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Executive Summary

The characterization of ground-water flow and contaminant transport in fractured-rock
aquifers is limited by the heterogeneous and anisotropic nature of these aquifers and the inabil-
ity of many currently available investigative methods to quickly and accurately assess this het-
erogeneity and anisotropy under a range of hydrogeologic conditions. Investigations performed
by the U.S. Geological Survey and the U.S. Environmental Protection Agency in the fractured
Galena-Platteville aquifer at Superfund sites in Illinois and Wisconsin indicate that various
investigative methods can be used to characterize fractured-rock aquifers. The effectiveness of
these methods varies with the hydrogeology of the site. The completeness of the characteriza-
tion improved with an increase in the amount of data available, in terms of the number of data
points, the period of data collection, and the number of methods applied. The characterization
also was improved by comparison of data collected with different methods.

Collection and analysis of background information, including data from governmental
databases, previous investigations, topographic maps, aerial photographs, and outcrops and
quarries prior to the initiation of any investigation is considered essential to obtaining a prelimi-
nary understanding of the hydrogeology and water quality. This understanding is essential to
understanding the problems associated with the site and for planning the investigation.

The utility of surface geophysical methods for the characterization of the secondary-per-
meability network was limited by site geology and cultural interference. Surface ground-pen-
etrating radar provided no information. Square-array resistivity provided information on the
orientation of vertical fracture sets that may or may not have been accurate.

Lithologic logging was essential to geologic characterization at every site. Core analysis
typically was useful for stratigraphic interpretation and providing samples for geotechnical
measurements.

Characterization of the site geology was improved by collecting geophysical logs. Natu-
ral-gamma logging was best used to identify lithologic variations that, in combination with
other data, provided insight into the lithologic factors that affect the location of secondary-per-
meability features. Three-arm caliper logging was most useful for identifying the presence and
location of fractures and solution openings. Neutron logs were effective in evaluating trends
in the primary porosity at sites where clay minerals or variable saturation did not substantially
affect the log response. Acoustic-televiewer logs identified the largest number of secondary-
permeability features, as well as permitting identification of the type and orientation of these
features. Televiewer logging was considered the best method for the thorough characterization
of the secondary-permeability network. Borehole-camera logs also provided substantial insight
into the location of secondary-permeability features in boreholes with clear water. Single-hole,
ground-penetrating radar (GPR) surveys appear to have identified lithologic and secondary-
permeability features tens of feet beyond the boreholes. However, some of the results of these
surveys were not confirmed by other methods. Cross-hole GPR surveys were useful for identi-
fying the location and extent of secondary-permeability features between boreholes as well as
porosity variations. Cross-hole GPR logging done in conjunction with tracer testing identified
flow pathways and was used to calculate the effective porosity of the aquifer.

Characterization of ground-water flow was accomplished by a number of investigative
methods. Water-level measurements and the location of contaminants and other water-quality
constituents identified vertical and horizontal directions of ground-water flow over areas of tens
to thousands of feet. Water level measurements and water-quality data also provided insight
into the distribution of aquifer permeability and the location of permeable fractures in some
locations.

Characterization of ground-water flow at the boreholes was improved by collection of lith-
ologic, temperature, spontaneous potential, and fluid-resistivity logging. However, the utility
of these logs varied with conditions. At some sites, these logs identified few features, whereas
at others, more features were identified. Single-hole flowmeter logging under a combination of



ambient and pumping conditions was the most cost-effective method of identifying the location
of permeable features in the Galena-Platteville aquifer of any geophysical method used. The
utility of the flowmeter logs in any borehole was affected by uniformly low permeability, an
absence of vertical hydraulic gradient, large contrasts in permeability, and the distribution of
permeable features. Cross-hole flowmeter logging provided the greatest amount of insight into
the location of permeable features in individual boreholes, as well as insight into the hydraulic
interconnection of these features.

