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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 inability of many currently available investigative methods to quickly and accurately assess this heterogeneity 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 characterization 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 preliminary 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-permeability network was limited by site geology and cultural interference. Surface ground-penetrating 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. Natural-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-permeability 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 secondarypermeability 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 secondarypermeability 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 identifying 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 lithologic, 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
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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 interconnected 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 discretely. 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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A Cross-Site Comparison of Methods Used for
Hydrogeologic Characterization of the Galena-Platteville
Aquifer in Illinois and Wisconsin, With Examples from
Selected Superfund Sites
by Robert I Kay, Patrick C. Mills, Charles P. Dunning, Douglas J. Yeskis, James R. Ursic, and Mark Vendl

Abstract
The effectiveness of 28 methods used to characterize the fractured Galena-Platteville aquifer at eight sites
in northern Illinois and Wisconsin is evaluated. Analysis 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 surfacegeophysical methods depended on site geology. Lithologic 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 secondary-permeability features. Caliper logging identified
large secondary-permeability features. Neutron logs
identified trends in matrix porosity. Acoustic-televiewer
logs identified numerous secondary-permeability features 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 secondarypermeability features at some sites and several features
at others. Flowmeter logging was the most effective
geophysical method for characterizing secondary-permeability features.
Aquifer tests provided insight into the permeability 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 interpretations. 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 secondarypermeability 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 (Quinlan, 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 remediation or development scenarios in fractured-rock aquifers
requires thorough characterization of the secondary-permeability network in these aquifers, including characterization of the component secondary-permeability features 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.

Figure 1. Location of fractured-rock aquifers beneath the United States (modified from National Research Council, 1996).
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Introduction

This hydrogeologic characterization is subject to a
number of limitations. The most important limitations
relate to the conceptual framework of the ground-waterflow system in the aquifer. Ground-water flow in fractured-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 heterogeneity 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 conceptualization, the investigative approach is to identify and discretely 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 investigative approach requires identification and characterization 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 representing and characterizing the aquifer with the available
investigative and analytical methods. In most fracturedrock 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,

the appropriate conceptual framework (and investigative
approach) for any fractured-rock aquifer is dependent of
the scale of aquifer requiring characterization. Unfortunately, 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 discrete-flow pathways predominate.
The scale of aquifer requiring characterization
and the ease with which the aquifer can be characterized 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 aquifer tests) performed at a single location anywhere in the
aquifer will provide a reasonable estimate of the hydraulic 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 characterized accurately using any one of various investigative
methods with a small number of data points. Because
the type, size, interconnection, and density of secondary-permeability features typically varies with location, 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 contamination 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 horizontal 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 representative volume of rock.
In addition to affecting the scale of aquifer requiring investigation, the heterogeneous and anisotropic
nature of fractured-rock aquifers can affect the accu-
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methods must be used for compete characterization.
rate quantification of aquifer properties. Analytical
Therefore, even if a sufficient number of boreholes are
methods where it is assumed that the aquifer responds
installed in the appropriate parts of the aquifer, incomas a homogenous, isotropic, equivalent-porous media
plete characterization of the secondary-permeability
sometimes are used in the characterization of fracturednetwork can result if inappropriate methods are used.
rock aquifers even when flow is predominately through
For
example, characterization of contaminant movement
discrete features. Misapplication of analytical methods
from
source area to discharge points can require watercan result in incorrect estimates of aquifer properties.
level measurements across an area of investigation of 5
For example, many methods used to estimate transmismi2 or more. However, this characterization might not be
sivity from constant-discharge aquifer-test data assume
improved substantially by data from a constant-discharge
that the aquifer is homogenous and isotropic, and an
aquifer test, which even under the best of circumstances
inverse relation between transmissivity and drawdown
likely would characterize flow through a small, potenat any given distance from the pumped well is expected.
tially non-representative part of the aquifer. Assessment
However, in many fractured-rock aquifers, heterogeneof remedial efficacy at a ground-water extraction well,
ity and anisotropy results in variable amounts of flow
with depth and orientation from the pumped well. Under however, would be improved substantially by a propthese conditions, drawdown will be largest in observaerly located aquifer test, but may not require a site-wide
understanding of the aquifer.
tion wells open to the secondary-permeability features
Beyond the difficulties of characterization of
in greatest hydraulic connection with the pumped well
hydraulic and geologic properties, other aspects of flow
because these features transmit the most water to the
pumped well. However, the lowest estimates for aquifer and contaminant transport in fractured-rock aquifers
are not well understood. The concepts of advection and
transmissivity may be calculated for these wells using
analytical methods that assume homogeneity or isotropy. dispersion in fractured rocks are identical to those in
porous media (National Research Council, 1996), and
The heterogeneous and anisotropic nature of fracwill affect the fate and transport of contaminants. Advectured-rock aquifers also produces a number of practical
difficulties associated with their characterization. One of tion is the movement of a solute caused by the bulk fluid
movement. When considered in detail, this movement is
the fundamental difficulties associated with the characterization of fractured-rock aquifers is related to the need extremely complicated as fluid velocity can vary on all
scales - across the fracture aperture, in the plane of the
to access permeable features for testing. Access typifracture, from one fracture to another, and from one part
cally is provided by a borehole or well. In this report, a
of the fracture network to another (National Research
borehole refers to the excavation into which the well is
Council, 1996). How to address dispersion in fracture
placed, whereas a well refers to a completed monitoring
flow is less well established. The classical approach is
or water-supply well. Because boreholes typically are
drilled vertically, they are ideal for penetrating horithat dispersion can be treated as a Fickian (diffusive)
zontal features, but frequently do not intercept vertiprocess, but some investigators (Dagan, 1986; Gelhar,
1986) suggest that this approach is not always valid
cal or inclined fractures. Therefore, inclined fractures
(National Research Council, 1996). Additional research
usually are not intercepted or are underrepresented and
is needed to determine how fracture geometry results in
their effect on flow and contaminant transport is not
preferential flow paths and determines the rock-surface
adequately understood. A related difficulty is that the
area that will affect matrix diffusion and reactive transamount of aquifer that is accessible from a borehole
typically is small and discrete features, such as soluport.
Because of the complexity of flow and contamition openings, that may be hydraulically important but
nant
transport in most fractured-rock aquifers, groundof limited spatial extent can be undetected. In addition,
water
flow and contaminant transport in these aquifers
for most problems of contaminant transport or watertypically
is difficult to characterize. These difficulresource development, aquifer characterization requires
ties reduce the effectiveness of aquifer remediation or
a focus on permeable features, rather than the aquifer
development of water supplies. Even where extensively
matrix. Many monitoring wells installed in fracturedinvestigated, fluid flow and contaminant transport in
rock aquifers are completed at pre-determined depths,
fractured-rock aquifers is difficult to accurately detersuch as the middle or base of the aquifer, irregardless of
mine because of limitations in current methods of
whether or not permeable features are present. Even if
conceptualizing, investigating, assessing, and quantifyextensive data collection is performed, the information
ing these complex processes. As a consequence, there is
obtained from these wells may not accurately charactera great need for determining the most accurate, efficient
ize flow and water quality in the aquifer because these
methods for characterizing fractured-rock aquifers under
wells do not intercept the features moving most of the
a variety of hydrogeologic conditions.
water and contaminants.
Investigations performed by the U.S. Geological
Because scale is important to the characterization
Survey (USGS) and the U.S. Environmental Protecof fractured-rock aquifers, a variety of investigative
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tion Agency (USEPA) characterized the geology of the
dolomite deposits of the Galena and Platteville Groups
(the Galena-Platteville dolomite) and the hydrology
of the Galena-Platteville aquifer at eight locations in
Illinois and Wisconsin. These investigations provide
an excellent opportunity to assess the effectiveness of
many of the methods used to characterize the hydrogeology of fractured-rock aquifers. The Galena-Platteville
aquifer was characterized extensively at the Byron and
Waupun Superfund sites, as well as at the Parson's
Casket Hardware site in the Belvidere area (fig. 2, table
1). Less extensive characterization occurred at the
Tipton Farm, ACME Solvents, Winnebago Reclamation Landfill, Southeast Rockford, and Better Brite sites.
Multiple methods for hydrogeologic characterization
were used at each site and many of the same methods
were used. Because the nature of the secondary-permeability network in the Galena-Platteville aquifer varied
among the sites, the data obtained from these investigations provide a good opportunity to assess and compare
methods of characterization under a variety of conditions
92
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and to identify the factors that affect the efficacy of each
method.

Purpose and Scope

The purpose of this report is to describe the efficacy of various investigative methods used by the USGS
and the USEPA to characterize the hydrogeology of the
fractured Galena-Platteville aquifer at six waste-disposal
sites in Illinois and two in Wisconsin. The scope is
subregional in extent, but the information presented in
this report can be applied to the characterization of the
Galena-Platteville aquifer where it subcrops in parts of
Illinois, Wisconsin, Iowa, and Minnesota as well as to
the characterization of fractured-rock aquifers throughout the world. Background information on the hydrogeology of the Galena-Platteville aquifer is provided. Each
of the methods used in the hydrogeologic characterization is described, including how the method operates, the
information provided by each method, method scale of
investigation, and primary method limitations. The utility of each method and the
hydrogeologic factors that
beneficially or adversely
affected the performance of
each method at each site are
summarized. More detailed
discussion of the site hydrogeology and the information
.WISCONSIN
gained from each method at
INSET
pINOtS
BOONEi
each site is presented in the
co:
appendixes. Because this
WtNNEBAGO CO.
Bdvideiie
report summarizes previous
A
investigations, results and
, SouthiaBt'
r
interpretations that could be
Rpckfprd;$tej
drawn from data provided in
OGLE CO.
this report typically are not
Acme Solvents and i
0
,Vyinnebago Reclamation
presented if the analysis was
Landfill Sites
not done during the original
investigation. A summary
of the most effective methods used for the character0
10
20 KILOMETERS
ization of the hydrogeology
of the Galena-Platteville and
EXPLANATION
possibly for other fracturedSUBCROP OF GALENA-PLATTEVILLE BEDROCK UNIT
rock aquifers is provided.

Figure 2. Location of Superfund sites overlying the Galena-Platteville aquifer in Illinois and Wisconsin investigated by the U.S. Geological Survey and U.S. Environmental Protection Agency.
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Table 1. Methods used for U.S. Geological Survey and U.S. Environmental Protection Agency investigations of the Galena-Platteville
aquifer in Illinois and Wisconsin.

Method
^Previous investigationssand database
searches:

Byron Salvage Tipton
Yard
Farm
"' "$"""
X

Topographic maps or aerial photographs

X

! Quarry visits

X

%

Site Name
ACME Solvents and
Better
Winnebago Reclamation Southeast Belvidere
Waupun Brite
Rockford
area
Landfill
X
X
X
X
X

X

X

.X

Surface geophysics

X

rjtholpgie logging

X

x

;x

Core analysis

X

X

X

Borehofeicamera logs:

lx

Caliper logs

X

Natural-gamma; logs

:x

Spectral gamma logs

X

s Spontaneous-potential logs

IX

X

X

X

X

X

Ix

x

X

X

X

X

;x

Neutron logs

X

X

X
X

X

X

X

X

X;

"V
<yv

x
X
X

X
X

X

X

X

X

X

X

*

%.

tx

; Density logs
Acoustic televiewer logs

x

X

f Borehole ground-penetrating, radar

X

Water levels from wells

X

Water levelsmsing packers

X

Temperature logs

X

X

X

X

X

X

X

X

X

X

X

m

x

l&luid-resistivitylqgs
\\m

X

;x

X

X

x

,x

X

'X

Normal resistivity logs
Single-point resistance! fogs

X

siiMi

"

X

X

X

X

X

x

X

pc

x
X
X

<,;i:S>S

Flowmeter logs

X

Hydrophysical logs

X

Slug tests

X

Specifics-capacity tests

x;:

Multiple- well, constant-discharge tests

X

^Tracer- tests

X
**'

Contaminant location

X

X

X

X

X

X

X

X
X

X

X

X

X
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Depositional and Post-Depositional History of
the Galena-Platteville Deposits
During the early part of the Ordovician period
(approximately 300 to 350 million years before present),
the area that is now Illinois and Wisconsin was lowlying land near the edge of the North American continent. During the middle and late parts of the Ordovician period, sea level rose and an epeiric sea inundated
this area. This epeiric sea was teeming with algae and
other marine organisms. As these organisms died,
calcium carbonate was deposited, eventually lithifying
to limestone. Variable amounts of silt and clay probably
derived form the Transcontinental Arch and the Wisconsin Dome (fig. 3) also were deposited.
At some point after deposition of the limestone
deposits, movement of water began to transform the
limestone (calcium carbonate) into dolomite (calcium-magnesium carbonate), forming what is now the
Galena-Platteville dolomite. This transformation was
so extensive that between about 80 and 90 percent of
Galena-Platteville deposits are now dolomite (Willman and Kolata, 1978: Bakush, 1985). Dolomitization
involves the substitution of magnesium for calcium in
the carbonate minerals that compose the rock, altering
the its texture and increasing its porosity. At least in
part because of this process, Galena-Platteville deposits
composed of nonargillaceous dolomite tend to be highly
vesicular and vuggy (Willman and Kolata, 1978).
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Figure 3. Selected structural features in the central United States.

