gently dipping fracture would also be similar, but not identical, to Example C. This fracture would act
much like Example C, even though it has a defined strike; a multitude of flow directions would be possible, with the actual
direction being largely determined by the gradient.

Figure 3-4. Influence of fracture dip angle on flow and anisotropy.

3.1.3 Fracture Aperture and Infilling
Fracture aperture is the width of the unfilled fracture opening. The fracture aperture can vary over time and space due to
changes in in situ stress fields or dissolution and precipitation caused by rock weathering and biogeochemical processes.
The larger the cross-sectional area of a fracture (width times height), the greater the flow capacity. For an idealized parallel-
sided fracture under laminar flow conditions, a general cubic power law relationship exists under laminar flow conditions
(Snow 1969), where a ten-fold increase in fracture cross-sectional area results in a thousand-fold increase in flow capacity.



Figure 3-5. Fracture aperture and flow rate.

Assuming all other fracture characteristics are equal, the mean fracture aperture size (b) is the feature that controls the
specific discharge. At the site-wide scale, a single, high-aperture fracture may dominate flow over a large number of
fractures with much smaller apertures (Shapiro 1987).

An aperture’s size may vary significantly along a fracture, causing flow channeling within the fracture and deviations from
the general cubic law. Additionally, fracture apertures can contract or expand or vary over time due to mineral dissolution or
precipitation (resulting in infilling). Modifying subsurface conditions with hydraulic depressurization or pressurization,
heating, and introducing chemicals and microbes (solutes and particles) can influence aperture configuration and flow
potential. For example, infilling in a fracture reduces the effective aperture of the fracture, which leads to a proportional
reduction in the flow capacity. Fracture infilling may be the result of a variety of phenomena, including sedimentary
deposition, chemical precipitation, weathering, biofilms, or cementation. The degree and type of fracture infilling can change
with time as the processes of weathering, biofilm growth, and sedimentation may vary during the life cycle of a project. For
example, infill material has its own hydraulic properties that may affect flow (see Chapter 4 regarding lithogeochemical
effects of fracture infilling or rock matrix). Furthermore, some in situ treatments can leave residual material that limits
aperture sizes.

3.1.4 Length
The longer the fracture, the further a fluid volume can travel unimpeded. Longer fractures are more likely to intersect other
fractures, increasing the potential flow-field volume and overall distance the fluid can travel.

3.1.5 Density
Fracture density describes the degree or intensity of fracturing and can be represented as the linear density (per unit
length), areal density (per planar surface area), or volumetric density (per unit rock volume). The more fractures there are
and the closer they are together, the greater the fracture connectivity and the higher the overall void space in the rock,
which translates to higher fluid flow and storage potential. The volume of groundwater flowing through a series of closely
spaced, small aperture fractures may be equivalent to the flow through a single large fracture, depending on the aperture
size and length.

3.1.6 Fracture Connectivity
A single fracture rarely spans the entire length of an investigated area—the degree to which fractures connect to each other
influences the overall flow volumes and patterns. Fractures that do not intersect may be filled with fluid; however, little or no
flow may be observed. Collectively, the fractures with the lowest flow capacity in an interconnected system may effectively
constrain the volume of flow through that system. Conversely, fractures that intersect allow fluids to migrate along fractures
that typically have vector components, with migration both down dip and along strike (not all down dip, then along strike).
Groundwater plume delineation is sometimes described as a stair-step pattern because wells are located progressively down
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dip and along strike (see Figure 3-6; also see (Davis 1966b).

Figure 3-6. Plan view of orientation and connectivity of fractures controlling the overall direction of flow, and
the direction of the apparent hydraulic gradient.

3.1.7 Fracture Planarity or Waviness
A planar, open fracture offers fewer barriers to flow, while a planar, closed fracture, such as a horizontal bedding plane
fracture experiencing significant overburden pressure, may create an effective barrier to flow. Conversely, the more
undulating or wavy, a fracture may be, the more likely it is to be open, especially if the two sides of the fracture are
displaced relative to each other.

Local resistance to flow occurs where the fracture surfaces touch. As few as three to five percent of the fracture plane
surface area in contact with its corresponding surface may cause significant deviation from the cubic law (Oron 1998), so it
is important to consider how waviness may affect the amount of surface contact on a fracture system.

3.1.8 Fracture Roughness
The greater the roughness of a fracture, the greater the effective surface area per unit volume of the fracture resulting in
generally greater frictional resistance to flow. With increased fracture roughness, the potential for transported material in
the fracture to be trapped by, or to adhere to, the fracture walls also increases. This characteristic can potentially lead to
greater infilling and reduced fracture aperture, thereby reducing the volume of fluid flow through fractures by further
reducing fracture aperture.

3.2 Fluid Dynamics
Fluid dynamics is the study of fluids in motion. This section introduces fluid dynamics effects on fractured rock flow. The flow
of all fluids is influenced by pressure and density gradients, although the focus here is on fluid flow under pressure
gradients.

Each individual fracture acts as its own confined aquifer under a unique head or gradient. It is therefore important to
understand the differences in head between different fractures, particularly where fractures are widely spaced and
connectivity may be low. At some sites, fractured bedrock can be treated as equivalent porous media containing a water
table, depending on the combination of fracture density, orientation and spacing, the scale of observation, and the goals of
the investigation. Other sites must be treated as discrete fracture networks with one or more piezometric surfaces, and no
bedrock water table.



Open boreholes, which penetrate discrete fracture networks, have unique hydraulic characteristics compared to wells
penetrating equivalent porous media or unconsolidated materials. Figure 3-7 is a cross-sectional view of three open bedrock
boreholes in a generalized hydrogeologic setting. These boreholes are illustrated in more detail in Figures 3-8 through 3-11,
which shows several possible hydraulic conditions of transmissive fractures within bedrock. For simplicity, the fractures are
depicted as horizontal, although similar conditions are found in dipping fractures.

Figure 3-7. Open boreholes in a fractured rock setting.

Figure 3-8 illustrates the simplest case of an open borehole piercing one fracture. The fracture is, in effect, a confined
aquifer, so the static water level in the borehole equilibrates at the piezometric surface (head) of the fracture. Disregarding
weather-related effects, there is no natural vertical flow within the borehole. This condition could be encountered in areas of
groundwater recharge or discharge.



Figure 3-8. Open borehole piercing one confined fracture, no natural borehole flow (Not to Scale) H = Head;
SWL = Static Water level

The same principles apply to multiple fractures, with respect the relationships among aquifer transmissivity, head, and water
level in a well penetrating a multiaquifer system (Sokol 1963). Figure 3-9 illustrates conditions that would be encountered in
a dual-fracture system. Upon drilling through two fractures having different heads, a static water level (SWL) emerges that
represents the piezometric surface of neither fracture. The SWL is at an average position of the two heads and is shown in
Example B to be at the midway point between them. The SWL of a multifracture (and multiaquifer) system is a function of
the heads and transmissivities of the fractures (aquifers).



Figure 3-9. Open borehole piercing two confined fractures, natural borehole down flow.

The head in multiaquifer wells is described using the following relationship (Sen 1989):

Hw = ∑TiHi/∑Ti     (i = 1, 2, …, n)

Where ∑ is the “…summation of discrete variables from i = 1 to i = n” (the number of fractures and corresponding
transmissivities), Hw is “…a common steady-state piezometric level…” (the SWL), T is transmissivity and H is head.

Through this relationship, the SWL in the borehole is the composite (weighted average) head of the individual heads
(piezometric surfaces). The composite head equals the arithmetic average of individual heads only when the fractures
(aquifers) have identical transmissivity values (Sen 1989). In Figure 3-9, Example B, the transmissivities of Fracture 1 and
Fracture 2 are equivalent, T(F1) = T(F2), so their respective heads are equidistant from the SWL. Because the fractures have
different heads, there is a natural hydraulic gradient. Until the emplacement of the borehole, there was no permeable
pathway interconnecting the fractures. A pathway was created when the borehole became part of the local hydraulic
system. The head differential (gradient) combined with the pathway enables vertical flow to take place within the borehole.
In this example, water enters the borehole from the high-head fracture (F1), flows down the borehole and exits through the
low-head fracture (F2). The condition of a high-head fracture located above a low-head fracture is suggestive of a
groundwater recharge area. The piezometric surface of F1 takes the form of a cone of depression because it is losing water
to the borehole. Conversely, the piezometric surface of F2 takes the form of a cone of recharge because it is gaining water
from the borehole. The piezometric surfaces are mirror images of each other because the fracture transmissivities are
identical.

In Figure 3-9, Examples C and D represent similar conditions except that the transmissivities of fractures F1 and F2 are not
equivalent. Consequently, the piezometric surfaces are not mirror images of each other. Example C illustrates piezometric
surfaces that would occur if the transmissivity of F1 > F2. The SWL is weighted toward the head of the more transmissive
fracture, F1. In Example D the transmissivity of F1 < F2. Therefore, the SWL is weighted toward the head of F2.

Figure 3-10 illustrates the same relative transmissivities as the previous three examples, except that the gradient and



borehole flow direction are reversed. Borehole upflow is depicted in these examples. The condition of a low-head fracture
located above a high-head fracture suggests a groundwater discharge area. In a case study of an investigation at the
University of Connecticut Landfill, borehole geophysical testing revealed single, double, and triple fracture sets having
upflow, downflow, convergent flow, and divergent flow (Johnson 2005).

Figure 3-10. Open borehole piercing two confined fractures, natural borehole up flow.

Figure 3-11 illustrates what would be expected if the borehole in Figure 3-9, Example B were pumped down to a point where
the pumping water level (PWL) was below the head of Fracture 2 (H2). The piezometric cone of recharge associated with F2
inverts and becomes a cone of depression, because F2 is now contributing water to the well. F1 continues to contribute
water but its cone of depression takes on a steeper form. In this example, the water flows vertically in the borehole from
both fractures to the pump intake. Note that F2 produces water only because the PWL is lower than H2. If the PWL were
higher than H2, then only F1 would produce water.



Figure 3-11. Open borehole two confined fractures pumping condition (not to scale)

In the preceding examples (B through G) of dual-fracture boreholes under steady-state conditions, flow occurs due to the
head difference between transmissive fractures. If F1 and F2 had the same head, by being connected by another fracture,
they would have a common piezometric surface and there would be no natural borehole flow.

Fluid flow in the subsurface can be characterized in terms of the volume of flow through a unit cross-sectional area under a
certain pressure differential across two points in the flow field – in effect, Darcy’s Law. Darcy’s Law assumes the subsurface
acts as a continuum and that what is measured at one scale applies at other scales of the system. Using Darcy flow
assumptions for a complex fractured rock system may or may not lead to a representative conceptualization of the flow
system, depending on the degree of fracturing and of interconnectedness and on the scale of observation.