Characterization of ground-water flow also was improved by performance of aquifer tests.
Slug tests provided insight into permeability variations with location and stratigraphy and are
the only method that could quantify the horizontal hydraulic conductivity of the entire aquifer.
Slug tests performed by use of a packer assembly provided the most complete characterization
of the location of permeable (or impermeable) intervals in the aquifer, but are expensive in
comparison to flowmeter logging. Specific-capacity tests allowed for quantification of aquifer
transmissivity where resources were insufficient for detailed aquifer testing. Multiple-well,
constant-discharge aquifer tests identified the presence and location hydraulically intercon-
nected features in the Galena-Platteville aquifer, as well as the presence and orientation of
heterogeneity and anisotropy. The amount of information that could be obtained from the
multiple-well aquifer tests was increased by the amount of aquifer that could be tested dis-
cretely. However, reliable estimates of transmissivity and storage coefficient could not always
be obtained because of aquifer heterogeneity. Tracer tests allowed estimation of the effective
porosity of parts of the aquifer and indicated the presence of hydraulic interaction between the
fractures and matrix. Tracer testing done in conjunction with cross-borehole GRP identified
discrete flow pathways within the aquifer.
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Conversion Factors, Vertical Datum, Abbreviated Water-
Quality Units, and Abbreviations

Multiply By To obtain
Length
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
yard (yd) 0.9144 meter (m)
foot per foot (ft/ft) 0.3048 meter per meter (m/m)
foot per mile (ft/mi) 0.1894 meter per kilomter (m/km)
Area
acre 4,047 square meter (m?)
square inch (in?) 6.4516 square centimeter (cm?)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
million gallons (Mgal) 3.785 million liters (ML)
cubic inch (in?) 16.39 cubic centimeter (cm?)
Velocity
feet per minute (ft/min) 0.3048 meter per minute (m/min)
inch per year (in/yr) 254 millimeter per year (mm/yr)
Flow rate
gallon per minute (gal/min) 3.785 liter per minute (L/min)
million gallons per year (Mgal/yr) 3.785 million liters per year (ML/yr)
Hydraulic conductivity*
foot per day (ft/d) 0.3048 meter per day (m/d)
Transmissivity*
foot squared per day (ft*/d) 0.09290 meter squared per day (m?/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C)+32

Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929
(NGVD 29). The NGVD 29 is a geodetic datum derived from a general adjustment of first-order
level nets of both the United States and Canada, formerly called Sea Level Datum of 1929

Altitude, as used in this report, refers to distance above or below NGVD 29.

*Hydraulic conductivity: The standard unit for hydraulic conductivity is cubic foot per day per
square foot of aquifer cross-sectional area (ft/d)ft%. In this report, the mathematically reduced
form, foot per day (ft/d), is used for convenience.

*Transmissivity: The standard unit for transmissivity is cubic foot per day per foot of head
per square foot of aquifer cross-sectional area (ft3/d)(ft)/ft2. In this report, the mathematically
reduced form, foot squared per day (ft¥/d), is used for convenience.

Specific conductance (SC) of water is given in microsiemens per centimeter at 25 degrees
Celsius (uS/cm at 25 °C). The unit is equivalent to micromhos per centimeter at 25 degrees
Celsius (umho/cm), formerly used by the U.S. Geological Survey.

Abbreviated water-quality units used in this report: Organic- and inorganic-constituent
concentrations, water temperature, and other water-quality measures are given in metric

units. Constituent concentrations are given in milligrams per liter (mg/L) or micrograms per
liter (ug/L). Milligrams per liter are considered equivalent to parts per million at the reported
concentrations. Micrograms per liter are considered equivalent to parts per billion (ppb) at the



reported concentrations.

Tritium concentrations are given in tritium units (TU). Tritium units may be converted to
picocuries per liter (pCi/L) as follows

pCi/L=TU x 3.2
Dissolved oxygen (DO) is given in milligrams per liter (mg/L).

Oxidation-reduction potential (ORP) is given in millivolts (mv).

Select abbreviations:

MHz Megahertz

FANGVD29 Feet above National Geodetic Vertical Datum of 1929
g/cm? Grams per cubic centimeter

VOC's Volatile Organic Compounds

pumho/cm Micromho per centimeter

Kh Horizontal hydraulic conductivity

DNAPL Dense nonageous phase liquid

USGS U.S. Geological Survey

USEPA U.S. Environmental Protection Agency

ISGS lllinois State Geological Survey

WGNHS Wisconsin Geologic and Natural History Survey
PCHSS Parson’s Casket Hardware Superfund Site