Over geologic time, movement of meteoric water
through the Galena-Platteville deposits resulted in the
dissolution of the rock, enlarging openings and thinning
calcareous beds (Heyl and others, 1955; Carlson, 1961;
Agnew, 1963; Allingham, 1963: Klemic and West,
1964;Taylor, 1964; Whitlow and West, 1966). Because
limestone is more soluble than dolomite, the amount
of dissolution may be related inversely to the dolomite
content of the rock. Dissolution thinning of calcareous beds also may have resulted in the concentration of
argillaceous material in parts of the deposits. Dissolution resulted in the structural instability of the rock in
some places and the development of fractures, faults, and
sinkholes.
The current distribution of the Galena-Platteville
deposits in Illinois and Wisconsin is affected primarily
by the presence of the Wisconsin Arch, a broad anticlinal structure, which trends approximately 160 degrees
through Wisconsin and northern Illinois (fig. 3). The
Wisconsin Arch is a topographic upland, which began to
form about 1 billion years ago and remained emergent
during much of the transgression of the epeiric seas in
which the Galena-Platteville deposits were emplaced.
The Galena-Platteville deposits dip away from the
arch, to the southwest along its western margin, to the
south along its southern margin, and to the east along
its eastern margin, where they are overlain by younger
deposits that infilled the Michigan, Illinois, and Forest
City Basins (fig. 3). As a result of these processes, the
Galena-Platteville deposits constitute the subcrop (the
uppermost bedrock unit)
along the eastern, west75°
85°
ern and southern parts of
the Wisconsin Arch in
northern Illinois, eastern
and southwestern WisL
consin (fig. 4), as well as
southeastern Minnesota
and northeastern Iowa.
The distribution of
the Galena-Platteville
deposits in the subcrop
areas of Illinois and
Wisconsin (which constitutes the study area)
is affected by the Plum
River and Sandwich
Fault zones (fig. 4). The
Plum River Fault zone
is an east-west trending
zone of high-angle faulting (Kolata and Bus500 MILES
chbach,
1976; Bunker
r i i r i
500 KILOMETERS
and others, 1985). The
Plum River Fault zone
is downthrown to the
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north, has up to 500 ft of displacement, and probably began development during the Middle Devonian
period. The Sandwich Fault zone is
a series of high angle faults trending
about 120 degrees (Kolata and others,
1978). The Sandwich Fault zone is
downthrown to the north, has up to
about 800 ft of displacement, and
developed after the Silurian period.
These faults developed in response to
tectonic stresses.
Faulting at the Plum River Fault
zone resulted in the presence of
younger deposits forming the subcrop in much of northwestern Illinois
(fig. 4). Faulting at the Sandwich
Fault zone resulted in erosion of the
Galena-Platteville deposits in much of
the area near the fault zone in northcentral Illinois, resulting in the presence of older deposits as the subcrop.
There are numerous smaller
structural features arches, domes,
anticlines, synclines, and faults in
the Galena-Platteville deposits. The
size of these features ranges from
hundreds of feet to tens of miles.
These features have little effect on the
distribution of the Galena-Platteville
deposits as a whole, but can affect the
presence and location of individual
geologic units and can have a substantial effect on the orientation and
density of the fractures and solution
openings.
Investigation of the GalenaPlatteville deposits in the lead-zinc
district of southeastern Wisconsin
(Lafayette, Iowa, and Grant Counties) and northern Illinois (Jo Davies
County) (fig. 4) identified folds up
to 30 mi in length and from 3 to 6 mi
in width, with about 100 to 200 ft of
amplitude (Heyl and others, 1955;
Carlson, 1961;Agnew, 1963; Ailingham, 1963: Klemic and West, 1964;
Taylor, 1964; Whitlow and West,
1966; Willman and Kolata, 1978).
Faulting with up to 200 ft of displacement may have occurred. Folds trend
eastward to northeastward or northwestward.
The Galena-Platteville deposits
also contain an extensive network of
horizontally oriented features includ-
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Introduction

ing vugs and bedding-plane partings and non-horizontal
features such as inclined fractures. The orientations of
the inclined fractures in the lead-zinc district in Wisconsin change substantially over distances of hundreds of
feet, but tend to be oriented primarily to the northwest
with a conjugate set to the northeast (Heyl and others,
1955; Carlson, 1961;Agnew, 1963; Allingham, 1963;
Klemic and West, 1964; Taylor, 1964; Whitlow and
West, 1966; Willman and Kolata, 1978). Vertical fracture
traces in the Galena-Platteville deposits at six quarries
in north-central Illinois commonly showed a fracture set
oriented at N. 31° W. and a second nearly orthogonal
fracture set oriented at S. 64° E. (Foote, 1982). In Boone
and Winnebago Counties in Illinois, the predominate
orientation of the vertical fractures in the Galena-Platteville deposits is N. 74° W with a secondary set at N. 30°
E. The northwest trending fractures in the upper part of
the deposits were shorter and more widely spaced than in
the lower part, whereas intensity in the northeast trending fractures was greater in the upper part. Formation
of these fracture sets was attributed to tensile cracking
(Chris McGarry, Illinois State Geological Survey, written
commun., 2000).
Tectonic deformation and chemical dissolution of
the rock has resulted in the development of karst features (sinkholes, small caverns) in the Galena-Platteville
deposits in parts of the subcrop area (LeRoux, 1963).
However, the karst features usually are obscured by the
overlying glacial deposits.

Stratigraphy of the Galena-Platteville Deposits
The Illinois State Geological Survey (ISGS) considers the Galena and Platteville deposits to be groups (fig.
5), which are subdivided into 10 formations primarily
based on subtle variations in silt and clay content, with
other features, such as chert content, fossils, and bedding, also being considered (Willman and Kolata, 1978).
The ISGS further divides these formations into members.
The Wisconsin Geologic and Natural History Survey
(WGNHS) considers these deposits to compose the Sinnipee Group, which is divided into the Platteville Formation, the Decorah Formation, and the Galena Dolomite
(fig. 5). These deposits are divided into members by the
WGNHS. Because it is the most detailed, the stratigraphic nomenclature used in most of this report is that
of the ISGS (Willman and others, 1975, p. 61-80 and
218-230), which does not follow the usage of the USGS.
WGNHS nomenclature is used for the discussion of the
Waupun site to be consistent with the presentation in the
original report.
The basal unit of the Platteville Group is the Pecatonica Formation (Willman and Kolata, 1978; Choi,
1998), which is composed primarily of medium-to-thick
bedded, gray-to-brown, mottled, finely vuggy, fine-tomedium crystalline dolomite with few shale partings.
This deposit unconformably overlies the Glenwood
Formation in much of the subcrop area in Illinois, and
conformably overlies the Glenwood Formation in much
of Wisconsin. The Pecatonica Formation commonly is
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Figure 5. Stratigraphic nomenclature of the Galena and Platteville deposits in Illinois and Wisconsin.
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about 20-45 ft thick in northern Illinois and Wisconsin
and generally thickens from north to south.
The Mifflin Formation is separated by a weathered surface from the underlying Pecatonica Formation.
The Miftlin Formation is composed primarily of thinly
interbedded light gray and light brown, finely crystalline
dolomite and limestone with numerous gray and green
shale partings (Willman and Kolata, 1978). The formation is composed predominately of limestone in parts of
southwestern Wisconsin and small areas of north-central
Illinois and dolomite in the remainder of the study area.
The Mifflin Formation commonly is 15-20 ft thick in
northern Illinois and southwestern Wisconsin.
The Grand Detour Formation conformably overlies the Mifflin Formation and is composed of a lower,
cherty, medium-grained, medium-bedded, mottled dolomite and limestone with small amounts of clay and an
upper, thinly bedded, cherty, argillaceous dolomite and
limestone with brown-red, gray, or black shale partings.
Limestone tends to constitute a larger percentage of the
deposits in southwestern Wisconsin than in other parts
of the study area. The Grand Detour Formation is part of
the McGregor Formation according to WGNHS nomenclature. The thickness of the Grand Detour Formation
is about 25-45 ft beneath the northern Illinois part of the
study area but is about 15-20 ft thick in southwestern
Wisconsin and thickens to the south and east (Willman
and Kolata, 1978; Choi, 1998).
The Nachusa Formation conformably overlies the
Grand Detour Formation and is composed of brown
and gray thickly bedded to massive, fine-to-medium
grained, vuggy dolomite with some limestone, mottles,
and chert. The middle part of the Nachusa Formation is
argillaceous. The Nachusa Formation is the part of the
McGregor Formation according to WGNHS stratigraphic
nomenclature. This formation is about 15-25 ft thick in
north-central Illinois, but thins westward and is absent in
western Jo Davies County, 111. and Grant County, Wis.
The Quimbys Mill Formation is the uppermost
deposit of the Platteville Group and conformably
overlies the Nachusa Formation where the Nachusa
Formation is present. The Quimbys Mill Formation is
composed of thin to medium bedded, brown to gray,
very fine to finely grained mottled dolomite with some
limestone, thin brown shale partings, and some chert.
The Quimbys Mill Formation is composed of substantial
percentage of limestone in much of southwestern Wisconsin (Allingham, 1963). The Quimbys Mill Formation is about 12 ft thick in most of the northern Illinois
and Wisconsin, but thins toward the north and west in
southwest Wisconsin and is less than 1 ft thick or absent
in much of far southwestern Wisconsin. The variation in
the thickness of the Quimbys Mill Formation may result
partly from solution thinning of limestone in the formation. The top of the Quimbys Mill Formation is defined

by an unconformity that is characterized by fractures and
brecciation with vuggy porosity (Choi, 1998).
The Spechts Ferry Formation is the basal unit of the
Galena Group and unconformably overlies the Quimbys
Mill Formation. The Spechts Ferry Formation is composed predominately of shale, with interbedded limestone and dolomite. This formation is as much as 15 ft
thick in extreme northwestern Illinois and southwestern
Wisconsin, but thins to the north and east and is absent
in most of the study area. In parts of southwestern Wisconsin, the Spechts Ferry is thinner where it is composed
of approximately equal parts of limestone and shale than
where it is composed predominately of dolomite (Carlson, 1961), presumably because of differential solution.
The Guttenberg Formation is composed of vuggy
dolomite or limestone with thin beds of red or brown
shale. The Guttenberg Formation is conformable with
the Spechts Ferry Formation where the Spechts Ferry is
present, but unconformably overlies the Quimbys Mill
where the Spechts Ferry is absent. The Guttenberg Formation is about 10-15 ft thick in the western part of the
study area, thins to about 1 -7 ft in the central and eastern
part of the study area near the State line, and is absent
along the eastern flank of the Wisconsin Arch (Willman
and Kolata, 1978; Choi, 1998). The thickness of the
Guttenberg Formation can vary substantially over distances of less than 500 ft, perhaps because of dissolution
of the carbonate beds, and the formation locally is absent
throughout the study area. The Guttenberg Formation is
predominately limestone in parts of northwestern Illinois
and southwestern Wisconsin.
The Dunleith Formation disconformably overlies the
Guttenberg Formation where the Guttenberg Formation
is present. Where the Guttenberg and Spechts Ferry Formations are absent, the Dunleith Formation unconformably overlies the Quimbys Mill Formation, except for a
small area of southwestern Wisconsin and northwestern
Illinois where the Quimbys Mill is absent and it overlies
the Nachusa or Grand Detour Formations. The Dunleith
Formation is composed primarily of gray-to-brown,
medium to coarsely crystalline mottled dolomite with
abundant chert and alternating beds of pure and argillaceous dolomite. The pure dolomite deposits are medium
to thickly bedded and vuggy. The argillaceous dolomite
deposits are medium to thinly bedded and dense. The
argillaceous content of this formation decreases from
the bottom to the top. The lower part of the formation
usually is composed of limestone in parts of northwestern Illinois and southwestern Wisconsin. The Dunleith
Formation is about 120 ft thick in much of the study area
where it has not been thinned by erosion. Limestone
dissolution in parts of the Dunleith Formation may have
resulted in the development of karst features in parts of
southwestern Wisconsin.
The Wise Lake Formation conformably overlies
the Dunleith Formation and consists of tan and gray,
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vesicular to vuggy, medium-to-thickly bedded, coarsely
crystalline dolomite with some mottles and little chert.
The Wise Lake Formation typically is nonargillaceous
and is about 45-75 ft thick where it has not been thinned
by erosion.
The Dubuque Formation is the uppermost deposit
in the Galena Group, and conformably overlies the Wise
Lake Formation. The lower part of the Dubuque Formation grades upward from argillaceous, thick bedded dolomite, to shaley dolomite. The upper part of the Dubuque
Formation becomes increasingly argillaceous and consists of interbedded argillaceous dolomite and dolomitic
shale. Where not eroded, the Dubuque Formation is
about 45 ft thick in much of the western part of the study
area, thinning to about 20 ft in the east.
In the eastern part of the Wisconsin Arch, the Platteville deposits indicate a trend of increasing shale, coarser
dolomite, and more vugs and chert to the north. Within
the Galena Group, clay content increases to the north, as
does the size of the dolomite crystals and the lithologic
heterogeneity of the deposits (Choi, 1998).