Fluid flow can be characterized as linear or laminar, and can be modeled using Darcy’s Law. Conversely, fluid flow can also
be characterized as nonlinear or nonlaminar (not necessarily following Darcy’s Law) or turbulent (non-Darcian). For example,
flow in karst and pseudo karst terranes is likely to be turbulent, at least at some locations. Flow in an individual fracture may
also behave in a non-laminar manner.

The difference between characterizing laminar flow versus turbulent flow is important when the additional energy loss
associated with turbulent flow is significant enough to affect specific discharge. Turbulent flow can also cause greater
dispersion of solutes compared to laminar flow. However, turbulent flow on a local scale (mesoscopic) scale can often be
approximated at a larger scale regional or macroscopic) scale as laminar flow or Darcian flow without introducing significant
conceptualization and predictive error. The larger the fracture relative to the system (scale of the problem) and the higher
the gradient across the fracture system being evaluated, the more likely that the flow will not follow Darcy’s Law. The effect
of scale is depicted in Figure 3-12.
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Figure 3-12. Generalized depictions of Darcian and Non-Darcian Flow

3.3 Vapors in Fractured Rock
With respect to the gas phase, a vadose zone can exist above the zone of groundwater saturation and within a fractured
rock horizon of interest. Within the vadose zone, the gas phase is continuous and mobile, and the aqueous phase is the
secondary, discontinuous, and potentially immobile wetting fluid. In these situations, the gas fluid phase flows through the
fractured rock according to the same hydraulic principles as groundwater. Energy gradients and resistance to flow (such as
frictional and gravitational forces) govern the flow of the continuous gas phase through fractured rock. Gases typically have
very low viscosity and density compared to groundwater, and unlike groundwater, the gas phase is compressible. Thus, gas
phase flow behavior can be different from groundwater flow even within the same fractured rock zone of interest. Often,
compared to groundwater, the gas phase responds more dramatically to changes in pressure and temperature, even under
natural conditions (for example, barometric pressure pumping).

Where liquid-phase organic or inorganic contaminants are encountered in fractured rock, a fraction of the volatile
component of the contaminant may partition into the gas phase as solutes and undergo transport with the gas phase. If the
concentration of the volatile organic contaminant in the gas phase rises, then the composite density and viscosity of the
overall gas phase may cause significant deviation in gas flow behavior.

For the specific case of fractured rock vadose zone overlying saturated fractured rock, and where a volatile organic
contaminant release is present in the saturated zone, the lateral and vertical extent of a vapor plume in the vadose zone
may have an entirely different geometry from the groundwater contaminant plume mapped in the underlying saturated
fractured rock. The volatile organic vapor phase density (and viscosity) is only a small fraction of the groundwater density
(and viscosity) and the vapor plume acts as a compressible fluid. The permeability of the vadose zone rock matrix and
fractures to gas-vapor flow is much higher compared to groundwater and the gas or vapor flow is more dynamic than
groundwater under similar pressure gradients. Furthermore, fracture density is typically highest near the top of the rock



column, where vadose zone (gas-saturated) conditions are more likely to be observed. Thus, unlike groundwater or other
liquids, the gas phase may flow more freely in different directions and may be more likely to enter a turbulent flow regime
more easily. The gas or vapor phase flow potential is more dynamic than groundwater and other liquids.

Because a gas phase is less dense and viscous than groundwater, when a mobile gas phase contacts a mobile groundwater
phase, additional complexities may occur. Often dissolved gases that form within fractured rock systems, and under
nonequilibrium conditions, can separate out of solution (exsolve) with subsequent formation of gas bubbles (a separate
phase). Reactive or destabilizing interfaces within the fractured rock may hasten the formation of gas bubbles. Sufficient gas
bubbles can lead to trapped and mobile continuous phases within the groundwater-saturated zone and influence
groundwater flow behavior within the rock matrix and fractures.

3.4 Role of Scale in Fractured Rock Fluid Flow
The nine characteristics of fractured rock are always present to some degree at the macroscopic, mesoscopic and
microscopic scales. Their relative importance to fluid flow varies with the observational scale of interest, and the
understanding that certain characteristics may be relevant during site characterization or remediation. The scale of the
problem is typically defined by the distance (ideally in three dimensions) between the location of known or potential sources
and known or potential receptors. When developing the CSM, it is important to understand the effect of all the relevant
scales and incorporate evaluation of their potential effects on groundwater flow at a given site.

3.4.1 Fluid Flow at Macroscopic Scale
The macroscopic scale refers to regional and multisite problems. At this scale, rock characteristics and flow behavior
discernible over hundreds to thousands of feet become relevant. These characteristics would be described, for example, on
aerial photographs or on a standard 7.5 minute USGS quadrangle topographic or geological map. The terrane information
described in Chapter 2 can be used to define the flows likely encountered at this scale.

At the macroscopic scale, it is unlikely that one single structure hundreds or thousands of meters long dominates fracture
flow. Instead, flow is more likely governed by a system of interconnected structures of comparable size, orientation and
aperture resulting from the same geologic forces (Figure 3-8 and 3-9). Karst features may be defined as a single feature at
this scale. The fracture network in each geologic unit is important because the orientation, length, and connectivity of
fracture systems control flow at this scale, with flow behaving as a broadly continuous Darcian flow system with degrees of
heterogeneity and anisotropy resulting from those characteristics. Where connectivity of fractures is low, highly transmissive
fractures may be connected to fractures of much lower transmissivity, causing bottlenecks to flow (Shapiro 2007). In effect,
the lower transmissivity fractures become the controlling fractures to overall flow volume.
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Figures 3-13. Generalized descriptions of flow regimes across the macroscopic and mesoscopic scales,
illustrating how rock characteristics can impact flow directions.

Local aberrations in the regional flow field (or mesoscopic scale) can still result from discrete large-scale fracture effects on
flow at the macroscopic scale. For example, long fractures are likely to connect with other fractures and are more likely to
influence regional (macroscopic) flow and transport. Karst features, fault planes, and bedding planes are the good examples
of macroscopic fracture systems that create a regionally influential flow features. Faults can enhance, redirect, or even
terminate the continuity of flow depending on the orientation of fractures and on fault character. Many fault zones
experience physical or geochemical infilling, restricting fluid flow over time. Therefore, CSMs and investigations for sites with
identified fault features should be approached with an open mind in determining the ultimate role the faults play in
influencing fluid flow.

3.4.2 Fluid Flow at Mesoscopic Scale
The mesoscopic scale refers to the scale of an individual project site, typically investigated by a number of site-specific
boreholes. At this scale, features are typically not large enough to be recognizable on topographic maps or aerial
photographs but can be important at the field scale and within and between individual boreholes.

The relative size of mesoscopic fractured rock structures fall on the continuum between large-scale macroscopic features
and microscopic features. Figure 3-14 shows a reduction in apparent fracture aperture of one order of magnitude over 30
feet, with a three orders of magnitude reduction in apparent conductivity (as would be anticipated with from the cubic law).
Rock characteristics can be deduced from geophysical surveys, observed within a borehole, or examined at a rock outcrop.
As fracture density and size decrease with depth, although fracture apertures may remain similar, hydraulic conductivity



may decrease with depth as more fractures become infilled. Individual fractures may be interconnected and several discrete
flow paths may be present and identifiable within a single borehole (Gupta 1999), with order of magnitude changes in
characteristics over small vertical and horizontal intervals.

Figure 3-14. Generalized depiction of changes in flow characteristics over the mesoscopic scale [relationship
of aperture size plotted and meaured hydraulic conductivity, K = hydraulic conductivity]

Fractures with low connectivity and discrete flow paths are often under separate pressure gradients at the mesoscopic scale
and resolving these different pressure gradients is an important part of the site characterization process. The pressure
gradient/head in particular fractures in one vertical sequence can vary significantly over small distances and respond in
dramatically different ways to external events, such as pumping or rainfall, as shown in Figure 3-15.



Figure 3-15. Variation of groundwater elevations in different fracture depths in a multi-level groundwater
monitoring well.

As discussed in Section 3.1.2, aqueous fluid flow in these structures can be thought of as flowing down the face of the
structural feature (down dip) above the water table and along the face of the structure (along strike) at and below the water
table (Figure 3-6). Fracture orientation (strike and dip), aperture, density, length, and connectivity are the most important
characteristics to consider at this scale (see Figure 3-1). At this scale, turbulent flow may occur in individual fractures. Fate
and transport of contaminants is primarily through advection, entrainment, or both (Figure 3-1) and is described in detail in
Chapter 4 .

3.4.3 Fluid Flow at Microscopic Scale
Microscopic features can represent significant storage of groundwater and contaminants, and their interaction with larger
scale features can control fluid mobility (permeability of rock matrix) and thus contaminant mobility. Compared to the
mesoscopic and macroscopic scales, high physical property contrasts or chemical/pressure gradients are likely present over
small distances; however, these properties may be difficult to evaluate. Often, characteristics at this scale are evaluated in
the laboratory or inferred from the available literature.
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Figures 3-16. Matrix and fracture features at the microscopic scale, which may influence flow within fractures.
Source: InfraSUR, LLC

The microscopic feature of interest can vary depending on its spatial orientation of the feature relative to its surroundings,
(such as the location in the matrix that is adjacent to the fracture surface). The same fracture characteristics (aperture,
orientation, length, and density) used for mesoscopic and macroscopic scale applies at the microscopic scale (Figure 3-1). At
the microscopic scale, characteristics of the rock matrix may be important; for example, matrix porosity, including grain size,
pore shape, pore connectivity, crystal structure, cleavage, and microfractures (such as microcracks or microjoints).
Microfractures may exist in all rocks, including rock that appears to be fresh or unfractured at the mesoscopic and
macroscopic scale (Figure 3-16).

Flow at the microscopic scale occurs through microfractures or through the rock matrix. It may not be possible to
differentiate flow through microfractures or the rock matrix. If the microfractures or pore space connectivity is sufficient,
then advective flow may occur driven by pressure gradients at the regional and local scales (for example, between low and
high permeability fractures). Where connectivity is less well developed, capillary flow may dominate.

Fluid interaction at the microscopic scale can influence flow at larger scales. Flow through the matrix and within fractures
continually changes, and the geochemistry continually varies, which causes dissolution and precipitation of minerals as
groundwater flows through the matrix and within fractures. Factors influencing these changes include: pH,
reduction/oxidation, solubility limits, chemical concentrations, aqueous geochemical and biogeochemical influences,
pressure, temperature, fluid/rock interaction and residence time, mineral alteration zones, and chemical weathering (Sausse
2001). Conversely, on one end of the water/rock interaction spectrum is the removal of rock mass to enlarge voids, and on
the other end is mineral precipitation to the point where filled-in fractures may become barriers to flow (Neuman 2005).