SAR Square-array resistivity

SP Spontaneous potential

GPR Ground-penetrating radar

SPR Single-point resistivity

TCE Trichloroethene

PCE Tetrachloroethene



A Cross-Site Comparison of Methods Used for
Hydrogeologic Characterization of the Galena-Platteville
Aquifer in lllinois and Wisconsin, With Examples from

Selected Superfund Sites

by Robert T. Kay, Patrick C. Mills, Charles P. Dunning, Douglas J. Yeskis, James R. Ursic, and Mark Vend|

Abstract

The effectiveness of 28 methods used to character-
ize the fractured Galena-Platteville aquifer at eight sites
in northern Illinois and Wisconsin is evaluated. Analy-
sis of government databases, previous investigations,
topographic maps, aerial photographs, and outcrops
was essential to understanding the hydrogeology in the
area to be investigated. The effectiveness of surface-
geophysical methods depended on site geology. Litho-
logic logging provided essential information for site
characterization. Cores were used for stratigraphy and
geotechnical analysis. Natural-gamma logging helped
identify the effect of lithology on the location of second-
ary-permeability features. Caliper logging identified
large secondary-permeability features. Neutron logs
identified trends in matrix porosity. Acoustic-televiewer
logs identified numerous secondary-permeability fea-
tures and their orientation. Borehole-camera logs also
identified a number of secondary-permeability features.
Borehole ground-penetrating radar identified lithologic
and secondary-permeability features. However, the
accuracy and completeness of this method is uncertain.
Single-point-resistance, density, and normal resistivity
logs were of limited use.

Water-level and water-quality data identified flow
directions and indicated the horizontal and vertical
distribution of aquifer permeability and the depth of the
permeable features. Temperature, spontaneous potential,
and fluid-resistivity logging identified few secondary-
permeability features at some sites and several features
at others. Flowmeter logging was the most effective
geophysical method for characterizing secondary-perme-
ability features.

Aquifer tests provided insight into the permeabil-
ity distribution, identified hydraulically interconnected
features, the presence of heterogeneity and anisotropy,
and determined effective porosity. Aquifer heterogene-

ity prevented calculation of accurate hydraulic properties
from some tests.

Different methods, such as flowmeter logging and
slug testing, occasionally produced different interpre-
tations. Aquifer characterization improved with an
increase in the number of data points, the period of data
collection, and the number of methods used.

INTRODUCTION

Fractured-rock aquifers are characterized by the
presence of ground-water flow through secondary-
permeability features (fractures, vugs, and solution
openings) that form heterogeneities in a rock matrix.
Fractured-rock aquifers underlie at least 40 percent of
the United States east of the Mississippi River (Quin-
lan, 1989) and are used extensively for residential and
public-water supply throughout the Nation (fig. 1).
Industrial chemicals and other anthropogenic compounds
contaminate many of these aquifers, rendering the water
unsafe for use.

An accurate assessment of ground-water remedia-
tion or development scenarios in fractured-rock aquifers
requires thorough characterization of the secondary-per-
meability network in these aquifers, including charac-
terization of the component secondary-permeability fea-
tures through which water flows (the permeable features)
as well as the low-permeability features that transmit
smaller amounts of water. An essential component to
this characterization is the identification of the geologic
properties of the feature, such as its type (vug, fracture,
solution opening), location, size, and orientation as well
as the hydraulic properties of the feature such as its
transmissivity, storage coefficient, horizontal hydraulic
conductivity, and water level. Characterization of both
the geologic and hydraulic properties of an aquifer is
hereafter referred to as hydrogeologic characterization.
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This hydrogeologic characterization is subject to a
number of limitations. The most important limitations
relate to the conceptual framework of the ground-water-
flow system in the aquifer. Ground-water flow in frac-
tured-rock aquifers can be conceptualized as a discrete
flow system, a doubly porous media, or an equivalent
porous media. These conceptualizations represent three
possible end members of actual aquifers that typically
have properties associated with two or all three of these
conceptual frameworks. Conceptualization of the flow
system is affected by the type, density, and heterogene-
ity of the secondary-permeability features at the scale of
investigation.

In a discrete flow system, ground water flows
through individual fractures or solution openings or a
small, widely spaced number of such features. These
permeable features are considered to be hydraulically
isolated from each other and the surrounding rock matrix
(Long and others, 1982). In this aquifer conceptualiza-
tion, the investigative approach is to identify and dis-
cretely characterize each of the permeable features (the
noncontinuum approach).