Relation Between Glacial Deposits and the
Galena-Platteville Deposits
In the Driftless area of southwestern Wisconsin and
northwestern Illinois (Leighton and others, I948)(fig.
4) glacial deposits largely are absent. In this area, the
Galena-Platteville dolomite is overlain by soil and loess,
which typically are less than 10 ft thick. Fractures in the
dolomite that extend to the land surface in the Driftless
area can be infilled with unconsolidated rock material to
depths more than of 80 ft (Agnew, 1963). Quaternaryaged alluvial deposits are present in the stream and river
valleys of the Driftless area. Alluvial deposits are less
than 10 ft thick in most of the Driftless area, except near
the Mississippi River.
Ground-moraine deposits composed primarily of
till overlie the Galena-Platteville dolomite in most of
the study area outside of the Driftless area (Olcott and
Hamilton, 1973; Cotter and others, 1969; Olcott, 1966).
These ground-moraine deposits typically are less than
100 ft thick (Brown and others, 2000). Fluvial and glaciofluvial processes have resulted in the partial to complete erosion of the Galena and Platteville deposits in
the valleys of the Pecatonica and Rock Rivers, and in the
ancestral Troy Valley (fig. 4). Glaciofluvial processes
deposited more than 300 ft of sand and gravel, which
partially have filled the bedrock troughs and valleys
(Brown and others, 2000). Most of the subcrop consists
of the Galena dolomite, although Platteville deposits
commonly are the subcrop unit along bedrock valleys
(Batten and others, 1997).
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Hydrology of the Galena-Platteville Aquifer
The Galena and Platteville deposits at the regional
scale are lithologically and hydraulically similar and are
considered a single hydraulic unit, the Galena-Platteville
aquifer. The Galena-Platteville deposits are unsaturated
in the far western parts of the study area (Cline, 1965;
LeRoux, 1963). The water table is located within the
Galena-Platteville aquifer in much of the study area
where the unconsolidated deposits are thin (LeRoux,
1963), and the aquifer typically is completely saturated
where the unconsolidated deposits are comparatively
thick (Borman andTrotta, 1975, Borman, 1976, Berg
and others, 1984). The unconsolidated deposits typically recharge the Galena-Platteville aquifer where the
unconsolidated deposits are saturated. Where saturated
unconsolidated deposits are absent, precipitation directly
recharges the aquifer. Water in the Galena-Platteville
aquifer discharges to nearby surface-water bodies or
recharges the underlying St. Peter aquifer.
Horizontal hydraulic conductivity (Kh) values for
the Galena-Platteville aquifer from a series of specificcapacity tests done in eastern Wisconsin averaged 18 ft/d
in the weathered upper 15 ft of the aquifer, 4.0 ft/d in the
upper 15 to 40 ft of the aquifer, and 0.15 ft/d below 40 ft
(Feinstein and Anderson, 1987). Aquifer tests in Brown
County, Wisconsin (fig. 4) resulted in a Kh of 5.3 ft/d
in the upper part of the aquifer (Batten and Bradbury,
1996). Kh values from specific-capacity tests in wells
open to the aquifer in Jefferson and Walworm Counties, Wisconsin ranged from 1 to 130 ft/d (Borman and
Trotta, 1975; Borman, 1976). Results from Jefferson
and Walworth Counties probably were biased toward the
upper part of the aquifer. Vertical-hydraulic conductivity
values (Kv) of 0.003 and 3.4 X 10'5 ft/d were obtained
for the Galena-Platteville aquifer in a part of northeastern Wisconsin where the aquifer was confined by the
Maquoketa Shale (Krohelski, 1986; Conlon, 1997).
Analysis of the hydrostratigraphy of the GalenaPlatteville aquifer at two boreholes in eastern Wisconsin
indicates that the Kh distribution varied from about
0.03 to 284 ft/d in one of the boreholes, and typically
was about 0.28 ft/d in the other (Stocks, 1998). Stocks
observed that the aquifer was poorly permeable where
it was composed of homogenous, fine-grained dolomite; was moderately permeable where the dolomite
has increased granularity and bioturbation, as well as an
increased number of clay beds, vugs and other forms of
secondary porosity; and was most permeable in zones
with fractures and solution openings. Secondary-permeability features associated with solution along bedding
planes were found in intervals with abundant clay beds
and at contacts between contrasting lithologies. Fractures and solution features also were concentrated in the
weathered deposits near the top of the aquifer.
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The correlation between changes in lithology
and the enhanced presence of secondary permeability
features is consistent with work done by Rovey and
Cherkauer (1994). Observations on the concentration of
springs in association with the Spechts Ferry Formation
(Agnew, 1963) and the presence of solution cavities at
the contact between the dolomitic shale of the Quimbys Mill Formation and the underlying limestone of the
McGregor (Nachusa) Formation (Allingham, 1963) in
southwestern Wisconsin also indicate that areas of lithologic change may be preferential pathways of groundwater flow, areas of enhanced dissolution of the carbonate rock, and increased aquifer permeability (Carlson,
1961). Additionally, lead-zinc deposits in northwestern
Illinois and southwestern Wisconsin typically are located
in fractures or solution features in the Spechts Ferry or
Guttenberg Formations (Heyl and others, 1955; Ailingham, 1963; Agnew, 1963; Klemic and West, 1965). As
these mineral deposits formed from precipitation of
compounds dissolved in meteoric water, their presence
indicates that lithologic changes associated with the
shaley Spechts Ferry and Guttenberg Formations also
may have been associated with the historical presence of
preferential ground-water flow through the Galena-PIatteville aquifer.

SITE CONDITIONS AND METHOD
APPLICATIONS
Characterization of the hydrogeology of the GalenaPIatteville aquifer at the Byron Salvage Yard, Tipton
Farm, ACME Solvents, Winnebago Reclamation Landfill, Southeast Rockford, Parson's Casket Hardware,
Belvidere area, Waupun, and Better Brite sites is based
on a variety of standard and innovative investigative
methods (table 1). Each of these methods has a variety
of uses and limitations (table 2). The focus of this report
is on the utility of the methods for identifying and characterizing secondary-permeability features (especially
those that were highly permeable) in the Galena-PIatteville aquifer. Numerous other methods are available
for characterization of fractured-rock aquifers. However,
methods not used for these investigations are beyond
the scope of this report and are not discussed. More
detailed discussion of the individual methods used for
these investigations, including how they work, the types
of information provided, the scale of aquifer characterized, and the shortcomings of the method are presented
in appendix A.
A description of the hydrogeologic conditions at
each of the sites investigated, as well as a summary of
the investigative methods used and the utility of each
method at each site follow. Detailed description of the
insights gained from the application of each method

at each site is included in appendixes B-H, as well as
in the original site documents. The sites are presented
in approximate geographic order from southwest to
northeast (fig. 2), which generally is coincident with
the trends in the permeability of the Galena-PIatteville
aquifer at the sites investigated. The aquifer is most permeable at the Byron Salvage Yard site in the southwest,
least permeable at the Better Brite site to the northeast,
and of intermediate permeability at the remaining sites.

Byron Site
The Byron Salvage Yard Superfund site (the Byron
site) is located in Ogle County in north-central Illinois (figs. 6 and 7). The Byron site was investigated
intensely with 26 different investigative methods used
(tables 1 and 3), more than 75 wells penetrating the
Galena-PIatteville aquifer (table 4) available for characterization, and over 25 years of data available for analysis. Detailed analysis of the data collected at this site is
presented in appendix B.
The Byron site consists of two properties, the Byron
Salvage Yard (BSY), and the Dirk's Farm Property
(DFP) (figs. 6 and 7). Industrial wastes were deposited
on the BSY and various locations on the DFP from the
1960's through the early 1970's (fig. 8). These wastes
have leached VOCs and cyanide into the Galena-PIatteville aquifer, the uppermost aquifer beneath the disposal
areas.
The Byron site is characterized by a northwest
trending upland dissected by well-developed, narrow
drainage ravines (figs. 6 and 7). The upland areas nearly
are level or gently rolling, grading to steeply sloping
valley walls near the ravines. The Galena-PIatteville
dolomite is as much as 190 ft thick beneath the topographic ridges in the Byron area (figs. 9 and 10). The
topographic ridge also is a bedrock ridge. Pre- and
post-glacial erosion along fractures in the dolomite has
accentuated the development of the topographic lows
associated with the ravines and has reduced the thickness
of the dolomite near Woodland Creek, the West Ravine,
and the Northwest Ravine. Erosion has removed the
Galena-PIatteville dolomite in the vicinity of the Rock
River (fig. 10). Quaternary-aged deposits unconformably overlie the Galena-PIatteville dolomite throughout
that part of the Byron site where the dolomite is present (figs. 10 and 11). Alluvial sand-and-gravel deposits
generally are present in topographically low areas in the
valley of the Rock River and along the lower reaches of
Woodland Creek, the Northwest Ravine, and the West
Ravine. Loess deposits underlain by sand-and-gravel
deposits are located in the topographic depressions in
the upper parts of Woodland Creek, the West Ravine,
and the Northwest Ravine. Quaternary deposits in the
upland areas are composed of loess and till. Quaternary

Site Conditions and Method Applications
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Table 2. Description of methods used for data collection by the U.S. Geological Survey and U.S. Environmental Protection Agency for
investigation of the Galena-Platteville aquifer in Illinois and Wisconsin.
Method

Databases

Limitations

Information Provided
Geology, hydiplogy, anM waterfqualtty^ Develbment of siteg
conceptual model arid identification of data gap&

Information usually-not dtp. specific-W pertinent to the problem
identified. Can be hard l&identify existence of report and
^obtain
copies.
3$^&3333;
*
u&r^-^rsrsxss

Geology, hydrology, and water quality. Development of site
conceptual model and identification of data gaps

Information generally not site specific or pertinent to the problem
identified.
.,..:

:.

,..

.

Topographic maps or aerial (Potential location of faults, fracture; traces, bedrock ridges,
photographs
sinkholes, and ground-water-flow8 direction. Can give a
preliminary indication of more and less fractured parts'
of rock.s

{Requires field verification. Most useful whese iiineonsolidated
deposits-are thin and for largerisecondary-permeabllity,
features.

Quarry visits

Representativeness of data dependent on proximity to site and
extent of excavation. Stress release fractures can be misidentified as representative of in-situ conditions.

Lithology and stratigraphy. Fracture type, location, and
orientation. Location of preferential flow paths.

; Surface geophysics

Locatioivand orientation of secondary-permeability'fea-

ial geology^ ahd:;cultural interference. Data
often requricss field verification.

Lithologic logging

Lithology, location of secondary permeability features.
Location of permeable features.

Descriptions can be subjective. Moderately permeable features
can be difficult to identify. Drilling is expensive.

Core analysis

Lithology, sjratigraphy, arid geotecrinical properties.

:Breaking arid Stress release fractures dan qbseure identification
So^^presence and location of in-situ features, ExperisiVain
CorhpariSQn, to other methods.

B

Borehole-camera logs

Location and type of secondary-permeability features.
Location of permeable features. Can be used above or
below the water level in the borehole.

Visibility limited in cloudy water. Data analysis can be time
consuming. Orientation of inclined features cannot be identified with some systems. Location of permeable features can
be hard to identify.

Natural-gamma logs

Litholbgy, stratigraphy, location of clay-inBlledjsecdndarypermeabilify features

Affectedly drilling fluids. Sometimes cannot distinguish between different non-argillaceous lithologiess

Caliper logs

Location of competent rock as well as potential fractures
and solution openings. Location of well casing. Can
help identify source of anomalies in flowmeter data.

Specpral gamma logs

Location of clays with differing mineralogy, can besassociated with clay-infilled fractures.

Cannot identify features. Cannot distinguish between fractures
and wash outs from soft rock. Typically not good for identifying vugs or features with small apertures. Cannot determine if
feature is permeable. Need uncased borehole.
'
,.
,
. .. . "' 'u
Limited: utility for characterization of secondaryspermeabiliry^
Data collection can be time consuming.

Acoustic televiewer

Location, apparent size, and orientation of fractures. Location of vugs and solution openings.

Apparent size of fracture at borehole typically not representative.
Cannot distinguish between fractures and wash outs from soft
rock. Cannot determine if feature is permeable. Must be below the water level in an uncased borehole. Borehole must be
nearly vertical for accurate assessment of fracture orientation.

Spontaneous-potential logs. Location of potentiaiisecondary-permeability features.
Affected by vertical flow in the borehole and presence ;of argillaceous deposits In the >rocki: jRgquires substantial change HI
Location of permeable features. Canudentify^ differences!
water quality for identificaticsri of permeable ^features. Precise
in water qualityun the§ borehole.
depth of features can be hard to identify. Only can be used
below wateran uncased boreholes.
Single-point resistance and
normal resistivity logs

Location of potential secondary-permeability features.
Location of permeable features and some lithologic
changes. Can identify differences in water quality.

Affected by vertical flow in the borehole and argillaceous deposits in the rock. Requires fairly substantial change in water
quality for identification of permeable features. Precise depth
of features can be hard to identify. Only can be used below
water in uncased boreholes. Thinner features can be missed.

Density logl

Variatioll iii roek'buDodensity^'whiph can tfe related'lo

Signal does h<JtM;Steitiirectly to porosily:

Borehole ground-penetrating radar

Location and orientation of bedding planes and potential
secondary-permeability features in rock away from borehole. Cross-borehole tomography can indicate extent of
features.

Requires high contrast in conductivity, some features may not be
identified. Requires verification. Length of signal penetration
is variable. Steel casing prevents use.

ekwain pf flow direction in three dimensions^ Can
indicate areas of corhparatively large and small permeability, and boundaries to islow system* Can identify
! presence and sources df variation in flow.

fiCan provide inacHiMe identification pfffow! directign^JmrtibuH |
I larly in karstic aquifers^ Does not identify changes in flow 1
1
because ofpumping or precipitation..