Upon identifying the dominant characteristics influencing fracture flow, the next step in refining the CSM is to evaluate the
chemical fate and transport of contaminants within these affected media. Contaminants may be transported by a variety of
mechanisms (such as advection, dispersion, diffusion, and entrainment), which are further described in Chapter 4.
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4 Chemistry: Fate and Transport
The term “fate and transport” describes how chemicals entering the subsurface from point or nonpoint sources relate to
groundwater concentrations elsewhere. The behavior of contaminants in rock formations depends on the physical and
chemicals properties of the contaminants and on the rock characteristics. This chapter presents an overview of fate and
transport mechanisms and discusses how the unique properties of individual chemicals or mixtures of chemicals influence
fate and transport in a fractured rock environment. Understanding the fate and transport of contaminants within various rock
types and the hydraulic characteristics of the rock provides a basis for developing a more reliable CSM.

4.1 Fate and Transport Mechanisms
A challenge with managing contaminated fractured rock sites is determining the direction and rate of contaminant transport
within the subsurface. Because fractured rock is anisotropic and heterogeneous, fluids travel at variable rates within the
rock, including potentially rapid movement of contaminants over long distances through preferential flow paths (secondary
porosity). As a result, hydrogeologic and geochemical equations and models developed for homogeneous porous media may
fail to characterize or predict contaminant fate and transport for these systems.

The fate and transport of contaminants within fractured rock involves complex processes that depend on interactions among
the physical and chemical properties of the contaminants and the rock, as well as the hydrology of the fracture flow. As
contaminants flow through the subsurface, they are subjected to a range of physical, chemical, and biological processes that
disperse, transform, or degrade the contaminants. Furthermore, different contaminant classes (such as volatile organic
compounds or metals) behave differently in the subsurface based on their physical and chemical properties.

The discussion of fate and transport mechanisms is organized as follows:

movement through fractures
diffusion into and out from the rock matrix
retardation (sorption and desorption)
natural attenuation through biotic and abiotic transformation
volatilization (unsaturated zone only)

4.1.1 Movement through Fractures: Advection, Capillary Flow, Dispersion, and Diffusion
Four mechanisms control the movement of contaminants through fractures: advection, dispersion, diffusion, and capillary
flow.

Advection. Advection is the transfer of a contaminant by the typically horizontal flow of a fluid (either groundwater or the
contaminant). Advection is often the primary mode of contaminant transport under single-phase transport (dissolved phase)
or multiphase transport (simultaneous water and NAPL, or water and gas migration). By this mechanism, movement of the
contaminant occurs because of bulk fluid motion under the influence of gravity or hydraulic pressure and gradients. While
advection is a dominant transport mechanism in porous media, the rate and direction of advection in fractured rock can vary
significantly over short distances.

In fractured rock, advective transport is controlled by several criteria including: size, roughness or asperity, planarity or
waviness, orientation, and connectivity of the fractures within the host rock in relation to the aquifer hydraulic gradient or
pressure. For example, interconnected fractures in limestone, enlarged by dissolution, can have high hydraulic conductivity

values (10-1 to 104 m/day) compared to a fractured shale, where the fracture aperture and interconnectivity may be smaller

and result in lower hydraulic conductivity values (10-5 to 10-3 m/day). Therefore, for rock types characterized by
comparatively large fractures that are interconnected or extend for hundreds of feet, advective contaminant transport can
potentially occur over a longer distance and in a short period of time. Caves thousands of feet long are capable of
transporting contaminants rapidly.
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Capillary Flow. While advective flow is the dominant transport mechanism in large aperture fractures, when multiple
continuous phases are present (such as water and NAPL), capillary flow or film flow may become important with decreasing
aperture size. Capillary flow of contaminants (the flow of a contaminant into narrow fractures without the assistance of and
often in opposition to gravity) is more significant over shorter distances. Capillary flow can dominate flow conditions in small
aperture fractures or support thin films along the walls of larger fractures. Within a developed fracture system capillary, or
film flow, can travel up to 1,000 times faster than the typical pore water velocity (NRC 2001). Depending on size, orientation,
and interconnectedness, capillary or film flow can short circuit matrix flow and substantially increase the transport rate and
distance, particularly within the vadose zone. This type of fracture flow can be important in the movement of NAPL.

Diffusion. Diffusion operates independently of bulk flow and results from molecular movement of contaminant solutes
within a media from areas of higher chemical concentration to areas of lower chemical concentration. Diffusion within
fractures is more significant over shorter distances (such as centimeters to meters).

In porous media with low hydraulic conductivity, contaminant diffusion within fluid-filled interstitial pore spaces can play a
major role in contaminant migration in the subsurface. In fluid-filled fractures, as the hydraulic conductivity of fractured rock
mass increases with increasing fracture aperture or fracture frequency, the effects of diffusion within the fracture on
contaminant transport are overshadowed by physical transport mechanisms (advection, dispersion, and capillary flow).

4.1.2 Diffusion and the Rock Matrix
Matrix diffusion is a significant mechanism by which contaminants may enter a rock matrix with appreciable pore space,
such as sedimentary rocks. In this process, elevated dissolved concentrations present in the secondary porosity (within
fractures) are partitioned toward areas of low concentration in the rock matrix. When a plume is first entering a fractured
rock zone, diffusion of contaminant molecules into the matrix retards the advection transport of the plume. The rate of
matrix diffusion and the extent of penetration into the rock is controlled by a complex relationship depending on the
following:

contaminant concentration gradient
contaminant physical and chemical characteristics
rock matrix biogeochemistry
rock matrix porosity and tortuosity (a property characterized by many turns)
degree of saturation
fracture flow rates, which influence the residence time of the contaminant in the fracture (amount of time for
rock matrix diffusion to occur)

Once the contaminant is diffused into the rock matrix, the process of diffusion works in reverse (which is called “back-
diffusion”) and releases the contaminant stored within the rock matrix back into the fracture. Back-diffusion is a dynamic
phenomenon, causing the passing plume to persist at a point of observation, albeit at a relatively low concentration, longer
than it would otherwise, even if the contaminant is removed from the fluid within the fractures, This process increases
effective plume longevity and, if not accommodated, can greatly delay remediation times frames. If, however, the flow in the
fracture is very high relative to the flow in the porosity, the back-diffusion may be diluted and thus not be an issue.

4.1.3 Retardation: Sorption and Desorption
Retardation is the result of sorption of contaminants to the sides of fracture walls and the rock matrix, which varies with the
amount of clay minerals or mineralogy of the rock within fracture surfaces. This process slows the movement of
contaminants through fractured rock. Retardation affects the migration of the center of mass of the plume. The rate of
contaminant migration varies with dispersion, because retardation is less significant for the more permeable pathways.

Naturally occurring organic matter also affects retardation. Organic carbon (foc) may line fractures (secondary porosity) or
may occur within the rock matrix (primary porosity). Organic matter affects fate and transport and ultimately the
remediation of a contaminant, for the following reasons:

Organic matter retards contaminants so that the rate of dissolved-phase contaminant migration is less than the
groundwater velocity.
Over time, the mass of contaminant in the rock matrix can be greater than in open fractures.
The time required to remediate the site may be controlled by desorption from organic carbon in the rock matrix
and back-diffusion of the dissolved-phase contaminant. Higher foc in the rock matrix prolongs the time frame for
removing the contaminants.
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When organic carbon is suspected to be present, organic carbon analysis should be considered. Organic carbon is possibly
present at sites underlain by sedimentary, igneous, or metamorphic rock; however, it is more likely to occur in sedimentary
rock. Rocks that have undergone crystallization (most igneous and metamorphic rocks) have greatly reduced organic carbon
and demonstrate limited retardation as a function of contaminant sorption. Analysis of organic carbon should be performed
for sites where NAPL or dissolved contaminants occur within fractured igneous or metamorphic rock that exhibits primary
porosity.

For metals, retardation can occur through sorption onto surfaces such as ferric iron oxy-hydroxides, carbonates, and
silicates. For example, trace metals such as cadmium, nickel, lead, and zinc can sorb or complex with natural mineral forms,
as well as with secondary precipitate forms such as ferric iron oxy-hydroxides or hydroxysulfates. These secondary
precipitates typically form within fractures or underground mine voids because of oxidation or infiltration of precipitation
(see Section 4.1.6). The degree of sorption onto these surfaces also depends on pH and redox state.

Retardation of trace metals may be a significant factor in the fate and transport of contaminants at some sites such as
mines, industrial sites, or sites where mixed organic contaminants have been released (for example, where DNAPL is also
affected by metals). For example, intentional oxidation of a plume of organic contaminants could result in geochemical
changes to the rock matrix and lead to the release of trace metals into groundwater. In contrast, the presence of metals
comingled with organic contaminants could, due to the competition for surface sorption sites on organic matter, result in the
increased mobilization of organic contaminants.

4.1.4 Natural Attenuation through Biotic Transformation
Biotic transformation involves metabolic and enzymatic pathways, which may occur as a component of natural attenuation
within fractured rock. For fractured rock, the availability of surface area for microbial attachment and lower organic carbon
content (compared to porous media) may limit the rate and capacity for biotic transformation. ITRC provides additional
information on aqueous conditions that favor natural attenuation through biotic transformation chlorinated solvents (ITRC
2008).

Naturally occurring organic matter, or another contaminant release such as petroleum hydrocarbons, may provide a carbon
substrate in fractured rock for some forms of biotic transformation, such as reductive dechlorination of chlorinated solvents.
For metals, biotic transformation may alter the geochemical state of the aqueous environment and that of the metal
contaminant to a more stable (nonmobile) form. With the presence of organic carbon, sulfate-reducing bacteria (SRB) (ITRC
2003) can reduce sulfate to sulfide and form metal sulfide precipitates to attenuate the metals from solution.

Biotic transformation may also be referred to as biotransformation, biodegradation, and biocatalyst (Suthersan 2005). This
biotic process may occur due to indigenous microorganisms or cultured microorganisms added to the subsurface to degrade
contaminants. Four common types of transformations that can occur in fractured rock are described in the following
sections.

Reduction and oxidation (redox) reactions ▼Read more

Microorganisms can gain energy for growth by coupling reduction-oxidation reactions by electron transport systems. DNAPL
and dissolved chlorinated aliphatic hydrocarbons, such as PCE, can serve as electron acceptors in these biocatalyzed
reactions.

CCl4 + 2H2 → CH2Cl2 + 2H+ + 2Cl

For example, under anaerobic conditions, alternative electron acceptors, including nitrate, nitrite, Mn (IV), iron (III), sulfate,
and CO2, can be used by specific groups of microorganisms. Using these alternative acceptors in electron transfer
bioprocesses is termed anaerobic respiration. In anaerobic environments, hydrogen can also serve as an electron donor for
the reduction of contaminants. Halorespiration refers to biological reduction of organic solvents to produce energy for
growth. In this process, hydrogen is oxidized while the chlorinated solvent is reduced.