In a doubly porous media, the rock matrix has
primary porosity that is hydraulically connected to the
permeable fractures or solution openings. In this type of
flow system, the fractures or solution openings transmit
most of the water, but most of the water is stored in the
rock matrix. In this aquifer conceptualization, the inves-
tigative approach requires identification and character-
ization of the permeable secondary-permeability features
and the rock matrix, as well as the interaction between
these features.

In an equivalent porous media, ground-water flow
is through a network of secondary-permeability features
of sufficient density, interconnection, and uniformity of
hydraulic properties so that the aquifer responds as if it
were a continuum rather than a series of discrete features
(Long and others, 1982). In this conceptualization, the
investigative approach is to characterize the aquifer as a
whole without regard to individual features, or networks
of such features.

Most fractured-rock aquifers are conceptualized as
equivalent porous media because this conceptualization
is the simplest, and usually the only means of represent-
ing and characterizing the aquifer with the available
investigative and analytical methods. In most fractured-
rock aquifers, the secondary-permeability network is of
sufficient density, interconnection, and homogeneity that
the assumption of an equivalent porous media is valid
if a sufficiently large volume of aquifer is considered.
However, smaller volumes of aquifer usually are of
interest to problems of contaminant migration or flow to
water-supply wells. At the local scale (feet to hundreds
of feet), flow through discrete secondary-permeability
features may dominate and a noncontinuum approach to
aquifer characterization would be required. Therefore,
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the appropriate conceptual framework (and investigative
approach) for any fractured-rock aquifer is dependent of
the scale of aquifer requiring characterization. Unfortu-
nately, there is presently (2004) no way to quantitatively
determine the volume of aquifer (scale) at which any
given fractured-rock aquifer can be represented as an
equivalent porous media. Conversely, there also is no
way to quantitatively determine the scale at which dis-
crete-flow pathways predominate.

The scale of aquifer requiring characterization
and the ease with which the aquifer can be character-
ized is affected by the degree of heterogeneity (change
in hydraulic properties with location) in an aquifer. In
theory, a homogenous aquifer has similar properties
at all points and at any scale within the aquifer. If the
aquifer can be characterized at any scale, any one of
various methods (for example, hydraulic testing of core
samples, single-well aquifer tests, or multiple-well aqui-
fer tests) performed at a single location anywhere in the
aquifer will provide a reasonable estimate of the hydrau-
lic properties of the entire aquifer. Although perfectly
homogenous aquifers are not present in nature, many
aquifers composed of porous-media (sands, gravels) can
be considered homogenous over a variety of scales of
interest to investigators. These aquifers can be charac-
terized accurately using any one of various investigative
methods with a small number of data points. Because
the type, size, interconnection, and density of second-
ary-permeability features typically varies with loca-
tion, fractured-rock aquifers usually are heterogeneous
at the scale of interest. In addition, multiple scales of
investigation are required to address different issues (for
example, assessment of a capture zone at a remedial
extraction well or understanding the extent of contami-
nation at a site). The heterogeneous nature of many
fractured-rock aquifers necessitates that these aquifers
be characterized with numerous data points at different
investigative scales, which typically requires the use of a
variety of investigative methods.

The scale of aquifer requiring characterization and
the ease with which the aquifer can be characterized
also is affected by the degree of anisotropy (change
of hydraulic properties with orientation) in an aquifer.
Fractured-rock aquifers typically contain networks of
permeable vertical fractures with a preferred orientation
that developed in response to tectonic stresses. As a
consequence, accurate characterization of fractured-rock
aquifers requires assessment of both vertical and hori-
zontal features at the appropriate scale of investigation.
For example, an accurate value for the mean orientation
(strike) of a network of vertical fractures would require
the measurement of numerous fractures in a representa-
tive volume of rock.