Water levels from wells?
(sihglerneasuremeritj

J
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Table 2. Description of methods used for data collection by the U.S. Geological Survey and U.S. Environmental Protection Agency for
investigation of the Gaiena-Platteville aquifer in Illinois and Wisconsin-Continued.
Method

Limitations

Information Provided

Water levels from wefe
(periodk; measurement) s

Identification of flowdirectioniri three dimensions; Can in- More expensive itharrsingie Jneasutements.^ May,be to© irifrejquentin highly variable flow system^ to.define thgrange^
:dieate areas of comparatively large and small permeabilmanner,,
ity and Boundaries to flow-system. Can Identify presence
and sources of variation in flow.

Water levels from wells
(continuous measurement)

Identification of barometric efficiency, which can be indica- More expensive than periodic measurements. Typically, only
practical for a limited number of wells.
tive of confined or unconfined aquifer. Identification of
response to pumping or precipitation.

, Temperature logs

Depth of permeabte features.

;

s usually small and subtle, particularly below
thes upper 5-10sfeet of the wateEfCQlumn,: Presence^ depth
:of permeable featutesxmbetari to identify.

Fluid resistivity logs

Depth of permeable features. Trends in water quality.

Resistivity changes often small and subtle, particularly below the
upper few feet of the water column. Presence and depth of
permeable features can be hard to identify.

^Flowmeterlogs (single

Efepth of permeable features.

Lack of ambient flow can be.eaused by low permeability or lack
of ;vertiealivfflati0n inwater Levels. Lessjpenfieable'feajiires
can go unidentified, particularly if permeability variationss^are8
large.. Requires uncased^unscreened [borehole^

Flowmeter logs (cross-hole Depth of permeable features. Pathways of hydraulic conpumping)
nection between features. Can estimate transmissivity
and storage coefficient.

Limited utility in low-permeability deposits. Method used to
calculate transmissivity and storage coefficient requires supporting data and is still being verified.

|;Hydrophysieal logs

Depth of permeable features. Water quality. Can estimate
transrnissivitv.ahd storage coefficient

Requires deionized water.

Slug tests

Estimates of horizontal hydraulic conductivity. Location of
permeable features. Trends in aquifer permeability and
hydrostratigraphy.

Assumes uniform flow through the aquifer and can underestimate
horizontal hydraulic conductivity. Can vary with increases in
saturated thickness in water-table wells. Results affected by
length of test interval.

Estimates oittansmissivity. Area] trends in aquifer permeJability!

Well loss and inaccurate estimation of effective welWradius^arid
aquifer storage coefficient can affect accuracy of transmissivity!estimatep !

Multiple-well, constantdischarge tests

Estimates of transmissivity, storage coefficient, and vertical
and horizontal hydraulic conductivity. Location and
orientation of hydraulically interconnected features.

Expensive to perform. Data can be affected by a variety of
phenomena. Misapplication of analytical methods can result
in inaccurate estimates of hydraulic properties. Long test
intervals can result in permeable features not being identified.

[Tracer tests

Estimates of effective porosity. Identification of flow path-, Expensive to:perforrh. Data can be affected by a variety of
factors. , Misapplication of analytical methods ;can resulfs*in
ways if perfjormed in conjunctions with crp%sTborehple
inaccurate;estimates of hydraulic, properties. ,
ground-penetrating radar..

Contaminant Location

Verification and identification of flow pathways.

Can be affected by presence of unidentified sources such as
nonaqueous phase liquids.

Data bplIectiQD using!
packers

Allows detailed vertical characterization of water levels,
water quality, and hydraulic properties at a borehole.

Cam be expensiveianu time consuming, especially in low-peih
meability test intervals, Xorigjpacker iniertafetan!result itk
features being;missed.

Z Specific^capacity tests

deposits generally are less than 15 ft thick in along the
topographic ridges, usually are greater than 20 ft thick
at the ravines, and are more than 130 ft thick near the
Rock River (fig. 10). The Gaiena-Platteville dolomite
is underlain by the Harmony Hill Shale Member of the
Glenwood Formation, which functions as a semiconfin-

ing unit beneath the Byron site. The St. Peter aquifer
underlies the Harmony Hill Shale.
The Kh of the Gaiena-Platteville aquifer beneath the
Byron site ranges from 0.0034 to 11,000 ft/d and varies with aerial location and stratigraphy (fig. 12). The
dolomite contains karst features and the aquifer as a
whole is moderately to highly permeable. Development

Site Conditions and Method Applications
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Figure 6. Location of the Byron site, salvage yard. Dirk's Farm Property, sinkholes, and fracture traces, Byron site, north-central Illinois.
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of karstic features likely was aided by tectonic activity.
Part of the Sandwich Fault zone is located approximately
7 mi south of the Byron site, the terminus of the Plum
River Fault zone is about 7 mi to the northwest, and the
Oregon anticline is present about 3 mi south. Sinkholes
are present in the upland areas within and south of the
Byron site (fig. 6). These sinkholes are covered with
glacial deposits and their surficial expression partly is
obscured.
Ground-water flow and contaminant migration at
the Byron site is from the uplands westward through the
Galena-Platteville aquifer (figs. 13, 14, 15). Flow directions at the site are stable through time. Ground water
from beneath the Byron site ultimately discharges into
the Rock River. Woodland Creek appears to define the
location of a ground-water sink that serves as a boundary
to ground-water flow and contaminant migration on the
northern part of the site. The hydraulic boundaries south
of the Byron site are not well defined.
Virtually all of the methods of investigation provided some useful insight into the geology (table 5) or
hydrology (table 6) of the Byron site. Multiple methods
usually provided similar information.
Analysis of data from previous investigations,
including searches of databases, provided an indication
of the location, extent, and thickness of the Galena-Platteville deposits in and near the Byron site as well as
information on the presence and orientation of fractures
and faults. This information subsequently was verified
by a number of site investigative methods.
Analysis of surface topography was useful for
identifying the location of the bedrock ridge at the Byron
site. Bedrock ridges can be areas of comparatively resistant, unfractured rock, which can have low permeability.
Aquifer-test data confirm that the Galena-Platteville
aquifer at the bedrock ridge beneath part of the Byron
site had lower Kh than in the remainder of the area.
Formation of secondary-permeability features associated with sinkholes and fracture traces (also identified by
analysis of surface topography) resulted in high permeability beneath other parts of the bedrock ridge.
Orientations of fracture traces were predictive of
fracture orientations in the dolomite, as verified by
background investigations, quarry visits, and acousticteleviewer logging. Development of fracture traces and
sinkholes in this area was aided by the initial formation of fractures, at least some of which were created in
response to nearby tectonic activity (Sargent and Lundy,
Inc., and Dames and Moore, Inc., 1975), and enhanced
by chemical dissolution of the rock in meteoric water.
Identification of fracture traces and sinkholes was aided
by their extensive development in this karstic area, and
by the comparatively thin (less than 15 ft) unconsolidated deposits overlying much of the bedrock at this site,
which did not obscure the traces.
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Quarry visits were useful for establishing stratigraphy and orientations of inclined fractures, as well as
indicating the potential for the development of permeable features in the Grand Detour Formation. Interpretations initially indicated by the quarry visits were
confirmed by analysis of cores, acoustic-televiewer logs,
GPR surveys, and aquifer testing.
The high clay content of the unconsolidated deposits
in much of this area prevented appreciable penetration of
the surface GPR signal in the areas investigated. For this
reason, surface GPR was one of the few methods that
provided no insight into the hydrogeology of the bedrock
deposits at this site.
Lithologic logs provided the initial identification of
areas where some of the larger more permeable secondary-permeability features were located as well as some
of the less permeable parts of the aquifer. These interpretations subsequently were confirmed and expanded
upon by analysis of water-level data, caliper logs, borehole-camera logs, acoustic-televiewer logs, flowmeter
logs, and aquifer testing.
Core analysis provided the foundation for the Byron
site stratigraphy, which helped provide insight into the
lithologic factors that affect the distribution of Kh, water
levels, and, perhaps, contaminant movement in the aquifer. Core analysis provided some insight into the location of secondary-permeability features in the aquifer, as
well as giving some indication of secondary-permeability features that might be transmitting water. A potential
permeable interval first identified from core analysis in
borehole DF4D subsequently was confirmed by analysis
of flowmeter logs and aquifer tests. Finally, analysis of
samples collected from the cores was used to determine
the primary porosity of the aquifer.
Three-arm caliper and borehole-camera logs provided insight into the location of fractures and solution openings in the bedrock, as well as areas where
these features did not appear to be present. These logs,
particularly the caliper, were of little use in identifying
vuggy intervals. Camera and caliper logs helped refine
interpretations about the type and locations of secondary-permeability features identified with the lithologic
logging as well as various features not identified with the
lithologic logging. The location of most of these features subsequently was confirmed by acoustic-televiewer
logging. Borehole-camera logs also provided some indication of areas where the water level in the Galena-Platteville aquifer was above the water level in the borehole,
interpretations confirmed by flowmeter logging and
water-level measurement using a packer assembly.
Natural-gamma logs provided a comprehensive
depiction of the stratigraphy at the Byron site beyond
what could be accomplished with the six cores. This
comprehensive stratigraphic framework provided insight
into the lithologic factors that affect the distribution of
secondary-permeability features, water levels, and, per-
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haps, contaminant migration. Anomalies in the naturalgamma logs, combined with spectral-gamma logging,
identified a number of clay-filled fractures, the presence
of which was confirmed by acoustic-televiewer, borehole
camera, GPR, and by lithologic and caliper logging in
some of the boreholes.
Spontaneous potential (SP) and single-point resistance (SPR) logs provided only limited insight into the
geology and presence of secondary-permeability features
at the Byron site. Although both methods identified
some fractures, they did not identify many of the secondary-permeability features identified with other methods.
Neutron logs provided minimal insight into the
geology and presence of secondary-permeability features
at the Byron site. The primary reason for this result is
the high clay content in much of the Galena-Platteville
dolomite at this site, the presence of clay minerals infilling some secondary-permeability features, and perhaps
insufficient water in the fractures and solution openings
to be clearly distinguishable from the water in the aquifer matrix.
Acoustic-televiewer logs provided the most useful, and largest amount of, information on the location,
orientation, and type of secondary-permeability features
in the dolomite. These logs tended to confirm results of
the analysis of the fracture traces, lithologic logs, cores,
borehole-camera logs, caliper logs, and natural-gamma
logs on the location and orientation of fractures. Televiewer logs identified the type of feature, such as vugs,
and the orientation of the feature that usually was not
identified with the other methods.
Single-hole GPR surveys identified various secondary-permeability features associated with the transition
to the shaley part of the Grand Detour Formation, as well
as possible fractures tens of feet beyond the boreholes
being logged. The ability to identify potential secondary-permeability features not intercepted by a borehole is
an important improvement in the hydrogeologic characterization. However, poor correlation between the presence and orientation of potential fractures identified by
the single-hole GPR logging and the presence and orientation of fractures identified by the acoustic-televiewer
and other types of logs is cause for reservation about
single-hole GPR logging. These differences may be at
least partly attributable to changes in the orientation of
the fractures away from the borehole and the potential
presence of numerous fractures in the surrounding rock
that did not intercept the borehole.
Cross-hole GPR surveys provided a clear depiction
of the location of continuous secondary-permeability
features between boreholes. These surveys provided
important insight into the extent and interconnection
of the secondary-permeability network on the BSY,
which was verified by cross-hole flowmeter logging and
multiple-well aquifer testing to be permeable. Because
of variations in the altitude of some of these features,
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Table 4. Monitoring well and water-level data, Byron Super-fund site, III.
Hydrologic unit: GPWT, open to the water table in the Galena-Platteville aquifer; BGP, well open to the base of the Galena-Platteville aquifer; MGP, well open
to the middle of the Galena-Platteville aquifer; UAWT, well open to the water table in the unconsolidated aquifer; UAM, well open to the middle of the unconsolidated aquifer; GPSS, well open to the entire thickness of the Galena-Platteville aquifer and the upper part of the St. Peter Sandstone aquifer; SS, well open
to the St. Peter Sandstone aquifer; HHS, well open to the Harmony Hill Shale semiconfining unit; GP, well open to most or all of the Galena-Platteville aquifer.
Water-level altitude: <, less than; NT, measurement not taken

Well name

304-98
262-07
9-6413
15-50

AW5D
AW5I
AW6
Bl
B2

BGP
MGP
GPWT
GPWT
GPWT

ffw-f

It
1

50
172
100
35
35
60

159-172
93-100
9-35
14-45
31-60
32-50
^63-90:

845.81
845.79
828.70
771.81
792.76

753.74
766.85
806.61
<736.81
<732.76
175.12
1 753.76;
809.12
NT
^753.68

GPVfF
GPWT

to!
40
95
102 s

15402

SSl
B^6!82,
;850.48
J85L69I

DF1D
DF1S
DF2D
DF2S
DF3

BGP
GPWT
BGP
GPWT
GPWT

111
62
112
75
66

76-94
39-62
104-112
52-75
43-66

787.69
787.12
796.24
795.29
792.09

727.55
728.07
729.38
728.74
729.28

DF4DSI
OF4DD

151
,151
92
168.
^65

41-6f
13745 L
78-92
98-109
13-65^

s 833^22^
,833«04
833^26
'844^75
844,29,

NT
NT
75S79
^753:97'

DF5S

GPWT
SBGP
MGP
TtfGP
iGPWT

^8t)3.72!