 Cometabolism ▼Read more

Cometabolism is a fortuitous reaction in which a compound is degraded by a substance that organisms produce for other
purposes. The cometabolic process does not benefit the organism producing the substance (such as an enzyme or cofactor).
For example, bacteria produce metallocoenzymes, such as cytochrome P450 and iron (II) porphorins, that are capable of
dechlorinating carbon tetrachloride. Bacteria produce another class of compounds, oxygenases (including mono- and



dioxygenase enzymes), which are among the most important inducible enzymes for cometabolism of chlorinated
compounds. Cometabolic transformation kinetics are complex and not well understood. The models developed to describe
these kinetics are likewise complex, and often make quite different assumptions about system behavior, growth kinetics,
substrate utilization kinetics, and cometabolite oxidation kinetics.

Assimilation ▼Read more

Assimilation refers to the incorporation of substances into biomass. In some cases, groundwater contaminants can be
converted into biomass by microorganisms. To produce biomass, microorganisms require sources of carbon, hydrogen,
oxygen, and nitrogen, as well as trace nutrients. For example, microorganisms can use ammonia (NH4), nitrate, or nitrite as
sources of nitrogen for growth. Although assimilation processes may involve redox reactions, these processes are different
from dissimilatory redox reactions because the latter produce energy for the growth of microorganisms. In contrast,
assimilatory reactions (anabolic reactions) often require energy. For example, the assimilation of ammonia via the glutamine
synthesis reaction utilizes adenosine triphosphate (ATP) (energy), yielding adenosine diphosphate (ADP) and inorganic
phosphate (Pi):

Glutamate + NH3 + ATP → Glutamine + ADP + Pi

Sequential transformations ▼Read more

Transformation of contaminants in groundwater is often sequential with various intermediates (or degradation products)
appearing before the contaminant is completely mineralized. For example, the generally accepted sequence for
denitrification is:

NO3 → NO2 → NO → N2O → N2

The presence of intermediates from sequential transformations is often used as an indicator of contaminant degradation by
natural attenuation. For example, in the case of groundwater contaminated with carbon tetrachloride, the presence of
chloroform and methylene chloride may indicate that contaminant degradation has occurred. The reaction rates for the
various steps in a sequential transformation may be considerably different. Thus, an intermediate in the sequence that is
formed quickly, but consumed slowly, can accumulate during sequential degradation.

4.1.5 Natural Attenuation through Abiotic Transformation
Abiotic transformation of contaminants in fractured rock may be an important natural attenuation mechanism for reducing
the magnitude and extent of pollution effects. Depending on the contaminant, abiotic transformation (without direct
biological transformation) can involve chemical, redox, and electron transfer reactions. An example of a chemical reaction is
hydrolysis (such as for 1,1,1-TCA to 1,1-DCE).

Redox reactions are catalyzed or promoted by reactive surfaces such as those associated with certain metals, metal sulfides,
and clay particles. An example of an abiotic redox reaction is β-elimination, such as for rapid mineralization of TCE through
acetylene. The reactive surfaces may be of basic geologic origin, or derived from abiotic geologic and weathering processes,
or from biogeochemical processes. For example, many ferrous sulfides originated as products of iron and sulfate reduction
over time. Thus, knowledge of the fracture and matrix mineralogy, morphology, weathering, and microbiology is necessary
to assess the potential for redox-based abiotic transformation.

At some sites, rocks with high metal sulfide mineral content, such as pyrite (FeS2), chalcopyrite (CuFeS2), sphalerite (ZnS),
galena (PbS), and cinnabar (HgS), can become oxidized, release metals into solution, and generate acidity (low pH and
elevated aluminum, iron, and manganese). For mines, this acidified water is often called mining-influenced water. In the
presence of carbonate or other rock forms that can contribute alkalinity, neutralization or pH increases can occur, resulting
in secondary precipitate forms. Secondary precipitates can also form in fractures as seasonal groundwater elevations
decrease, leaving a mineral crust in the drying voids. Stability of these secondary precipitates (for example, their potential
for redissolution into the aqueous phase) is subject to pH and the geochemistry of the surrounding water and rock matrix
when submerged. The lower the pH and water ionic strength, the greater the tendency for precipitates to redissolve. For



dried precipitates within fractures, seasonal changes in groundwater elevations (increase) can result in subsequent
dissolution of the secondary precipitates, which again mobilizes the metals and potential acidity into the groundwater
system. USGS and other sources in the research literature describe the geochemical transformations associated with hard-
rock and coal mines, or similar geologies in other nonmine environments.

When heavy metals are present in the subsurface, natural contaminant chemistry interactions with rock matrix often release
undesirable metal concentrations into groundwater. When leached from the rock and minerals, toxic heavy metals can
exceed drinking water criterion. Arsenic, cadmium, selenium, and a variety of other heavy metals are documented to have
been released at attenuation sites. Metal and ore deposits are often found in trace to significant quantities in many igneous,
metamorphic, and intrusive rocks. Sandstones are also known to contain significant concentrations of arsenic and other
heavy metals when their depositional basins were derived from granitic and Canadian shield deposits. Significant release of
metals is possible if the site-specific contaminants or treatment processes release metals through lowering pH or through
other electron donor processes that use metals (for instance, iron and manganese). Aesthetic drinking water problems can
occur downgradient of these sites due to increased iron, total dissolved solids, taste, and odor problems.

4.1.6 Volatilization
Depending on their properties, contaminants present in fractured rock may volatilize into the unsaturated fractures or into
overburden soils where they can be detected through passive/active soil gas surveys. A soil gas survey can be a valuable
tool to detect and characterize the extent and migration pathways for contaminants migrating through fractured rock.

Once contaminants volatilize, transport in fractured bedrock is governed by the fluid flow conditions. Factors such as the
depth to groundwater, the nature of fractures, and the characteristics of overburden soils can affect the migration of soil
vapors. The nature of fractures within the bedrock and the heterogeneity or anisotropy of overburden soils are important
controls on the transport of contaminated vapors, the effects to receptors, and detection in shallow soil gas surveys.

4.2 Contaminant Properties Affecting Fate and Transport
The fate and transport mechanisms that affect the behavior of contaminants in fractured rock depend on the properties of
the contaminants. Several examples of how specific contaminant properties affect fate and transport in fractured rock are
provided in this section. Table 4-1 includes a list of common contaminants encountered at contaminated fractured rock sites.
For each contaminant, physical and chemical properties are identified and the implications for fate and transport in fractured
rock are highlighted. Properties that have specific implications for the fate and transport of the contaminants are color-coded
in the table. This information can be useful in developing the initial CSM.

Table 4-1. List of common contaminants and characteristics

Click Here to view Table 4-1 in Adobe Acrobat format.

▼Read more

Liquid density. Contaminants with a density greater than that of water (such as DNAPL) typically migrate downward into
groundwater (sink below the water table) and can also infiltrate bedrock fractures beneath the water table. A detailed
discussion of the fate and transport of high-density contaminants is presented in Integrated DNAPL Site Characterization
(ITRC 2015b).

Vapor density. Vapor density drives the vertical migration of contaminants. For example, chlorinated solvents generally
have a higher vapor density relative to air and migrate at the lower portion of the unsaturated zone that may correspond
with fractured rock.

Vapor pressure/Henry’s constant. Contaminants with higher vapor pressures/Henry’s constants are likelier to partition
into the vapor phase. These chemicals are candidates for use of soil gas surveys.

Boiling point. The boiling point for a contaminant can be a significant when selecting remedial strategies. Contaminants
such as chlorinated solvents may form a heteroazeotrope with groundwater. A heteroazeotrope is an azeotrope in which the
vapor phase coexists with two liquid phases. When two liquids form a heteroazeotrope, their partial pressures are additive,
and are effectively boiled out at temperatures below the boiling point of water. This property is relevant, for instance, when
evaluating thermal remedial technologies in amenable rock types such as poorly cemented sandstones.

Solubility. Highly soluble contaminants tend to readily partition into groundwater and have the potential to both migrate

http://fracturedrx-1.itrcweb.org/5-site-characterization/
http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/#3_4
http://fracturedrx-1.itrcweb.org/wp-content/uploads/2017/11/table_4-1js.pdf


long distances from the point of release and to enter matrix porosity through matrix diffusion. Contaminants that diffuse into
matrix porosity provide a long-term reservoir for dissolved contaminants through gradual back-diffusion. This property can
significantly affect remedial actions and should be carefully considered when developing the CSM.

Henry’s constant. At a constant temperature, the amount of a gas that dissolves in a given type and volume of liquid is
directly proportional to the partial pressure of that gas in equilibrium with that liquid

Sorption. Contaminants, such as ammonia, that strongly sorb to soil or rock may be restricted in their vertical migration
and may not be encountered in significant concentrations within fractured rock. However, many contaminants with
moderate sorption (such as chlorinated solvents) are commonly encountered within bedrock fractures, but also tend to sorb
to both soils and the rock matrix. High levels of natural organic matter further retard the vertical and lateral movement of
contaminants and are evaluated as they are in unconsolidated media. Typical parameters for the measuring sorption
potential include the partitioning coefficient (Kd), the carbon and water partitioning coefficient (Koc), and the octanol water
partitioning coefficient, Log Kow.

Reactivity (biogeochemical transformation). Some dissolved contaminants are amenable to biogeochemical
transformation because of contact with the rock matrix. For example, many chlorinated solvents (PCE, TCE, DCE) undergo
biogeochemical transformation or degradation if the rock matrix is iron-rich.

4.2.1 Contaminant Mixtures (LNAPL and DNAPL)
Highly viscous LNAPLs tend to be restricted in their vertical migration and may not always infiltrate into bedrock fractures.
These viscous mixtures of contaminants are seldom encountered within fractured rock settings as separate phase liquid.
These mixtures can, however, partition to dissolved or gas phases and contribute to dissolved phase contamination within
bedrock fractures. ITRC is updating its guidance on LNAPL characteristics and fate and transport of LNAPL compounds in
fractured rock; this update is expected to be published in late 2017 (ITRC 2017).

DNAPL behavior in fractured rock is complex because of the varying degrees of matrix and secondary porosity found in
fractured rock. DNAPL flow through fractures may result in dissolution, dissolved-phase advection, sorption and desorption,
biochemical transformation, and diffusion into the rock matrix. After migrating vertically through the fracture network, the
DNAPL becomes relatively immobile or trapped in small or dead-end fractures because there is no longer a hydraulic
gradient or pressure to overcome the pore entry pressures in the rock or displace the water from the fractures. The DNAPL
(or ganglia) then begins to dissolve into the water in the fractures and diffuse into the rock matrix. The dissolved-phase
constituents migrate with the water flowing through the fractures, forming a plume downgradient of the initial release. As
this plume migrates, molecular diffusion occurs within the fractures from the plume to the matrix porosity, where porosity is
present.