In addition to affecting the scale of aquifer requir-
ing investigation, the heterogeneous and anisotropic
nature of fractured-rock aquifers can affect the accu-
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rate quantification of aquifer properties. Analytical
methods where it is assumed that the aquifer responds
as a homogenous, isotropic, equivalent-porous media
sometimes are used in the characterization of fractured-
rock aquifers even when flow is predominately through
discrete features. Misapplication of analytical methods
can result in incorrect estimates of aquifer properties.
For example, many methods used to estimate transmis-
sivity from constant-discharge aquifer-test data assume
that the aquifer is homogenous and isotropic, and an
inverse relation between transmissivity and drawdown
at any given distance from the pumped well is expected.
However, in many fractured-rock aquifers, heterogene-
ity and anisotropy results in variable amounts of flow
with depth and orientation from the pumped well. Under
these conditions, drawdown will be largest in observa-
tion wells open to the secondary-permeability features
in greatest hydraulic connection with the pumped well
because these features transmit the most water to the
pumped well. However, the lowest estimates for aquifer
transmissivity may be calculated for these wells using
analytical methods that assume homogeneity or isotropy.

The heterogeneous and anisotropic nature of frac-
tured-rock aquifers also produces a number of practical
difficulties associated with their characterization. One of
the fundamental difficulties associated with the charac-
terization of fractured-rock aquifers is related to the need
to access permeable features for testing. Access typi-
cally is provided by a borehole or well. In this report, a
borehole refers to the excavation into which the well is
placed, whereas a well refers to a completed monitoring
or water-supply well. Because boreholes typically are
drilled vertically, they are ideal for penetrating hori-
zontal features, but frequently do not intercept verti-
cal or inclined fractures. Therefore, inclined fractures
usually are not intercepted or are underrepresented and
their effect on flow and contaminant transport is not
adequately understood. A related difficulty is that the
amount of aquifer that is accessible from a borehole
typically is small and discrete features, such as solu-
tion openings, that may be hydraulically important but
of limited spatial extent can be undetected. In addition,
for most problems of contaminant transport or water-
resource development, aquifer characterization requires
a focus on permeable features, rather than the aquifer
matrix. Many monitoring wells installed in fractured-
rock aquifers are completed at pre-determined depths,
such as the middle or base of the aquifer, irregardless of
whether or not permeable features are present. Even if
extensive data collection is performed, the information
obtained from these wells may not accurately character-
ize flow and water quality in the aquifer because these
wells do not intercept the features moving most of the
water and contaminants.

Because scale is important to the characterization
of fractured-rock aquifers, a variety of investigative

methods must be used for compete characterization.
Therefore, even if a sufficient number of boreholes are
installed in the appropriate parts of the aquifer, incom-
plete characterization of the secondary-permeability
network can result if inappropriate methods are used.

For example, characterization of contaminant movement
from source area to discharge points can require water-
level measurements across an area of investigation of 5
mi? or more. However, this characterization might not be
improved substantially by data from a constant-discharge
aquifer test, which even under the best of circumstances
likely would characterize flow through a small, poten-
tially non-representative part of the aquifer. Assessment
of remedial efficacy at a ground-water extraction well,
however, would be improved substantially by a prop-
erly located aquifer test, but may not require a site-wide
understanding of the aquifer.

Beyond the difficulties of characterization of
hydraulic and geologic properties, other aspects of flow
and contaminant transport in fractured-rock aquifers
are not well understood. The concepts of advection and
dispersion in fractured rocks are identical to those in
porous media (National Research Council, 1996), and
will affect the fate and transport of contaminants. Advec-
tion is the movement of a solute caused by the bulk fluid
movement. When considered in detail, this movement is
extremely complicated as fluid velocity can vary on all
scales — across the fracture aperture, in the plane of the
fracture, from one fracture to another, and from one part
of the fracture network to another (National Research
Council, 1996). How to address dispersion in fracture
flow is less well established. The classical approach is
that dispersion can be treated as a Fickian (diffusive)
process, but some investigators (Dagan, 1986; Gelhar,
1986) suggest that this approach is not always valid
(National Research Council, 1996). Additional research
is needed to determine how fracture geometry results in
preferential flow paths and determines the rock-surface
area that will affect matrix diffusion and reactive trans-
port.

Because of the complexity of flow and contami-
nant transport in most fractured-rock aquifers, ground-
water flow and contaminant transport in these aquifers
typically is difficult to characterize. These difficul-
ties reduce the effectiveness of aquifer remediation or
development of water supplies. Even where extensively
investigated, fluid flow and contaminant transport in
fractured-rock aquifers is difficult to accurately deter-
mine because of limitations in current methods of
conceptualizing, investigating, asse