DF6
DF7D
DF7S
DF8
DF9D

BGP
UAM
UAWT
BGP
BGP

151
53
27
63
51

828.11
712.79
712.71
757.73
707.38

744.17
675.13
685.99
719.70
677.12

pF9S
DF10
BFJ1
DB1&
DF13

Wffik
GPWT
GPWT
BGP
MGP

[20
84
'84

113-125
40-48
20-27
55-63
41-51
7-2Q

Lt34
158

62^84
65-84
:i22y;34
101-112

707.61
834.27
834.38^
834-74
83924,

688.22
753.6B,
753.60S
753.70
753-?

DF14D
DF14S
DF15
DF17
DF18

BGP
GPWT
GPWT
BGP
GPWT

166
111
115
123
63

134-147
71-88
7-115
97-123
36-63

847.05
847.51
849.91
820.59
780.51

753.89
<762.11
745.51
732.04
727.57

DF19
DF20,

GPWT"

.65

48r65
9-,80s
S18-100

7^8.87

727:79,
729.79;

'MS

DF5&

;

i71
118

GPWT

B5
B6!
P6R

I,
r

153.68
;8g6,43
787.73
^735107
744.46,

149-li61

83

'

\

833.55
333.89
843.13
783,94
783.7Q'

let

B4

:!

Water-level altitude January 27, 1992
(feet above National Geodetic Vertical
Datum of 1929)

BGP

\

;

Measuring-point altitude
(feet above National Geodetic
Vertical Datum of 1929)

GPWT
GPWT
BGP
GPWT

"~" B$

f

Open interval
(feet below
land surface)

AW1S
AW2
AW4D

* Mir>
"

Depth of boring
Hydrologic (feet below land
unit
surface)

DF21

DF22D
DF22S<W .
DF23

GPWT
GPWT
BGP
GPWT
BGP

,80
100
435.
. l35
65

21-40,
?76-95i

J99409
^.<s!ssf .,: 67-90
53-65

stoi.
840:43
811.77
812.06:
755.66

758.8^
728.17
iy

S-..-

-^m^-^'S6

" 719.00

f
'
4Wt»^-:

-j
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Table 4. Monitoring well and water-level data, Byron Superfund site, Ill.-Continued.

Well name
:

|

:

DF24

Depth of boring
Hydrologic (feet below land
unit
surface)

Open interval
(feet below
land surface)

Measuring-point altitude
(feet above National Geodetic
Vertical Datum of 1929)

Water-level altitude January 27, 1992
(feet above National Geodetic Vertical
Datum of 1929)
725.00

GW16
GW42,
MSI

GPWT
SS
GPSS
GPWT
BGP

102;
310
S33
101
4?

19-102
190-31Q
16-133
5CT01
34-47

813.94
837.06
f788J79
838.58
729:27

MS2
MW1
MW2
MW3
MW8

SS
GPWT
SS
GPWT
BGP

87
71
231
76
180

72-82
13-71
219-231
14-76
170-180

731.14
862.15
861.38
858.82
853.40

MW9
MWlO
MW11
MW12I
,MW12S

dpwf

106
18ft
,83

^96*106

£5,2,66

jjjj^jjjjj^

854.42
747.89
726.99
728,55

^^^^^|

33

178-189
68-83
43-52
22-33

MW15
MW16
MW18
MW20R
MW21

GPWT
BGP
SS
SS
SS

86
147
237
191
234

73-86
107-120
227-237
172-191
215-234

822.42
823.64
853.09
822.03
821.88

752.73
752.68
NT
682.44
682.47

MW30
MW31
MW321
MW33!

24-37
50-63
19-46

858.90

63,
46

MW36

GPWT
GPWT
GPWT
GPWT
BGf

rsSf

755.31
759.211
843.99

MW37
MW39
MW41
MW42
PC1B

SS
SS
BGP
BGP
GPWT

206
186
146
152
48

180-206
164-186
102-121
135-152
32-48

843.59
836.95
817.07
836.57
757.60

lift 83 m*
719.04
714.03
M2.50
753.93s
NT

PC 1C
PC3B
PC3B
PC4B
PG5B

SS
GPWT
(GPWT
GPWT

,112
103,
93
183-

,85-103 i
;6|lr83
^68-83!

GPWT

33

»57^73»

758, i6t
841:77
828.53
8Q3,Ofi
788.59,

680^60
757.61
f6lQ:73
727J6;
725.43

PC6B
PW3
PZ1
PZ2
PZ3

GPWT
GPWT
GP
GP
GP

103
91
165
115
145

82-103
8-91

746.73
753.64
NT
NT
NT

RR1
RR2
RR3
RR4
RR5

UAM
UAM
UAWT,
UAM
UAM

831.3
833.38
838.51
829.21
NT
679,99 "- 1

RR6
RR7
RR8
RR9
RR10
SPW

HMS
BGP
,UAM
GPWT

"*

,52

;58

20-165
20-115
20-145
^40-53
9-25
4-15

55, i
25;

m
40

31-40

UAWT
UAWT
UAM
UAM
UAM

25
44
100
58
123

13-25
28-44
87-100
50-58
103-113

GP

150

......

20-150

M

694vSL

"" "678'jT

inM

806.50
685.75
789.28
753.57
««««.. ?5g^ 9

^,^P

-

76.2-98
719.49
713.44
712.58

f
1
t

t

682.99
752.48
753.62
720.28

~""

'£72,14

^678^551,

NT
672,11
672.18

678.24
S689J61
690.33
709.00
710.19
689.28
676.27
83&43^

1

753.16

^^^_ -6^-M

~"E

'

672.08
672.71
672.76
672
NT
NT """"

H

^^

'""""'

-
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Figure 8. Location of identified waste-disposal areas and select fracture traces, Byron site, III.
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0
CC
CD
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THICKNESS,
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and reddish-brown shale partings

0-45

11.3

Dolomite, mottled, thinly bedded, thin gray or
green shale partings

0-15
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Figure 11. Generalized geologic column showing stratigraphy, geohydrologic units, and median primary porosity of Ordovician and
Quaternary deposits, Byron site, III.
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the interconnectivity of this network would not necessarily have been identified using single-hole methods of
characterization.
Water-level measurements from packer assemblies
and monitoring wells provided substantial insight into
the horizontal and vertical directions of ground-water
flow, the vertical and horizontal distribution of permeable features, and the possible presence of confined
conditions in parts of the aquifer. Water-level data also
assisted in the identification of permeable intervals at
individual boreholes. In combination with stratigraphic
data, analysis of water levels helped identify lithologic
factors that may have affected trends in aquifer permeability. Interpretations regarding the distribution of
secondary permeability in the aquifer and the location
of secondary-permeability features in a borehole subsequently were supported by the results of aquifer test-

ing. Interpretations regarding the overall directions of
ground-water flow across the Byron site were confirmed
with ground-water-quality data. However, ground-waterquality data indicate that there may be localized areas
where flow is opposite to that predicted by water-level
measurements. Water-level data provide insight into
the permeability distribution because permeability is
highly variable both vertically and horizontally across
the Byron site. Large variations in permeability result
in large, easily identifiable variations in the water levels
required to induce steady-state flow through the aquifer.
The variable permeability is a function of the location,
type, density, size, and connectivity of fractures, vugs,
and solution openings, which are, in turn, affected by the
tectonic and chemical forces that affected development
of karstic and other secondary-permeability features at
the site.
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Formation
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<
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Grand
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Figure 12. Distribution of horizontal hydraulic conductivity within the stratigraphic units that compose the Galena-Platteville aquifer.
Byron site, III.

Figure 13. Water-table configuration and zones in the Galena-Platteville aquifer, Byron site, III., January 27,1992.
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Figure 14. Potentiometric surface of the base of the Galena-Platteville aquifer, Byron site, III., January 27,1992.
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Figure 15. Type and extent of ground-water contamination, Byron site. 111. (modified from U.S. Environmental Protection Agency, 1994).
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Table 5. Summary of altitudes of potential secondary-permeability features in select boreholes by method of detection, Byron site. III.
[GPR, ground-penetrating radar]

Borehole
i)F4i)

Method

Altitude of secondary-permeability features (feet above National Geodetic Vertical Datum of 1929)

Cores i

None Identified
'Fractures at T3&742,

sBorenole*camera logs

Fractures at 723,

LiOiologjologging

GaliperlbgSs

None Identified.

Natural-gamma logs<

None Identified.^

Spectral gamma logs

Method ndtt used*

NeutrbWlogs

Method not used.

{Acoustic-televiewer/jbgs

Vugs 693-703, numerous fractures at 703-713, 723-736, 741-75S, fractures'at about 764 and J68.
Reflectors; j^ 698, 731, 75St 762,,fK)ssib}e,jincrease in porosity8 below 759!

DF12

DF17

SPW

PZ1

Lithologic logging

Possible solution opening below about 702, numerous possible fractures at 702-761.

Cores

Method not used.

Borehole-camera logs

Fractures throughout borehole, large fractures and solution openings at 702-729, possible solution opening below
702.

Caliper logs

Enlarged borehole at 702-719, 810.

Natural-gamma logs

Clay infilling of feature at 709.

Spectral gamma logs

Method not used.

Neutron logs

None Identified.

Acoustic-televiewer logs

Not logged 700-718. Possible solution opening at 718-722, dense fracturing at 722-726, numerous fractures at 729760, fracture at 765.

Borehole GPR

Reflectors at 687, 718, 741, 780, point reflector away from borehole at 757.

Eitholpgic5 logging ,

Fracture or solution opening: at 694 ft

Cores

Method not used;

Biofehole-daurfiera logs

Fractures over length of borehdle, especially at 714-720, 754-759, and:7<&-805; Solution^opemngst about 694 to
7QO-

Caliper logs

Enferged;borehofe from?!694 to(708.

Natural«gamrnas logs

None Identified,

Spectral gamma logs

Method not used.

JSieutron logs

Nonesldentifiedl

Acoustiq-televiewerlogs

Borehole not loggedbelbw 1 1t^vugs at !7IO-715^ fractures,^ 15-720^72:5-738,

BorenblqGPR

Reflectorsjat 663/693, 7t9, 746;j5J7.

Lithologic logging

Fracture at about 712.

Cores

Method not used.

Borehole-camera logs

Fractures at 695-700, 710-718, 724, 736-751, 765.

Caliper logs

Possible fractures at 710, 735, 745, 765, and 789.

Natural-gamma logs

Clay infilling of fractures at 710 and 738.

Spectral gamma logs

Clay infilled fractures at 710 and 738.

Neutron logs

None Identified.

Acoustic-televiewer logs
Borehole GPR

Horizontal fractures at 696-700, inclined fractures at about 710, 737-752, about 756, and about 765, vugs at 716-726.
Reflectors at 709, 720, 736, and 765.

Litholbgiejogging

None Identified;,

Cores

Methqol not used*

Borehole-camerajbgs

.Fractures a^lOg-712, 134/739, 767^808-809^ and 812.

-;

Calipertogs

None Identified.

Natural-gamma logs

None Identified.

Spectral gamma logs,,

Methodnot used!

Neutron logSs

'Method not used.

Ac6u|itic-teleyie^er logs
Borehole GPR

707418,, 729-736, and §739-7SO.,
pastures at 67gj
Reflectors at 70$,Jl8,736^and 764.
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Table 6. Summary of altitudes of permeable features in select boreholes by method of detection, Byron site, III.
[GPR, ground-penetrating radar]

Borehole

DF12

Method
liithologic logging
Water-leyel measurement

None identified. L
Borehole ifrtrahsitional area. Packer test water levels not measured*

Temperature logs

Methods not (used.

Fluid-resistivity logs

Method hot used,

Ambieirt flovy rhetor logs

Below 693 to 7QCC728 to "753, J57,, above 766.

Pumping sflowmeter logs
Cross-hole flpwrneter logs

Method not used.
Si to 742s,

Hydrophysical logs

,69416.698, 729, 739Hto 743^754.

,.

Slug tests

69016700:721^741,,

Specific-capacity tests

JMfethod nqt used.

Multiple-well, cpnstanldischarge tests
Traqer tests

700^0 745^east-westiX)rieiited vertical features in Ihwer part of aquifer, lesslpfermealfte above about 775.^

Lithologic logging
Water-level measurement
Temperature logs
Fluid-resistivity logs
Ambient flowmeter logs

DF17

Altitude of permeable features (feet above National Geodetic Vertical Datum of 1929)

Method not used.

«*.<&

Below 702, 702 to near top of water column at about 770.
Borehole in permeable area. Packer test water levels did not identify permeable features in borehole.
Method not used.
Method not used.
Below 723, 728 to 741.

Pumping flowmeter logs

Method not used.

Cross-hole flowmeter logs
Hydrophysical logs

Method not used.
Below 7 13.

Slug tests

Bottom of hole at about 700 to top of water column at 754.

Specific-capacity tests

Hydraulically active feature present, altitude could not be identified.

Multiple-well, constantdischarge tests
Tracer tests

Method not used.

iMiologic logging

694

Method not used.

Water-level measurement

Borehole" in permeable arek. Paddr test^ water levels did nof 'Bderttjfy permeable features' lhtborehol£

Temperature logs
FluidTresistijvity logs

Method npt used.
Method not used.

Ambient|flawrneter logs

SPW

Pumping flowmeter logsi
Cross-hole flowmeteVlogs

Methodsnot used.
Method ripfitsed.

Hydrophy sifcSl logs

Method not used,

Slug tests

Nfcthod npt used.