If a reverse concentration gradient comes into effect, the dissolved-phase contaminants that have diffused into the matrix
porosity may then back-diffuse from the same rock matrix into the groundwater traveling within the fractures. This back-
diffusion process may sustain elevated concentrations of contaminants in the zones that formerly contained the DNAPL, as
well as the previous dissolved-phase plume. The presence of DNAPL constituents presents a potentially persistent reservoir
of contaminant mass that can continue to release dissolved contaminants into the groundwater over time. As a result,
DNAPLs may persist in the subsurface for several decades or longer, depending on their specific properties. For a more
detailed discussion on the fate and transport of DNAPL in fractured rock, see Chapter 3 and Chapter 4 in Integrated DNAPL
Site Characterization and Tools Selection (ITRC 2015a).
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5.8 Lessons Learned
Characterizing and remediating contaminated fractured rock sites is difficult. Common mistakes made at these sites are
summarized in Table 5-4. This table is based on field experiences of members of the authoring team regarding fractured
rock sites. These common mistakes should also be considered in unconsolidated systems.

Table 5‑5 Common mistakes when characterizing a fractured rock system

Common Mistake Consequence Remedy

Using an equivalent porous
medium (EPM) CSM to investigate
a fractured rock system.
Scenario: The most upgradient
portion of the source area has
achieved contaminant reduction
goals (PCE, TCE, DCE, and VC)
through groundwater extraction
after 10 years of operation. Other
areas of the source and down
gradient areas remain above
cleanup criteria.
Being unaware of the differences
between equivalent porous
medium (EPM) and discrete
fracture network (DFN)
conceptual models and the scale,
site conditions, and data quality
objectives to which they apply.

Ignores heterogeneous internal
structure of bedrock aquifer system
and cannot provide a reliable basis for
effective delineation or remediation.

Identify a CSM that is appropriate to the site
location (fractured sedimentary bedrock,
igneous, metamorphic, karst) and refine
through appropriate characterization. The
EPM model may be sufficient if
contamination is limited to shallow
weathered bedrock. See Modeling.

Installing monitoring wells at
equal, predetermined, or
arbitrary depths from surface

Fails to recognize that transmissive
fractures are not likely to be oriented
parallel to ground surface. Installation
of wells at equal depths often results in
wells that do not intersect the same
water-bearing fracture, frustrating
characterization, and delineation
efforts. These wells may miss the
transmissive fracture zone entirely and
may be open to an aquitard unit that is
a poor producer of water.
The upgradient portion of the source
area continues to be pumped from
multiple wells at a rate of 70 gpm that
appears to no longer be necessary,
while other contiguous areas warrant
continued groundwater extraction.

The internal structure/architecture of the
fracture/aquifer system must be recognized
and appropriate tools used to locate
transmissive fractures that control
groundwater flow at the site. Surface
geochemical and geophysical tools can help
locate transmissive fractures and, therefore,
guide monitoring well installation.
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Common Mistake Consequence Remedy

Cross-connecting distinct
fracture/water-bearing zones

Distinct fracture/water-bearing zones
are sometimes cross-connected
(particularly when long open boreholes
are present, as in production wells)
allowing contamination to vertically
migrate through the borehole and
contaminating deeper portions of the
bedrock aquifer system.

Recognize that vertical cross-flows in an
open borehole occur wherever transmissive
fractures with different heads are
penetrated. At DNAPL sites, an outside-in
approach (USEPA 1992) should be used that
requires that no borehole is drilled into the
known or suspected source area until the
site-specific hydrostratigraphy and source
impacts on groundwater are well
understood.

Preparing isoconcentration plume
maps as if contamination were in
unconsolidated media, without
representation of fracture zones

Determine remaining uncertainty in
cessation of pumping in this area to
enable termination of groundwater
extraction while establishing criteria for
monitoring the efficacy of terminating
extraction in this area. Results in
inaccurate and irregular groundwater
flow directions. Findings regarding
groundwater flow cannot be used to
support an accurate delineation of the
contaminant plume.
 

Use only wells intersecting the same
fracture/water-bearing zone to determine
groundwater flow direction and assess
groundwater contamination in that zone.
Discrete groundwater level measurements
tools such as packers to isolate each
fracture to determine their head levels.
 

Attempted remediation prior to
proper characterization of the
fractured rock system.
Significant data gaps.

Inadequate understanding of the
internal structure/architecture of the
fracture/aquifer system leads to
misdiagnosis of the contamination
problem which frustrates and prolongs
groundwater remediation efforts.
• The potential for back-diffusion from
bedrock is not understood.
• The contaminant data from the
extraction wells may represent a
composite sample and concentrations
above cleanup criteria may remain in
discrete fractures.
• The effect of terminating pumping in
this area on the overall containment
system is not understood.

Proper characterization by an experienced
investigator is essential to the design of an
effective remediation.

Misinterpretation of vertical
hydraulic gradients in a saline
fractured rock setting.

Potentially developing a CSM and
remedial strategy based on incorrect
understanding of the vertical flow
gradient.

Adjust water level measurements for
salinity/density effects.

Not determining if there is
vertical hydraulic flow and if it
displays seasonal fluctuation.

Misunderstanding contaminant
transport.
 

Prepare time-series plots of vertical
hydraulic gradients. Use transducers to
graph relationships over time to further
define the system.
 



Common Mistake Consequence Remedy

Only collecting HPFM data under
ambient conditions.
 
Unclear or inadequate data
collection requirements.

• Potentially misinterpreting the
number of discrete samples from
fractures
• Fracture orientation
• Fracture interconnectivity
• Hydraulic conditions in a borehole,
the absence of pumping

Collect data under both ambient and
stressed conditions.

Disregarding historical water
level data when preparing
groundwater elevation contour
figures.

Potentially demonstrating incorrect
lateral groundwater flow directions as a
result of including anomalous data.

Prepare time series plots showing historical
and new water level data for each well for
identifying, and evaluating/excluding,
anomalous data points.

Incomplete upgradient
delineation of contaminants.

May result in treatment or assumed
responsibility for contamination from an
upgradient/regional plume.

Perform detailed data analysis of the
laboratory analytical results to confirm on-
site origin.

Not investigating chemical
speciation of individual plumes in
a fractured rock system.

Potentially delineating the contaminant
footprint as one large plume, when in
fact there may be several separated
plumes.

Illustrate the contaminant ratios for sampled
locations and focus on the distribution of
“tracer compounds”, which are low
concentration constituents that would
otherwise go unnoticed.

Incomplete vertical delineation of
contamination as a result of only
sampling fractures with the
highest transmissivity.

Collecting water samples that are
biased low (diluted) when there may be
fractures with less flow but higher
concentrations.

Use geophysical logs or other transmissivity
data to select multiple sample depths. Use
discrete sampling methodology to determine
the most transmissive zones and properly
determine contaminant concentrations in
each zone.
Go to the tools/techniques table for:
• Discrete sampling
• Orientation
• Connectivity

Not recognizing that the water
level in an open borehole is often
not the water table, but instead is
either: 1) the head of a single
confined fracture, or 2) the
composite head of multiple
confined fractures.

Incorrect interpretation of head
distribution, gradient and flow.

Use borehole logging to identify
transmissive fractures and packers (or
equivalent) to quantify discrete fracture
heads. Conduct testing to verify if it is a
concern, packing and temperature and
downhole conductivity monitoring can help
to define active gain and loss fractures as
well as to map the most dominant flow
zones.

Not understanding how/where to
sample an open borehole with
inflowing and outflowing
fractures.

Samples will likely underestimate the
maximum concentration in a fracture.

Target transmissive fractures for sampling.
Conduct testing to verify concerns; packing
and temperature and downhole conductivity
monitoring can help to define active gain
and loss fractures as well as to map the
most dominant flow zones.

Not taking full advantage of
outcrops for observing and
measuring fractures.

Missed opportunity for Free data. The
Structural component of the CSM will
be less thorough. May miss vertical or
near vertical fractures, which are
underrepresented in vertical boreholes.

The right cell should include: Included a
qualified field geologist on the team.



Common Mistake Consequence Remedy

Drilling deep, open boreholes
through contamination;
especially in areas with difficult
to predict fracturing.

Cross-contaminating previously clean
zones.

Assemble an experienced team of a
driller/assistant and geologist who
communicate and work well together. Stop
at the first water-bearing fracture and
sample with rapid turnaround (consider an
on-site lab). Build flexibility into the plan. Be
prepared to grout the hole. If the well is
deep, be prepared to drill through a grouted
hole. A vertical aquifer sampling program is
highly recommended starting from top to
bottom with a drilling program that prevents
fluid movement between zones during
collection of the samples. Casing
advancement, grouting, packers, and a
combination of techniques may need to be
applied to properly characterize contaminant
distribution on a newly investigated site

Not accounting for the effect of
active supply wells on changing
the gradients and contaminant
transport.

Mischaracterization of a plume, putting
sensitive receptors at risk.

Look beyond the boundaries of the site for
pumping wells. Install pressure transducers
as necessary to understand induced flow
conditions.

Failure to use natural
groundwater chemistry
parameters to help understand
groundwater flow direction.

Missed opportunity for relatively
inexpensive data to improve CSM.

Include a person knowledgeable in
groundwater geochemistry on the team.

Not effectively or correctly
collecting or using geophysical
data from boreholes.

Missed opportunity to collect valuable
information on: fracture locations and
orientations; relations of fractures to
stratigraphy; zones of inflows and
outflows; borehole conditions such as
rugosity and breakouts; and profiles of
hydraulic conductivity. If information is
improperly used or misinterpreted
(generally due to an untrained or
inexperienced person working with the
data), inconsistencies with other data
sets or incorrect input to the CSM could
result.
 

Include professionals who are
knowledgeable about borehole geophysical
and hydrogeophysical logging and testing in
the site characterization team from the
beginning.



5 Site Characterization
This chapter presents the components of the characterization process that are unique to fractured rock. Characterizing a
fractured rock site follows the Integrated Site Characterization Process described in Figure 4-1 of ITRC’s ISC-1, integrated site
characterization, guidance (ITRC 2015b). The process is generic and applicable to both fractured rock and unconsolidated
media. Most contaminated fractured rock sites have unconsolidated media or weathered material above the bedrock that
also require characterization and remediation. Different SMART characterization objectives can be developed for both media
using different tools and techniques, but the CSM includes both components. For the unconsolidated media, the ISC-1
guidance and the ITRC DNAPL site strategy guidance (ITRC 2011) describe the unconsolidated component of the site.

The Investigation Process

1. Research easily available sources of existing information,
such as topographic maps, geologic maps, logs for nearby
well, information on nearby bedrock outcrops, and information
on other nearby sites.
2. Develop preliminary CSM.
3. Perform appropriate and relevant surface geophysical
testing, such as electromagnetic, or VLF.
4. Drill bedrock boreholes targeting surface geophysical
anomalies.
5. Conduct appropriate and relevant borehole geophysical
logging.
6. Test boreholes for hydrologic characteristics and
contaminant distribution (with techniques such as packer
testing/packer sampling, heat pulse flow meter, and multiwell
aquifer pump testing).
7. Identify significant data gaps.
8. Repeat previous steps as needed to define the horizontal
and vertical extent of the groundwater contamination. The
CSM should be updated to reflect the results of any newly
generated data.

Compared to unconsolidated media, intrusive fractured
rock investigations can be costly and time consuming;
however, these investigations are needed to test
assumptions developed during the desktop research and
surface investigations. Extensive geologic literature is
available, ranging from topographic maps, aerial
photographs, satellite imagery, and other geologic and
geotechnical investigations to nonpublished reports. To
refine the initial site assessment, surface field
reconnaissance and outcrop mapping should be
completed to project rock type and structures into the
subsurface. In addition, subsurface investigations should
consider surface geophysical tools to test the
assumptions and subsurface projections from the
desktop research and surface investigations. Having
team members experienced in the geology and
hydrology is necessary to select on-site borehole
locations, where the information can be gathered to test
assumptions made from earlier investigations. Multiple
interpretations of the subsurface geology and hydrology
should be made and peer-reviewed prior to drilling (Link
Appendix C) boreholes. Objectives-based data collection
and interpretation are especially important in fractured
rock settings, where boreholes are few and expensive.

To illustrate the process described in the ISC-1, (ITRC 2015b) Figure 4-1, a hypothetical dissolved VOC contaminated
example site is included in Table 5-1. Sections in Chapter 5 will refer to this example to illustrate several points for clarity
and application.

Unconsolidated source material has been remediated. A dissolved plume in fractured rock was previously
assumed to pose no immediate threat to off-site receptors. A detection has been confirmed in one off-site

well, which is known to be screened at a lower elevation than the elevation of the known plume.

Section 5.1. Review and Refine Existing CSM
Assess if detection identified at lower elevation can be explained with
existing CSM, or is plausible within the degree of uncertainty of the existing
CSM

Section 5.2. Define the Problem, Define
Characterization Objective

Problem: The vertical contaminant distribution and/or rate of plume
expansion/migration are inadequately understood.
Objective: Delineate the vertical and lateral extent of the plume, then
develop strategies for the protection of deep off-site receptors.

http://www.itrcweb.org/DNAPL-ISC_tools-selection/#4%20INTEGRATED%20DNAPL%20SITE%20CHARACTERIZATION.htm


Unconsolidated source material has been remediated. A dissolved plume in fractured rock was previously
assumed to pose no immediate threat to off-site receptors. A detection has been confirmed in one off-site

well, which is known to be screened at a lower elevation than the elevation of the known plume.

Section 5.3. Identify Significant Data Gaps

• maximum depth of contamination exceeding criteria
• maximum lateral distance (from the source) of contamination exceeding
criteria
• direction in which the deepest/farthest contamination is flowing
• rate at which the deepest and farthest contamination is flowing

Section 5.4. Define Data Collection
Objectives and Design Data Collection
Process

• discrete samples from deep fractures
• orientation of deep fractures
• connectivity among deep fractures
• gradient within interconnected, deep fractures
• transmissivities within interconnected, deep fractures

Section 5.5. Select Tools/Techniques

• Use borehole televiewer, caliper, temperature and HPFM logs to identify
potential water-bearing fractures at each location.
• Use borehole televiewer log to assess fracture orientation at each
location
• Use borehole packer sampling to collect groundwater samples from
discrete water-bearing fractures and provide vertical profile of
contamination and of hydraulic conductivity of fractures at individual
borehole.
• Measure head changes in adjacent wells during drilling and packer
testing to assess fracture connectivity.
• Conduct transmissivity profiling of boreholes.
• Install wells to monitor deep water-bearing fractures identified.
• Measure water level in wells to assess horizontal and vertical gradients.
• Perform tracer testing to assess fracture connectivity and groundwater
velocity.
• Perform pumping tests to evaluate transmissivity, fracture connectivity,
and anisotropy.

Section 5.6. Develop and Implement Work
Plan

Prepare and implement a work plan for characterization activities.

Section 5.7. Manage, Interpret, and Present
Data

Manage and interpret data to refine CSM and communicate findings and
CSM. Refine CSM and assess if characterization objective is met or
significant data gaps remain (return to steps at beginning of this table).

Many sites have existing information from previous site investigations. Most sites will have an existing CSM and this model
should serve as the beginning of any investigation.



5.1 Review and Refine Existing CSM
The CSM is the primary vehicle used to organize and communicate technical information about site characteristics. As
outlined in Incremental Sampling Methodology (ITRC 2012a), CSMs are essential elements of the systematic planning
process. These models represent the relationship between contaminant sources and receptors by incorporating potential or
actual migration and exposure pathways. They also provide a framework to collect and manage site data necessary to
support project management decisions.

The CSM encompasses all significant components of contaminant fate and transport at a site. While this guidance focuses on
fractured rock, an unconsolidated portion often exists and should be included in the same CSM. Guidance for preparing a
CSM for unconsolidated environments is included in the IDSS-1 document (ITRC 2011). Contaminant transport often affects
both unconsolidated and consolidated geology as well as different hydrogeologic flow regimes. Additionally, multiple
separate or comingled contaminant plumes may be present. These individual components form a CSM only when they are
combined into one comprehensive system that characterizes the relevant site conditions.

The CSM should reflect the best interpretation of available information at any point in time. Consequently, it is a living
document that should be updated continuously as new data are collected at any stage of the investigation and remediation.
If new data are inconsistent with the existing CSM, the data and CSM should be further evaluated and the CSM revised as
needed.

To help visualize a basic CSM, the 21-Compartment Model can be used to illustrate several concepts related to the fate and
transport of contaminants in fractured bedrock settings. Using this model with site-specific information offers insight into the
relationships among contaminant phases, bedrock geology, and bedrock hydrology. The results of the 21-Compartment
Model evaluation are well-suited for developing or refining the CSM. For example, in Table 5-1, compartments in the 21-
Compartment Model can be blocked out as the location and movement of the dissolved VOC mass. The compartments
dealing with the vapor phase may still be relevant, however, depending on the site characteristics and potential receptors.

Unfortunately, some CSMs omit critical characteristics that greatly influence the quality of a CSM in fractured rock. Section
1.2 describes these characteristics. Terrane analysis presents key elements that should be evaluated, from a physiographic
province scale to finer site scale, to compile an initial CSM:

regional physical setting (such as physiographic province)
structural geology and tectonic setting
lithology and stratigraphy/mechanical stratigraphy
predicted anisotropy and heterogeneity

Many of these site characteristics are specific to fractured rock settings, and available literature and data should be carefully
reviewed before undertaking a characterization study.

Likewise, fluid flow in fractured rock is influenced by the following:

matrix (primary porosity) flow, which varies according to the lithology and micro-structures of the rock
fracture (secondary porosity) flow, which is influence by the characteristics of the fractures

Figure 3-1 illustrates the degree of influence the various characteristics lend to a macro-, meso-, and micro-scale flow
regime.

Finally, the chemical characteristics affect the fate and transport of contaminants and contaminant mixtures. These
characteristics, which are often available in the literature, are essential for understanding the fate of contaminants in any
setting, including fractured rock.

A range of tools and techniques for resolution of critical physical, hydrologic and chemical relationships are available. Some
of these tools and techniques are specialized to address fractured rock settings, and others are commonly used in both
fractured rock and unconsolidated settings. Some collect information from boreholes, and some collect information from the

http://www.itrcweb.org/ism-1/
http://www.itrcweb.org/ism-1/
http://fracturedrx-1.itrcweb.org/appendix-d-the-21-compartment-model/
http://fracturedrx-1.itrcweb.org/1-introduction/#figure_1_1
http://fracturedrx-1.itrcweb.org/1-introduction/#figure_1_1
http://fracturedrx-1.itrcweb.org/2-geology/
http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/
http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/#3_1
http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/#figure_3_1
http://fracturedrx-1.itrcweb.org/4-chemistry-fate-and-transport/#table_4_1
http://fracturedrx-1.itrcweb.org/5-5-select-investigation-tools/


surface, but most importantly note that desktops surveys of existing regional and local information can often describe the
site geologically, hydrologically, and chemically.



5.2 Define the Problem

“A problem well stated is a problem half solved.”

-Charles F. Kettering, 1876-1958, Head of Research, General
Motors

The value of an effective problem statement cannot be
stressed enough for fractured rock settings. All other
factors being equal (including contaminants,
concentrations, plume size, mass flux), investigations in
fractured rock generally have greater
uncertainty—requiring greater investments of time and
money to reduce that uncertainty—than those in
unconsolidated materials. To manage these risks, the
project should begin with a concise problem statement.

The problem statement for a hydraulic investigation of a fractured rock site has components that differ from those for
unconsolidated materials because of the unique attributes of fractured rock. Table 5-1 includes an example problem
statement:

The vertical contaminant distribution and rate of plume expansion or migration are inadequately understood.

This example is only one of several potential problem statements that could be written for this hypothetical site. This
problem statement leads to an initial characterization objective: delineation of the vertical and lateral extent of the plume,
enabling the development of strategies for the protection of off-site receptors. This objective is followed by the identification
of significant data gaps, resulting in one or more specific data collection objectives. Contamination may be found flowing at
different depths, at different rates, and in different directions.

Information from past activities at a site is sometimes available. If site information is not available, consider accessing
available data and information from nearby and hydrogeologically similar sites. Attributes such as rock type, fracture size,
location and continuity, and geologic structure are usually unknown, thus initial site investigations refine the problem
statement and describe clear characterization objectives. An additional example of problem statements are found in the
case example in Section 6.5.

http://fracturedrx-1.itrcweb.org/6-remediation-design/#6_5


5.3 Identify Significant Data Gaps
Data gaps in CSMs occur throughout the characterization process. Data gaps are normal in CSMs because the models rely on
working hypotheses in various phases of completion and on incomplete information. To maximize efficiency and cost-
effectiveness, consider the influence of physical, hydrologic, and chemical characteristics on fate and transport. At each
stage, investigators must identify significant data gaps, as well as which data needs should be addressed (data collection
objectives) and which can be ignored.