Specific-capacity tests

Method; not used.

Multipleiwell, constant-!
discharge tests
^Tracer tests

Method, not used.

Lithologic logging
Water-level measurement

Method hot-used

...

None identified.
Borehole in less permeable part of aquifer. Packer test water levels did not identify permeable features in borehole.

Temperature logs

Method not used.

Fluid resistivity logs

Method not used.

Ambient flowmeter logs

None identified.

Pumping flowmeter logs

698, 7 11, above 736.

Cross-hole flowmeter logs

7 11, above 736.

Hydrophysical logs

711,744.

Slug tests

706 to 7 16, 732 to 753.

Specific-capacity tests

Method not used.
Vertical fractures oriented N 60° W, possible hydraulic isolation of part of the aquifer.

Multiple-well, constantdischarge tests
Tracer tests

Vertical fractures, subhorizontal features at 7 1 1 and about 750, possible confining unit above 750.
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Table 6. Summary of altitude of permeable features in select boreholes by method of detection, Byron site, III. -Continued.
Borehole
PZ1

Method

Altitude of permeable features (feet above National Geodetic Vertical Datum of 1929)

Lithologic logging
Water-level measurement

None identified.
Borehole in less permeable part of aquifer. Packer test water levels identified permeable feature at 742.

Temperature logs

725.

Fluid resistivity logs

727.

Ambient flowmeter logs

Drainage from above the water column at 748, 708.

Pumping flowmeter logs

Method not used.

Cross-hole flowmeter logs
Hydrophysical logs

708.
Method not used.

Slug tests

704 to 714, 734 to 744.

Specific-capacity tests

Method not used.

Multiple-well, constantdischarge tests
Tracer tests

Vertical fractures.
711 and about 750.

Temperature and fluid-resistivity logging, in combination with caliper and acoustic-televiewer logs, provided only limited insight into the presence of permeable
features in the Galena-Platteville aquifer at the Byron
site. These logs identified some potentially permeable
features, but did not identify some features identified
using other methods. Some of the permeable features
identified by these logs (at borehole PZ1, for example)
were not detected with other methods, indicating that
these detections may have been inaccurate. The lack
of detection of permeable features with the temperature
logs may be related to the small change in temperature
(approximately 0.5° C) in the aquifer. Boreholes that did
show changes in temperature and resistivity tended to
be open to most of the aquifer in zone 1 (fig. 13), where
the aquifer appears to be under confined conditions.
Hydraulic separation of the upper and lower parts of the
aquifer in zone 1 may have produced sufficient contrast
in water quality to be identified with the logs. In boreholes open to the more hydraulically interconnected
parts of the aquifer, differences in temperature and
resistivity may have been too small to produce identifiable changes.
Data collected during single-hole flowmeter logging, particularly when analyzed in conjunction with
acoustic-televiewer data, provided substantial insight
into the location and type of permeable features in individual boreholes open to the Galena-Platteville aquifer at
the Byron site. The utility of these logs, especially when
run during ambient conditions, was limited by uniformly
low permeability, an absence of vertical-hydraulic gradient, or substantial vertical contrasts in permeability at
the borehole being logged. The location of permeable
features identified with the flowmeter logging showed
moderate to good agreement with the location of permeable intervals identified with slug testing. Characterization of permeable features using flowmeter logging
was superior to that provided with slug testing in many
instances, especially if the logging was done in conjunc-

tion with pumping in the borehole so that vertical flow
could be induced.
Data collected during cross-hole flowmeter logging
also provided substantial insight into the location and
type of permeable features in individual boreholes, as
well as insight into the flow pathways between boreholes. Areas of hydraulic connection identified with the
cross-hole flowmeter logging showed good agreement
with areas of hydraulic connection identified during constant-discharge aquifer testing and tracer testing.
Hydrophysical logging provided identification of
permeable features consistent with those identified by
the flowmeter logging. Hydrophysical logging identified
fewer permeable features than with the flowmeter logs
in two of the three boreholes logged using both methods,
indicating a lower detection limit for the hydrophysical
logging. Water-quality parameters in each of the permeable intervals also were quantified with hydrophysical
logging.
Slug tests, particularly when combined with acoustic-televiewer and flowmeter data, provided substantial
insight into the location and type of permeable features
at a borehole. Slug tests also provided substantial insight
into the distribution of permeability at individual boreholes, between stratigraphic formations, and across the
Byron site. Slug tests performed in test intervals isolated
with a packer assembly typically provided a superior
characterization of the location of permeable intervals in
boreholes with low permeability, low vertical-hydraulic
gradients, or large differences in permeability. Slug tests
also have the advantage of being able to quantify the Kh
of both permeable and less-permeable features, although
the accuracy of the values is questionable. Flowmeter
logging tends to provide a superior characterization of
permeability when more than one permeable feature is
present within the interval of the packer assembly or
when the length of the packed interval is greater than
about 10 ft.
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Specific-capacity tests allowed for quantification
of aquifer transmissivity in a part of the Galena-Platteville aquifer too permeable to have been cost effectively
characterized by a long-term (days), multiple-well, constant-discharge aquifer test (borehole DF12) and where
resources were insufficient for detailed hydrogeologic
characterization (borehole PZ3). Transmissivity values
calculated from the specific-capacity data were in good
agreement with those calculated from slug testing.
Multiple-well, constant-discharge aquifer tests,
including tracer tests, allowed quantification of the
hydraulic properties of the aquifer (at least from one
of the tests), which could not be determined with other
methods. These tests verified the presence of hydraulic
interaction between the fractures and the matrix; identified the presence, location, and types of hydraulically
connected features in the aquifer as well as the presence
and location of hydraulically isolated parts of the aquifer; and identified the presence and orientation of heterogeneity and anisotropy in the aquifer. This information
was consistent with interpretations made from analysis
of fracture traces, acoustic-televiewer logs, single- and
cross-hole GPR, slug testing, and flowmeter logging.
The location of contaminants at the Byron site
indicates that the ground-water-flow pathways in parts
of the Byron site are represented adequately with the
water-level data. Contaminant distribution indicates
flow south of the DFP and in the middle of the aquifer in
the southern part of the BSY, is opposite to the directions indicated by the water-level data. Flow in directions opposite to those indicated by static water levels
indicates that the flow pathway in the Galena-Platteville
aquifer is complex and may not be adequately assessed
with the limited monitoring well network south of the
DFP. The complexity of the flow pathways likely is the
result of the complex secondary-permeability network in
the vicinity of the Byron site.

Tipton Farm Site
The Tipton Farm site is located near Wempletown,
about 4 mi northwest of the city of Rockford in the central part of Winnebago County, north-central Illinois (fig.
16). Ten investigative methods were used at the Tipton
Farm site (tables 1, 7). Fifteen wells penetrating the
Galena-Platteville aquifer were available for characterization (table 8), and about 10 years of data were available for analysis. Information regarding the Galena-Platteville aquifer at the Tipton Farm site is limited because
site investigations were restricted to the shallow part of
the aquifer. Detailed discussion of the data collected at
the Tipton Farm site is presented in appendix C of this
report.
The Tipton Farm site contains two disposal areas: a
drum-storage area and a landfill in an abandoned stone
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quarry (fig. 17). The site is approximately 110 acres in
size, with the landfill and drum-storage areas occupying
about 3 acres.
Wells at the site were surveyed to an arbitrary
datum, not to NGVD29. Land-surface altitude for these
wells was estimated from topographic maps. As a consequence, the location of most of the secondary-permeability features at a given well are referenced relative to
NGVD29, with an accuracy of about 5 ft. Water-level
measurements are referenced to an arbitrary datum,
which is accurate to within 0.05 ft.
Surface topography at the Tipton Farm site is above
880 ft above NGVD29 (FANGVD29) in the southeastern
and far northern parts of the site, and decreases to about
850 FANGVD29 near the landfill (fig. 17). The altitude
of the bedrock surface is highest at the topographic highs
and lowest at the topographic lows. Between 2 and 15
ft of Quaternary-aged deposits overlie the Galena-Platteville dolomite beneath the site. The Quaternary deposits
are thickest in topographically elevated areas and thinnest in topographically low areas (fig. 18).
The Galena-Platteville aquifer is under water-table
conditions at the Tipton Farm site. The upper part of the
Galena-Platteville aquifer at the Tipton Farm site has low
permeability, with a geometric mean Kh value of 0.28
ft/d. The direction of ground-water flow in the GalenaPlatteville aquifer varies, but generally is from southeast
to northwest (fig. 19). Low concentrations of VOC's
stored or disposed of in the drum-storage and landfill
areas have migrated into the Galena-Platteville aquifer.
Methods used for hydrogeologic characterization at
the Tipton Farm site only were moderately successful.
Some lack of success is attributed to the small number
of data points available for analysis, the small amount of
aquifer penetrated by most of the boreholes and the presence of well screens in the deeper wells, which limits the
number of methods that could be used in the investigation.
Background sources of information substantially
benefited the site characterization. Data obtained from
previous investigations were useful for determining the
geology, hydrology and water quality at the site (table 7).
However, SAR surveys performed by previous investigators identified a number of potential secondary-permeability features that were not verified by subsequent
investigation. Analysis of land-surface topography identified the location of relatively high and low bedrocksurface altitude, which was verified by the lithologic logs
collected by previous investigators.
Core analysis identified the lithology and stratigraphy beneath the Tipton Farm site, the location of fractures, and the primary porosity of the dolomite (table 7).
Geologic information obtained from the core analysis
generally was consistent with the analysis of the lithologic logs provided by the previous investigators.
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The three-arm caliper logs indicate numerous small
increases in diameter in each of the boreholes that may
correspond to small fractures. However, the lack of
confirmation from other methods makes this interpretation uncertain.
Natural-gamma logging, in combination with the
core description, helped to assess site stratigraphy. The
utility of this method was diminished by the availability
of this log type for only one shallow well, which pre89C 15'
42C22'30

vented interpretation of conditions over the Tipton site
as a whole. Data from the SPR and SP logging provided
no clear information on the geology or hydrology of the
site.
Periodic water-level measurements indicated the
overall direction of ground-water flow in three dimensions. Vertical- and horizontal-hydraulic gradients
are higher beneath high points in the bedrock near the
drum-storage area than beneath low points near the land-
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Modified from Ecology and Environment, Inc., 1990.
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Figure 16. Location of Tipton Farm site and monitoring wells near Wempletown, Illinois.
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fill area, indicating that the Galena-Platteville aquifer
beneath the bedrock highs may be less permeable than
beneath the bedrock lows. If the aquifer beneath the
bedrock highs is less permeable, the rock in this area
likely has fewer secondary-permeability features than the
rock near the lows.
Slug testing quantified the Kh of the aquifer. Slugtest values may have been affected by changes in the saturated thickness of the aquifer between tests. Slug-test
data indicated that the Kh of the aquifer is lower near the
landfill area than at the rest of the site. This interpretation is contrary to that drawn from analysis of the waterlevel data described previously. There are a number of
potential explanations for this discrepancy including
potentially erroneous interpretations of one or both data
sets because of the small number of data points, or differences in the amount of aquifer characterized by slug
tests (less than 10 ft in the vicinity of the borehole) and
water-level measurements (site wide). It is possible that
the Galena-Platteville aquifer is more permeable near
the landfill, but the wells that were slug tested are not in
direct hydraulic connection with the permeable features
controlling water levels in this area. It also is possible
that the discrepancy in interpretations made from the
water level and slug-test data is due partly to the position
of wells along the flow path. The area beneath the landfill appears to be associated with a ground-water divide,
with possible high vertical-hydraulic gradients in comparison to other parts of the flow system (Toth, 1962).
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ACME Solvents and Winnebago Reclamation
Landfill Sites
The ACME Solvents site and the Winnebago Reclamation Landfill (WRL) site, hereafter combined and
referred to as the ACME/WRL site, are adjacent sites
located in north-central, Illinois (figs. 20, 21). Thirteen
methods were used in the investigation of the ACME/
WRL site (tables 1, 9). More than 60 boreholes and
wells penetrating the Galena-Platteville aquifer (table
10) were available for characterization, and 7 years of
data were available for analysis at the time these sites
were investigated. Details of the results of the investigations are presented in appendix D to this report.
Industrial wastes, including solvents, paints and oils,
were deposited in barrels, storage tanks, and unlined
disposal pits on the ACME property from about 1960
through 1972. The WRL is an asphalt-lined sanitary
landfill, which has been in operation since 1972. Wastes
disposed of in the WRL include municipal solid waste,
sewage sludge, and various special permitted and industrial wastes prior to 1986. Wastes at both sites have
leached a variety of contaminants, including VOCs into
the Galena-Platteville aquifer (Kay, 1991).
A bedrock ridge is present beneath the center of
the ACME Solvents site, trending south of the WRL
toward Killbuck Creek (fig. 22). The Galena-Platteville dolomite is about 230 ft thick beneath this bedrock
ridge. Pre- and post-glacial erosion has reduced the

Table 7. Summary of methods of data collection, Tipton Farm site, III.
Method

Location of data collection

Uses

Previous inveMgatiqnsj

Eiitirefsite.

;Assessment pf geology^ hydrology, and water quality. .Square-array resistivity jlntorptetations not verified by drilling.

Topographic maps

Entire site and surrounding area.

Identification of bedrock high and low areas. Aquifer at bedrock high may be less permeable than at bedrock low, but interpretations vary with method used.

Lfthologjc logging

All boreholes.

Identification !of litMpgy.