Table 5-1 notes several examples of data gaps:

vertical and horizontal extent of contamination
the direction of contaminant movement
the rate of contaminant movement

Each of these data gaps can easily be transformed into one or more specific characterization objectives. For example, the
second data gap becomes the objective: determine the direction of contaminant movement. The resulting data collection
objective to resolve this data gap might be to use borings to provide site-specific data on VOC concentrations at various
depths. Locations of these borings can be determined with the help of the desktop evaluation. While all data gaps are
assessed when confirming or refuting the CSM hypotheses, only significant data gaps should be considered for further
investigation. The data gap in this example is significant because any deep migration of VOCs threatens the existing water
supply wells.

One way to identify data gaps is using the 21-Compartment Model, completed during assessment of the initial CSM. After
supplying the known information, partially filled or empty compartments may identify significant data gaps.

http://fracturedrx-1.itrcweb.org/2-geology/
http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/
http://fracturedrx-1.itrcweb.org/4-chemistry-fate-and-transport/
http://fracturedrx-1.itrcweb.org/5-site-characterization/
http://fracturedrx-1.itrcweb.org/appendix-d-the-21-compartment-model/


5.4 Define Data Collection Objectives and Design Data Collection Process
Once the data gaps are identified, investigators can establish specific data collection objectives and design the data
collection process. Data collection objectives are used to determine specific data needs and to select tools and techniques to
be used in the investigation. This section describes data collection objectives common to many fractured rock sites, as well
as the design of the data collection process and key factors that should be considered in the characterization planning.

5.4.1 Establish Data Collection Objectives
Once the significant data gaps are identified, specific data collection objectives can be established. A more detailed
discussion on data collection objectives is included in Integrated DNAPL Site Strategy (ITRC 2011) and Integrated DNAPL Site
Characterization and Tool Selection (ITRC 2015b). The data collection objectives depend on the purpose and stage of the
characterization. For example, the data collection objectives developed as part of a remedial investigation may differ from
those developed for assessing the effectiveness of remedial alternatives.

Data collection objectives should be clear, focused, and specific. Objectives should account for factors such as fracture
orientation, spacing and aperture, hydraulic head, and flow velocity. These characteristics define the type of data needed,
the data density and spatial resolution, and measurement and analytical resolution. As these objectives become more
focused, they help to determine the type of data quality (quantitative, semiquantitative, or qualitative) required to meet the
data collection objective and thus the appropriate investigative tools.

The fourth significant data gap noted in Table 5-1 is: the rate at which the deepest and farthest contamination is moving.
Based outcrop mapping and available structural maps, a number of fractures, or other planar features, are oriented toward
down gradient water supply wells. However, VOC data collected from a deep-water supply well indicate contamination is
sidegradient to the assumed flow direction. The data collection objectives in this situation may be as follows:

Document the orientation of fractures sets in the subsurface to the base of the deepest screened water supply1.
well.
Define the interconnectivity of fractures.2.
Measure the flow velocities in discrete borehole intervals.3.
Calculate the groundwater gradient between the source area and water supply wells.4.

Another example of a significant data gap, with corresponding specific characterization and data collection objectives, is
presented below:

Significant Data Gap: The vertical and lateral extent of dissolved phase contamination is unknown.

Characterization Objective: Determine the lateral and vertical extent of dissolved phase VOCs.

Data Collection Objective: Gather data, including fracture location, orientation, connectivity, and VOC concentration in areas
beneath the source and between the source and the water supply wells.

The data characterization process is shown in Figure 4-1 of the DNAPL site characterization guidance (ITRC 2015b).

5.4.2 Design Data Collection Process
After establishing the data collection objectives, the next step is to design the data collection process. Designing or
developing this process begins before the selection of investigation tools, and is an integral and iterative process within the
selection of investigation tools. The design includes sequencing and planning characterization activities. Additionally, the
process is optimized to ensure representative data, identify cost-effective approaches, and prevent the spread of
contamination during the investigation activities. The sequencing and approach developed from this process should be
incorporated into the project work plan.

In general, the data collection process should begin with available data and data obtained through nonintrusive evaluations.
These findings can then be used to plan intrusive measures (such as boreholes) if needed. Thus, the initial steps should

http://fracturedrx-1.itrcweb.org/6-remediation-design/
http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/#3_1_2
http://fracturedrx-1.itrcweb.org/3-hydrology-fluid-flow/#3_1_2
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include the components of the terrane analysis that use available resources and techniques, such as: topographic and
geologic maps, light detection and ranging imagery (LiDAR), and aerial photography, to conduct activities such as lineament
analyses and initial cross-sections construction. Minimally intrusive or nonintrusive field activities should follow, including
surface reconnaissance techniques (such as mapping, outcrop analyses, and measurements) and surface geophysical
surveys (such as ground penetrating radar and electrical resistivity).

These results may indicate the need for intrusive methods. For fractured rock characterization, subsurface data are collected
using existing boreholes and wells, or a borehole or well installation program to supplement the existing data. The number
and locations of data points may be selected subjectively at first, but several approaches can bring objectivity to the
selection process. In selecting subsurface data collection locations, first consider how the general structure, or fabric, of the
terrane and fracture orientations may affect groundwater flow and contaminant migration.

An example of selecting fractured rock (Appendix C) locations is presented in Figure 5-1. After reviewing available site
information, potential source area locations may be mapped and initial investigative borehole locations can be selected. This
decision may differ between boreholes drilled in unconsolidated deposits versus those that may need to be drilled in
fractured rock, as illustrated. The general regional bedrock structural fabric (strike and dip) is considered, and the array of
bedrock drilling locations can be rotated toward the structural fabric orientation, with the amount of rotation determined by
the dip angle of the fabric. Generally, there is no rotation with horizontal or subhorizontal dip, and more rotation with steeper
dips. In general, the middle of the downgradient monitoring well array should be within the acute angle defined by the
estimated hydraulic gradient direction and a line drawn parallel to the dipping regional bedrock structural fabric through the
interpreted source.

Figure 5‑1. Selection of Initial Fractured rock Drilling Locations

The number and locations of data collection points needed cannot be predicted. Investigators should consider the number,
type and amount of data required as part of the next field investigation to further refine the CSM. After several iterations of
this process of data collection and evaluation, the number and locations of data become adequate to support informed
decision-making, the significant data gaps are resolved, and the CSM is refined. The most recently collected data might not
materially change the CSM, which indicates that the CSM may be adequate for future decision making. Judgments regarding
data adequacy in terms of number and location are usually qualitative, may involve many stakeholders, and depend on the
characterization objectives for the given stage of the project.

The factors listed below should be considered when designing a data collection process, selecting characterization tools, and
developing the overall approach and sequencing of the process.

Using existing wells or boreholes with long open intervals ▼Read more

http://fracturedrx-1.itrcweb.org/2-geology/
http://fracturedrx-1.itrcweb.org/appendix-c-drilling/


Early in the development of the subsurface investigation program, consider if the site already has existing wells (such as
production wells or old monitoring wells) or boreholes, which may be used or retrofitted as data collection wells for future
site characterization and monitoring. Note that wells with long open or screened intervals could detrimentally affect site
conditions. Data collected from these wells may have limited value without further borehole characterization or modification
for multizone isolation (for instance, installing packer strings to preserve the opportunity for future zone-specific vertical
profiling, multizone testing, or interval-specific remediation). Production wells in bedrock often are drilled to whatever
terminal depth is required to achieve the desired well yield—hundreds of feet in some cases—and commonly are completed
with long, open boreholes. Preexisting supply wells or boreholes with long open intervals may have exacerbated subsurface
contamination and may still affect groundwater by allowing cross-contamination between discrete water-bearing zones that
would otherwise have limited hydraulic interconnection. Hydraulic head data and groundwater samples collected from wells
with long open intervals are of limited value for characterization because the resulting information is a composite of each
interval and cannot be ascribed to any particular depth within the formation.

Preexisting wells or boreholes with long open intervals may need to be grouted and decommissioned or converted to
monitoring points early in the site characterization process. Contaminants may have been mobilized into former pumping
wells and in some cases, deep bedrock production wells that have been repurposed for waste disposal. These wells may be
key locations for site characterization and monitoring and should be strongly considered for retrofitting as monitoring points.
Often, the diameters of supply wells are large enough to fit multiple monitoring wells with screens and sand packs at
multiple depths, separated by appropriate borehole seal materials (such as bentonite or grout). Alternatively, multiport
wells/sampling devices can be installed at specified depth intervals. Prior to selecting permanent monitoring depths,
however, the borehole should be characterized using downhole methods, depth-discrete sampling, or both to identify
predominant flow zones and their specific chemical signatures or fluxes interval. This evaluation should include a borehole
geophysical logging program.

Strategies for borehole/well installation programs ▼Read more

General factors to consider when designing a drilling program in fractured rock include:

Bedrock evaluations typically require more money and time per data element than investigations performed in
unconsolidated media. Consequently, using a conventional phased approach or an adaptive approach, especially
when the CSM is uncertain (such as in the early stage of an investigation, in an area with little prior
characterization, or in structurally complex systems) can help optimize the characterization efforts.
Data collected during the drilling of a borehole (with a permanent well or monitoring device) are often as
important as data collected from a completed monitoring well. For example, in situ fracture orientation data,
which are crucial for evaluating likely fluid-flow directions, must be collected from boreholes before installing
monitoring wells and other monitoring systems.
The basis for a potential depth limit for the investigation should be defined for each phase of work; this basis
may change between phases of work as the CSM is developed. A depth limit may be set based on the current
understanding of bedrock stratigraphy (for example, encountering a certain recognized regional aquitard) or
data collected while drilling (for example, vertical profiling of contaminant concentrations in screening-level
groundwater samples, hydraulic conductivity, or both).

See Appendix C for more specific guidelines for drilling programs and drilling techniques.

Precautions and management of long open boreholes during a drilling program ▼Read more

Long open intervals in bedrock provide ambiguous data and can act as conduits for cross-contamination between water-
bearing zones. According to Sterling (Sterling 2005):

Rock-core analyses, combined with the other types of borehole information, show that nearly all of this deep contamination
was due to the lingering effects of the downward flow of dissolved TCE from shallower depths during the few days of open-
hole conditions that existed prior to installation of the multilevel system.