Cores

Boreholes DS8, T6D.

Identification of stratigraphy and lithology. Quantification of primary matrix porosity.
Identified healed fractures at 814-816, 829, and 841 feet above National Geodetic Vertical Datum of 1929 in borehole T6D, and at about 819, 835-837, 842, 847, 849, 856-859,
867, and 869 feet above National Geodetic Vertical Datum of 1929 in borehole DS8.

Caliper lop

Boreholbm, J, T4/T5.

Natural-gamma logs

Borehole T5.

Characterization of site lithology and stratigraphy on combination with core description.

Single-point resistance
logs

Borehole T4«

Nosvalue,

Water levels from
wells

Boreholes DS1, DS2, DS3, DS4,
DS5, DS6, DS7, DS8, DS9, T2,
T3, T4, T5, T6S, T6D.

Determined vertical and horizontal directions of flow, may indicate areas of higher permeability.

^Spontaneous-potential
logs

Sbreholcs T2«T4, T5.,

Identified possible perrneable features near water%vel in well, likely no value.s

Slug tests

Boreholes DS1, DS2, DS5, DS6,
DS7, DS9, T4, T5, T6S, T6D.

Quantification of horizontal hydraulic conductivity, possible identification of spatial variation in permeability. Some variation in hydraulic conductivity with height of water
column in well, indicating presence of permeable features at and near water table at
some locations.

sr^ssiu

M^^JVHlQU, '^^^^^^^^.^
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Table 8. Monitoring-well and water-level data for the Tipton Farm site, III.
[NA-not available]

Total depth
(feet below Open interval
Well
land sur(feet below
name
land surface)
face)

LandApproximate landsurface
Water-level
Water-level
surface altitude
altitude
altitude April 5, altitude April 5,
(feet above
1991
(feet above National Geodetic
1990
arbitrary
Vertical Datum of (feet above ar- (feet above ardatum)
bitrary datum) bitrary datum)
1929)

Waterlevel altitude
March 5,1 993
(feet above
arbitrary
datum)

Waterlevel altitude
December 9,
1994
(feet above
arbitrary
datum)

DSl
DS2
DS3
DS4
DS5

43.0
43.5
44.0
38.5
43.5

18-43
18-43.5
33-44
9-38.5
20-43.5

127
134
130
129.5
108

885.0
892.0
888.0
887.5
866.0

93.22
99.69
NA
102.75
71.64

107.25
113.15
98.53
114.32
81.83

109.25
115.49
101.82
117.39
84.77

108.68
114.09
98.10
114.88
82.06

DS6
DS7
DS8
DS9
T6S

43.5
72.0
70.0
28.5
28.5

12-43.5
61-72
58-69
11-28.5
2-28.5

99
99
129.5
130.5
93

857.0
857.0
887.5
888.5
851.0

69.09
66.55
96.43
106.24
75.17

89.66
77.17
106.92
114.90
81.12

85.21
81.50
109.50
117.42
84.96

82.63
77.78
107.58
115.33
82.29

T6D
T2
T3
T4
T5

58.5
30.0
31.0
32.5
30.0

47.5-58.5
13-30
8.8-31
12.8-32.5
13-30

93
NA
NA
NA
NA

851.0
852.0
852.0
852.0
852.0

68.49
NA
NA
NA
NA

79.19
NA
NA
NA
NA

83.33
NA
NA
NA
NA

79.48
NA
NA
NA
NA

thickness of the dolomite to about 80 ft south and west
of the ridge. Quaternary-aged deposits unconformably
overlie the Galena-Platteville dolomite throughout the
study area where these deposits have not been removed
by quarrying. Quaternary deposits typically are less
than 10 ft thick near the bedrock ridge, but are in excess
of 100 ft thick where the bedrock has been eroded
more extensively. Quaternary deposits tend to be coarse
grained beneath the ACME Solvents site and the WRL,
and fine grained to the south. Sand-and-gravel deposits
overlie the bedrock beneath much of the ACME/WRL
site. The Galena-Platteville deposits are underlain by the
Harmony Hill Shale Member of the Glenwood Formation, which functions as a semiconfining unit beneath the
ACME/WRL site. The St. Peter aquifer underlies the
Glenwood Formation.
The water table is in the Quaternary deposits west
of the line between wells G102, BIO, and B13 and south
of the line between wells B13, Gl 11, and P8 (fig. 21).
North and east of these lines, the water table is located in
the Galena-Platteville aquifer.
Ground-water flow and contaminant migration at the
ACME/WRL site is from east to west (figs. 23, 24, 25),
with periodic local reversals in this direction because
of recharge from the intermittent stream between the
sites. Ground water discharges into and flows beneath
Killbuck Creek. Hydraulic boundaries to ground-water
flow and contaminant migration at the ACME/WRL site

are not defined clearly. The Galena-Platteville aquifer
beneath the ACME/WRL site is moderately permeable,
with Kh values having a geometric mean value of 0.72
ft/d. The aquifer has a lower Kh (geometric mean value
of 0.15 ft/d) in the area defined approximately by the B6
and 5S/I/D well clusters to the east and well Gl 14 and
the Gil3 well cluster to the west than in the remainder
of the site (geometric mean Kh of 2.1 ft/d).
Most of the methods of investigation provided some
useful insight into the hydrogeology of the Galena-Platteville aquifer at the ACME/WRL site (tables 9, 11, 12).
Multiple methods often provided the same information.
However, application of different methods also provided
contradictory interpretations.
Analysis of surface topography was useful for identifying the location of the bedrock ridge at the ACME/
WRL site (table 9). Aquifer-test data confirm that the
Galena-Platteville aquifer, in at least part of the area corresponding to the bedrock ridge, had lower permeability
than in the remainder of the area, indicating the presence
of comparatively competent rock.
Quarry visits were useful for establishing stratigraphy and fracture orientations (table 9). Stratigraphic
interpretations initially indicated with the quarry visits were confirmed and expanded with core analysis.
Analysis of contaminant distribution indicates a component of ground-water flow to the south along one of the
primary orientations of the inclined fractures measured
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Modified from Ecology and Environment. Inc., 1990.
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Figure 17. Location of line of geologic section and surface topography at the Tipton Farm site, III.
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at the quarry.
Lithologic logs were useful for providing the initial
identification of areas where hydraulically active and
inactive secondary-permeability features were located
(tables 9, 11, 12). Some of these interpretations subsequently were confirmed by caliper-log analysis.
Core analysis provided the foundation for the
ACME/WRL site stratigraphy, including the potential

presence of an unconformity in the dolomite. Core
analysis also provided some insight into the location of
secondary-permeability features in the aquifer (tables 9,
11). Discrepancies were observed in the stratigraphic
interpretations made from different cores by different
investigators. It is uncertain if these discrepancies reflect
actual variations in the site stratigraphy or differences in
opinion between investigators.
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Table 9. Summary of methods of data collection, ACME Solvents and Winnebago Reclamation Landfill sites, III.
Method
:

Use

Location of data collection

Topographic maps and,
aerialphotographs
Quarry visits
Litholpgic logging

Entire site andMrrounding area.!

, Identification of bedrock ridge. ,

Quarry north of ACME Solvents site.
All boreholes.

Cores

Abandoned location near ST1-SP2; completion intervals for STI-I
and STT-D boreholes.

Identification of fracture orientation and lilhology.
Identification oijjithoidgy,! locatiorfof highly permeable
features,.
Identification of stratigraphy, lithology, location of potentially
permeable features including unconformity at top of Mifflin
and base of Grand Detour Formations.
Identification of presence "and location of jSecpndaryrperimers
ability features..
Identification of presence and location of potential fractures
and competent parts of rock.
Characterization of site stratigraphy,

! BbreholeTeamefa lop
Caliper logs
' Natural-gamma logs

Borehole B6PW;
Boreholes STI-SP1, STT-SP2, STI-1D, STI-2D, STI-3D, ST1-4D.
STT-5D.
Boreholes mSPI^STC-SPl, STI-ID, ST1-2D,STI-3D, STI-4D,
jSTl^SB

Neutron logs
Densijy logs
Water levels
Slug.tests

Multiple-well, constant-discharge tests
r Contaminant Jocation

Boreholes STI-SP1. STI-SP2, ST1-1D, STI-2D, STI-3D, ST1-4D,
STI-5D.
rSE^, SfI-l^STI-2p, SjTI^D, STMD,
" STI-5D.
All wells
Wells B4>{B6S, B6D, BKB9, BliXiBiSA, Bll, BUAJB12, BM,
Bi6TB16A,'G101:,(GU3, G113A, G114, MW:104, MWlt)5,
MW201Bi iMW202, P8, P9, STMS, STi-St, STI-5D, STI-6S,,
STI-7I.
Well STI-3I. borehole B6PW.

Entire site

Caliper and borehole camera logs provided insight
into the possible location of fractures in the bedrock, as
well as areas where these features did not appear to be
present (tables 9, 11). These logs helped refine interpretations about the locations of secondary-permeability
features identified with the lithologic logs. These logs
also helped identify the location of secondary-permeability features not identified with the lithologic logging.
Natural-gamma logs provided a comprehensive
depiction of the stratigraphy at the ACME/WRL site
beyond what could be accomplished with the cores alone
(table 9). Natural-gamma logging also was used to
identify trends in the thickness of the Galena-Platteville
aquifer. Attempts were made to correlate stratigraphy
with Kh values, but the data distribution was too sparse
for comparison.
Neutron and density logs indicated general patterns
of increasing and decreasing porosity, which showed
some correlation with stratigraphy but did not identify
any fractures or solution openings (tables 9, II). These
logs were not calibrated to absolute values of porosity, so the magnitude of the variations is unknown. The
primary reason for the failure to identify large fractures
or solution openings appears to be a lack of sufficiently
high porosity in these secondary-permeability features to
distinguish them from the matrix porosity.

Identification of trends in porosity.
IdehtificationiOfiocatibri, typeVaWd orientatibh'of secondary^
permeability "features.
Determined vertical and horizontal directions of flow, indicated vertical and horizontal distribution of permeability.
Quantification ofhorizontal hydraulic conductivity, identifica-;
tion of distribution of permeability^

Quantification of hydraulic properties of aquifer, identification
of ground-water-flow pathways, identification of the presence of heterogeneity and anisotropy.
Ideritifieatibn of grpurid-<water-fiow pathways.

Periodic water-level measurements collected over 6
years identified the horizontal and vertical directions of
ground-water flow and provided some insight into trends
in aquifer permeability (and, thereby, the distribution
of secondary-permeability features) across the ACME/
WRL site (tables 9, 12). Analysis of horizontal hydraulic gradients indicated the presence of an area of lower
permeability in the Galena-Platteville aquifer roughly
coincident with the bedrock high between the ACME
and WRL sites. This interpretation was supported by
the results of aquifer testing and water-quality sampling.
Horizontal hydraulic gradients could be used to identify
trends in permeability partly because large variations in
recharge conditions during these investigations resulted
in substantial changes in flow directions and because
data coverage within and surrounding the low-permeability area was sufficient for this area to be identified.
Uniformly low (less than 1.0 X 10~2 ft/ft) verticalhydraulic gradients tended to indicate the presence of
high vertical-hydraulic conductivity in the Galena-Platteville aquifer throughout the ACME/WRL site. However,
this interpretation was not supported by interpretations
of two constant-discharge aquifer tests. The combination of low vertical-hydraulic gradient and apparently
moderate to low vertical-hydraulic conductivity indicates
that the amount of vertical flow within the aquifer at the
ACME/WRL site is spatially uniform and fairly low.
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Table 10. Monitoring well data, ACME Solvents and Winnebago Reclamation Landfill sites, III.
Screened interval: NA, not applicable; Lithology: D, dolomite; S, sandstone; UC, unconsolidated coarse grained; UE unconsolidated, fine grained. Hydrologic unit: WTGP, water table Galena-Platteville; WTDA, water table drift aquifer; MGP, middle of Galena-Platteville aquifer; BGP, base of Galena-Platteville
aquifer; MDA, middle of drift aquifer; LA, lower aquifer.