This study concluded that the lingering impacts of borehole short-circuiting can be particularly persistent in rocks with
significant matrix porosity, due to matrix-diffusion effects. Thus, it is important to plan, collect, and interpret data quickly
during the drilling process. Working quickly allows monitoring intervals to be selected rapidly and the borehole completed or
packed and isolated as quickly as practicable after drilling.

http://fracturedrx-1.itrcweb.org/appendix-c-drilling/


Some approaches to reduce cross-contamination during borehole advancement include:

Use fresh, potable water to flush rock cuttings, collecting the water and disposing of it, (after treatment if
needed), rather than recirculating the water. Similarly, using air-rotary or air-hammer drilling can be considered
for situations when it is not necessary to collect rock core.
Install temporary packers (such as inflatable packers or K-packers) or FLUTe liner in boreholes when not drilling.
Drill with mud to form a mud cake on the borehole wall to limit exfiltration of fluids from the borehole into
formation. Be careful to avoid plugging or reducing permeability in fractures intersecting the borehole; synthetic
drilling muds that can be decomposed after drilling may be appropriate here.
Drill using the dual-wall reverse-circulation drilling technique. In this technique, the drilling fluid (water, drilling
mud, or air) is circulated downward between the outer and inner casings of the drill string. The drill cuttings and
the drilling fluid enter openings on the drill bit, which is attached to the inner casing (the drilling rods) and
circulate upward within the inner casing to the surface. The outer casing, which advances as drilling progresses,
can help reduce the potential for cross-contamination within the borehole.
Install intermediate casings during borehole advancement to isolate the shallower, potentially impacted intervals
from the borehole prior to drilling deeper. Multiple casings can be installed at one location, if necessary,
although the initial borehole diameter limits the number of intermediate casings that can be installed.

DNAPL contingency planning ▼Read more

DNAPL that is pulled down through incomplete boreholes can contaminate deeper, previously clean bedrock zones. When
drilling at a site that may have DNAPL in the subsurface, have a plan to recognize DNAPL and avoid drilling deeper if it is
encountered. Watch drilling fluids, rock cuttings, and core samples for an oily appearance or sheen and monitor VOC
concentrations with a photoionization detector (PID) or similar instrument. If an oily appearance or sheen is observed, or
there is a substantial increase in VOC readings, stop drilling and evaluate whether pooled DNAPL (which is potentially
mobile) is present. Check the bottom of the borehole for pooled DNAPL using an interface probe or bottom-loading bailer. If
pooled DNAPL is not encountered and if the drilling method uses recirculated drilling fluids (such as mud rotary drilling), the
drilling fluids should be replaced with clean water before drilling deeper. Replacing the drilling fluids reduces the potential
for cross-contamination and makes it easier to see a new sheen encountered at a deeper interval.

Accumulated DNAPL in the bottom of the borehole, however, indicates pooled DNAPL. If DNAPL has accumulated, remove it
using a bottom-loading bailer or pump. Then, grout the borehole or quickly install a DNAPL monitoring well equipped with a
sump below the screen. Fill the annular space surrounding the sump with grout.

Sometimes, a discrete fracture or interval of fractures can be identified in the borehole where the DNAPL was encountered.
For example, if a rock core indicates the rock is generally unfractured, competent, and has little matrix porosity, yet there is
a discrete fracture or zone of fractures within the core that indicates DNAPL presence (such as visible NAPL, sheen, staining,
elevated PID readings), this fracture may be the NAPL-bearing fracture. If there is a sufficiently long interval (at least several
feet) of competent, unfractured rock with low matrix porosity below this fracture, an intermediate casing can be set in the
borehole to isolate the DNAPL-bearing fracture from the borehole, and thus allow deeper drilling. If an intermediate casing is
set, after the grout is cured the drilling fluid should be replaced and the casing should be flushed with clean water. The
water flushed from the borehole should be observed and monitored for indications of residual DNAPL. When the borehole is
advanced again, the same DNAPL monitoring should continue.

In addition to the contingency planning at individual drilling locations, the sequence of borehole locations can be used to
reduce the potential for cross-contamination. If practical, first assess the bedrock system at locations that are expected to
be uncontaminated or contain only low levels of contamination before drilling in highly contaminated areas. Findings from
these less-contaminated areas will improve planning to minimize cross-contamination when drilling in more contaminated
areas (working from the outside to the inside, clean to dirty).

Data collection during borehole advancement ▼Read more

The following data should be collected as a borehole is being advanced, if applicable to the selected drilling methodology:

drilling rates (minutes per foot, and changes in rates), which indicate the general competency of the bedrock
water production (air rotary or mud/water rotary drilling) or loss (mud/water rotary drilling), which indicates the



approximate first encounter of relatively permeable zones
rock quality designation (RQD), which is semiquantitative, measures the competency of the rock, and is
inversely related to the degree of fracturing.

RQD (each core run) = [sum of lengths of rock pieces 4 inches (10 cm) or longer]

[total core run length]

The lengths of rock pieces are measured along the centerline of the core sample. Rock quality can then be described as
follows:

Table 5‑2. Rock quality designations (QJEG 2007)

RQD Rock Mass Quality

<25% completely weathered rock

25-50% weathered rock

50-75% moderately weathered rock

75-90% Hard rock

90-100% fresh rock

▼Read more

indications of contamination (visual, olfactory, PID) in drilling fluid, rock cuttings, or rock core samples
core sample inspection data: lithology, stratigraphy, fracture orientations, identification of fracture sets,
indications of weathering/staining from groundwater flow, fracture infilling, indications of contamination, and
other indications as appropriate

rock core sampling for laboratory analysis of rock matrix parameters (such as porosity, bulk density, total
organic carbon, and contaminant concentrations)
cuttings: lithology, indications of contamination
water levels in adjacent wells, preferably through continuous monitoring using data logging pressure
transducers, which provide inexpensive data regarding connectivity between existing and new boreholes
single-packer testing of the newest drilled borehole interval, for hydraulic conductivity profiling and, if water is
extracted rather than injected, collection of screening-level groundwater samples

Data collection after borehole drilling, prior to well or casing installation ▼Read more

The following data should be collected once borehole drilling is complete, but before a well is installed in the borehole or
before installing an intermediate casing across an interval of a borehole:

dual-packer (straddle packer) testing of borehole intervals, for hydraulic conductivity profiling of discrete
borehole intervals and, if water is extracted rather than injected, collection of screening-level groundwater
samples
borehole geophysics, particularly optical or acoustic televiewer for measurement of the orientations and spacing
of in situ bedrock fractures, and other borehole geophysical tools/methods, to log lithologic changes and other
rock properties; see Tools Selection Worksheet and USGS “Geophysical Toolbox” (Day-Lewis 2016)
heat-pulse flowmeter, with and without in-well pumping, to identify transmissive fractures and potential in-flow
and out-flow zones intervals
transmissivity profiling to identify transmissive fractures and borehole intervals
NAPL/FACT FLUTe, to identify specific depth intervals of NAPL or dissolved phase concentrations possibly
indicative of NAPL in contact with the borehole wall
borehole tracer tests

Borehole Completion ▼Read more

Considering the data collection objectives, use the data collected from each borehole to select target intervals for monitoring

http://www.itrcweb.org/documents/team_DNAPL/DNAPL.xltm


well completion (screen or open-rock), or multiple target intervals for a multilevel monitoring system. If the monitoring
system will not be installed soon after borehole drilling and testing, minimize the potential for cross-contamination from the

borehole using temporary packers, a FLUTe® liner, or other appropriate methods.

Characterization of uppermost bedrock ▼Read more

Often, the uppermost bedrock (positioned either directly below unconsolidated deposits or exposed at the ground surface)
may be more weathered and fractured, or may contain fractures of larger aperture than more competent, underlying rock.
As a result, the uppermost rock may have significantly different hydrogeologic characteristics and broader contaminant
distribution than the deeper bedrock. In some cases, much of the contaminant mass resides in the upper weathered bedrock
interval.

A well-designed bedrock characterization program accounts for this upper contaminant mass and includes provisions to
characterize this interval. In some jurisdictions, well drilling regulations can require that as much as 10 to 20 feet of the
upper bedrock that underlies the unconsolidated deposits be cased off before advancing the borehole deeper into bedrock to
prevent cross-contamination. This potentially significant interval may not have been characterized at some sites during the
initial phases of an investigation. Examples of activities to assess the upper bedrock before it is permanently cased off
include:

setting a temporary casing to isolate the overburden prior to drilling into the interval and then coring the interval
for lithologic, structural, or chemical assessments
conducting short-term pumping yield tests, slug tests, or other hydraulic assessments
collecting groundwater samples from the interval

Some jurisdictions that require the upper bedrock to be cased off also may grant variances to the regulations to permit
assessment of the upper rock. This process requires planning and coordination with the appropriate regulators.

Characterization activities using wells or multilevel monitoring systems– types of data collection activities
▼Read more

Once monitoring wells or multilevel monitoring systems are installed, multiple locations can be characterized. Some
examples of data collection activities for finished wells or multilevel monitoring systems include the following:

Water level measurements provide hydraulic head data in three dimensions to assess hydraulic gradients, which
can be used to estimate groundwater flow directions and flow rates. Use caution, however, in estimating flow
directions in bedrock based solely on hydraulic gradient direction, because fractured bedrock systems are often
anisotropic with respect to the hydraulic conductivity. In addition, hydraulically active features, such as
fractures, from separate boreholes may not be continuous or connected. Thus, there is little value in attempting
to demonstrate a flow relationship based on their head differentials. Continuous monitoring of water levels with
data-logging pressure transducers can be used to determine the degree of hydraulic connectivity within and
between water-bearing fracture zones.
Groundwater samples are collected and analyzed for constituents of concern to assess the nature and extent of
dissolved phase chemicals in groundwater. Because chemical constituents act as long-term tracers, these data
can also be used to help assess the continuity of fractures and improve the understanding of groundwater flow
directions in the fracture system. Data for naturally occurring major ions (calcium, sodium, magnesium,
potassium, bicarbonate, carbonate, chloride, and sulfate) and total dissolved solids (TDS) can be used to
fingerprint the natural chemistry of groundwater to assess the degree of hydraulic connection or isolation of
groundwater in different fracture horizons. It is also common for a source area to have its own unique
geochemical fingerprint that is easily identified and different from the naturally occurring aquifer fingerprint.
These source area parameters can be contiguous with the contaminants and are generally found at a greater
distance from the last occurrence of contaminants.
Pumping tests can be used to characterize aspects of a fractured rock system such as hydraulic conductivity
(which can be used to calculate fracture apertures, continuity of fractures, connectivity of fractures, anisotropy,
and hydrogeologic properties of water-bearing zones. Down hole cameras can also show immediate changes
when pumping stress occurs and can identify which zones are connected to the supply wells.
Tracer tests can be used to assess fracture connectivity, groundwater velocity, and fracture porosity. In addition,
if the tracer test is conducted to design an in situ groundwater treatment approach, a reactive treatment
reagent may be injected together with a conservative, nonreactive tracer. Using the proportions of the reactive

http://fracturedrx-1.itrcweb.org/2-geology/#2_1_5
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and nonreactive tracers relative to their injected concentrations detected over time at nearby observation wells,
the half-life of the reactive tracer can be characterized and used to support the design the spacing between
injection wells.
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