Well name

Measuring-point altitude
(feet above National Geodetic
Vertical Datum of 1929}

Open interval
(feet below land
surface)

Screened interval
(feet below land
surface)

Lithology

Hydrologic unit

Bl
B2
B3
B4
B5

773.15
792.37
744.88
757.66
752.91

35-51
54-73
23-40
17-36
20-35

40-46
67-73
30-40
25-35
25-35

D
D
D
D
D

WTGP
WTGP
WTGP
WTGP
WTGP

B6S
B6D
B7
B8
B9

754.07
754.19
751.90
750.02
758.38

35-48
37-100
12-31
25-35
14-42

37-47
95-100
25-31
29-35
36-42

D
D
D
UF
D

WTGP
WTGP
WTGP
WTDA
WTGP

BIO
B10A
Bll
B11A
B12

744.12
743.78
750.63
758.92
760.35

16-40
53-62
29-47
65-75
28-49

34-40
57-62
42-47
70-75
44-49

D
D
D
D
D

WTGP
MGP
WTGP
MGP
WTGP

B13
B15
B15P
B15R
B16

739.33
744.47
743.5]
743.70
762.86

21-33
15-40
50-63
36-43
23-45

27-33
34-40
58-63
38-43
40-45

D
UC
UC
UC
D

WTGP
WTDA
MDA
WTDA
WTGP

B16A
PI
P3R
P4R
P6

762.58
727.65
749.59
747.82
739.61

61-70
27-35
35-48
60-70
44-50

65-70
30-35
38-48
65-70
45-50

D
UC
UC
UC
D

MGP
WTDA
WTDA
MDA
MGP

P7
P8
P9
MW101
MW102

728.75
748.21
748.71
800.04
760.81

22-30
30-36
45-50
76-100
30-54

25-30
30-36
45-50
95-100
44-54

UC
UC
D
D
D

WTDA
WTDA
MGP
MGP
WTGP

MW103
MW104
MW105
MW106
MW107

751.10
756.82
753.00
725.85
750.00

23-60
102-135
64-76
47-60
72-150

50-60
125-135
70-76
55-60
145-150

D
D
D
UC
D

MGP
MGP
MGP
MDA
MGP

PZ1
PZ2
PZ3
PZ4
PZ5

747.48
745.17
743.85
744.27
747.33

23-30
18-25
12-18
13-21
13-21

24-29
19-24
13-18
14-19
15-20

D
UF
UF
D
UF

WTGP
WTDA
WTDA
WTGP
WTDA

PZ6
PZ8
PZ10
PZ11
IS
11

749.67
752.39
754.20
754.53
766.65
766.04

17-30
17-24
15-24
13-21
38-53
127-147

19-24
19-24
15-20
14-19
NA
NA

D
D
UC
UC
D
D

WTGP
WTGP
WTDA
WTDA
WTGP
MGP
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Table 10. Monitoring well data, ACME Solvents and Winnebago Reclamation Landfill sites, Ill.--Continued.

Well name

Measuring-point altitude
(feet above National Geodetic
Vertical Datum of 1929)

Open interval
(feet below land
surface)

Screened interval
(feet below land
surface)

Lithology

Hydrologic unit

ID
2S
21
2D
3S

766.86
748.47
748.35
747.89
768.38

170-190
25-50
116-135
162-182
31-46

NA
25-50
NA
NA
NA

D
UF
D
D
D

BGP
WTDA
MGP
BGP
WTGP

31
3D
4S
41
4D

767.88
768.26
772.83
771.52
770.00

155-175
212-232
40-56
115-137
182-201

NA
NA
NA
NA
NA

D
D
D
D
D

MGP
BGP
WTGP
MGP
BGP

5S
51
5D
6S
71

763.96
762.41
762.67
752.07
757.14

23-49
120-140
180-201
7-30
77-101

27-47
NA
NA
11-30
81-101

D
D
D
D
D

WTGP
MGP
BGP
WTGP
MGP

SP1
SP2
MW201A
MW201B
MW202

752.63
769.94
752.12
751.15
752.81

244-264
294-316
216-249
176-196
87-127

NA
NA
238-248
184-194
114-127

S
S
D
D
D

LA
LA
BGP/LS
BGP
MGP

PPS
B6PW
G101
G102
G105R

785.89
UNK
745.78
738.48
761.34

320-600
20-161
UNK
UNK
28-44

UNK
NA
UNK
UNK
34-44

S
D
D
D
D

LA
GP
WTGP
WTGP
WTGP

G107
G108
G109
G109A
G1IO

739.52
751.13
760.60
760.90
747.90

25-36
27-44
35-52
70-80
30-43

26-36
34-44
42-53
75-80
33-43

UF
D
D
D
D

WTDA
WTGP
WTGP
MGP
WTGP

Gill
G112
Gil 3
G113A
G114

740.59
763.37
762.23
762.86
758.07

23-36
30-44
35-48
63-75
30-45

26-36
34-44
38-48
70-75
35-45

UC/D
D
D
D
D

WTGP
WTGP
WTGP
WTGP
WTGP

G115
G116
G116A
G117
G118R

729.03
713.83
714.12
723.42
717.61

8-20
4-14

10-20
4-14

30-45
8-25
2-13

35-45
13-23
3-13

UF
UC
UC
UF
UC

WTDA
WTDA
MDA
WTDA
WTDA

G118A
G119
G119A

718.24
720.34
720.17

34-45
8-20

38-45
10-20
45-50

UC
UC
UC

WTDA
WTDA
MDA

40-50

Figure 22. Bedrock-surface altitude at the ACME Solvents and Winnebago Reclamation Landfill sites, III.
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Analysis of slug-test data confirmed the presence
of areas of comparatively high and low Kh within the
Galena-Platteville aquifer at the ACME/WRL site indicated by analysis of water-level data (tables 9, 12). Slug
tests also quantified the Kh of various parts of the aquifer. Results of slug testing were affected by the length
of the test interval, with smaller test intervals providing
a more accurate depiction of the location of permeable
features.
Multiple-well, constant-discharge aquifer tests
allowed qualitative and quantitative assessment of the
horizontal and vertical hydraulic properties of the aquifer, which could not be determined with other methods
(tables 9, 12). However, the calculated transmissivity,
storativity, and horizontal and vertical-hydraulic conductivity values may not be accurate because the heterogeneity of the aquifer is not accounted for in the analytical
method. Analysis of drawdown data from a pumped
well identified the approximate location of hydraulically
active features in the well, which were consistent with
those identified with borehole camera logging (tables 11,
12).
The location of contaminants at the ACME/WRL
site indicates that the ground-water-flow pathways
within the Galena-Platteville aquifer in parts of the
ACME/WRL site are represented adequately by the
water-level data. Contaminant locations also may
indicate the presence of preferential flow around the
low-permeability area between the ACME Solvents and
WRL sites, which is consistent with interpretations about
the comparative lack of secondary-permeability features
in this area indicated by analysis of the water-level and
aquifer-test data.

Table 11. Summary of altitudes of secondary-permeability features in select wells by method of detection, ACME Solvents and
Winnebago Reclamation Landfill sites, III.

Method

Borehole

t sfUD

STI-2D

ST1V3D

STI-SP2

Southeast Rockford Site
The Southeast Rockford Superfund site (hereafter
referred to as the Southeast Rockford site) is located in
the southeastern part of the city of Rockford, Winnebago
County, north-central Illinois (fig. 26). For the purposes
of this report, the Southeast Rockford site is identical to
the study area shown on figure 26. The Southeast Rockford site was subjected to moderate investigation with 15
investigative techniques used (tables 1, 13). The focus
of the USGS investigation was boreholes BHl, BH2, and
BH3 (fig. 26), which penetrate the entire thickness of the
Galena-Platteville aquifer (table 14). Data collected over
a period of 4 years by other investigators at numerous
monitoring wells also are considered. Detailed analysis
of the data collected at this site is presented in appendix
E of this report.
Industrial wastes were disposed of or had been
released from storage containers at various locations
within the southeast Rockford area (Camp, Dresser, and
McKee, 1992). The source area of concern to the USGS
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B6PW

Altitude of secondary-permeability features (feet above
National Geodetic Vertical
Datum of 1929}

sLithoiogie logging
'Cotes

598,665,69%
None idehtifiedl

Borehble-caroeraFlogs

Method not used: s

Calipeiiilogs

Possible fc^turc^aigSe?, 684. 7^4,

Natural-gamma {egs

None identified^

Neutron logs 1

NondidentifieB.

Density logs

62%

Lithologic logging

None identified.

Cores

None identified.

Borehole-camera logs

Method not used.

Caliper logs

None identified.

Natural-gamma logs

None identified.

Neutron logs

None identified.

Density logs

None identified.

Lithologic Idggirfg

None identified.

.Cores

Noneidentifiexl.g

Borehole-camera logs

sMetlkxlnpt used,.

Caliper,logs

None identified.

NaturaUgamma,l°gs

None identifiedis

Neutron logs

Nbne identified.

Density log>

Method not used.

Lithologic logging

None identified.

Cores
Borehole-camera logs

Fractures at 736-742, unconformity at 603.
Method not used.

Caliper logs

None identified.

Natural-gamma logs

None identified.

Neutron logs

None identified.

Density logs

None identified.

sLithologie logging ""

None identified.^

Cores

llethod not used,

Caliper.logs

Metho<J;not used;.

Naftural-gammaglogsi

, Method: Kdtusedl

^eutrorilogs

Method not used.

I Density Mgs

, Method not used.

investigation is located west of Alpine Road between
O'Connell Street and the railroad tracks (Camp, Dresser,
and McKee, 1992) (fig. 26).
Surface topography at the Southeast Rockford site
is elevated in the eastern part of the site, and decreases
toward an unnamed stream through the west-central part

'.
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Table 12. Summary of information regarding permeable features in select boreholes by method of detection, ACME Solvents and Winnebago Reclamation Landfill sites, III.
Borehole
S STI-ID

Method
Litholbgic logging

Waters-level measurement
.Slug tests

STI-2D

STI-SP2

!B6PWiand
! B6Well
Cluster

Altitude of permeable features (feet above National Geodetic Vertical Datum of 1929)

Multiple-welL; constant-dlseharge tests
Contaminant I<>cati6n
Lilhologic logging
Water-level measurement
Slug tests
Multiple-well, constant-discharge tests
Contaminant location
LlthologiC:; Jogging
iWaterievel measurement
Slugtpts
&fiiltiple*weil, coristant-discharge tests
Contaminani! location ,
Lithologic logging
Water-level measurement
Slug tests
Multiple-well, constant-discharge tests
Contaminant location
Lithologic logging
Water-level measurement;
Slug tests
Multiple-welU;constant-discharge tests
Contaminant location

slit area; pf relatively high permeability,,
'In area of relatively higbpehrieability, Specific peiineable§ features not identified.
Method not used.
None identified.
None identified.
In area of relatively high permeability.
In area of relatively high permeability, specific permeable features not identified.
Method not used.
Along secondary orientation of vertical fractures in dolomite from ACME Solvents site.
INone identified.
In area of relatively high permeability.
In area of relatively mghspermeability,sSpeciftc permeable featuresinot identified,
Ilow, vertical hydraulic interconnection's possible? permeable feature near boreholes!
jContaminantSi notdeteeted.
None identified.
No Galena-Platteville data points in this area.
In area of relatively high permeability, specific permeable features not identified.
Method not used.
No Galena-Platteville data points in this area.
None identified.!
In area of relatively Jow permeability;
In afea'of relatively low permeability, specific permeable?features net identifie;d.
Low veitieaLhydraulic jrtercoririectibri, permeable features af668-679^ largest feature at 677,
siblyiOther features near 640,662, arid 688.
In area of little flow in'comparison tq surrounding area.

of the site (fig. 26). The stream marks the approximate
location of an east-west trending bedrock valley (fig.
27). The Galena-Platteville dolomite is as much as 360
ft thick at the bedrock upland and is about 150 ft thick
in the bedrock valley (Kay and others, 1994; Camp,
Dresser and McKee, Inc., 1992, 1994).
Quaternary-aged deposits unconformably overlie
the Galena-Platteville dolomite beneath the Southeast
Rockford site. Alluvial sand-and-gravel deposits generally are present in topographically low areas near the
unnamed stream. Silt-and-clay deposits are interbedded
with the sands and gravels, with more than 35 ft of silt
and clay directly overlying the bedrock at boreholes BH1
and BH3. Quaternary deposits generally are about 40
ft thick along the bedrock ridges, and more than 150 ft
thick near the bedrock valley.
The Galena-Platteville aquifer is overlain by the
sand and gravel aquifer throughout the Southeast Rockford site. The Galena-Platteville aquifer is moderately
permeable, with a geometric mean Kh of 2.6 ft/d. The
aquifer contains a number of fractures and vuggy intervals whose location appears to be affected by lithology.
The overall direction of ground-water flow in the
Galena-Platteville aquifer is from east to west beneath
the Southeast Rockford site (fig. 28). VOC's stored or
disposed of in this area have leached into the sand and

gravel and Galena-Platteville aquifers (fig. 29), and are
present in the aquifers from the area west of Alpine
Road to the Rock River. A second, smaller, VOC plume
is present in the northeastern part of the site.
Most of the methods of investigation provided
some useful insight into the geology or hydrology of
the Southeast Rockford site (tables 13, 15, 16). Multiple methods sometimes provided the same hydraulic
information at this site. However, interpretations made
based on one method occasionally were contradicted by
interpretations made based on other methods.
Background sources of information were useful to
the hydrogeologic characterization of the Galena-Platteville aquifer at the Southeast Rockford site, in part,
because of the limited number of data points analyzed as
part of the USGS investigation. Results of previous and
concurrent investigations were used to determine geology, ground-water-flow directions, aerial distribution of
contamination, and Kh of the Galena-Platteville aquifer.
Analysis of surface topography was useful for identifying the configuration of the bedrock surface at the
Southeast Rockford site. The limited aquifer-test data
indicates the Galena-Platteville aquifer, as a whole, may
be more permeable near the bedrock valley than near the
bedrock ridge.
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Observation of the rock at a quarry immediately southwest of Alpine and Sandy Hollow
Roads established the lithology and stratigraphy of the exposed rocks (table 13). The utility
of the data was limited because only the Wise
Lake and Dunleith Formations were exposed at
the quarry.
Lithologic logs identified depths of secondary-permeability features, although only
one permeable feature was described beneath
the site with this method (tables 13, 15, 16).
These interpretations subsequently were confirmed by analysis of televiewer and caliper
logs. The utility of the lithologic logs was
limited by the large amount of water ejected out
of the boreholes, which obscured increases in
water return associated with permeable features
and minimized their identification.
Three-arm caliper, borehole-camera, and
acoustic-televiewer logs all provided insight
into the location of bedding-plane partings
in the dolomite, as well as areas where these
features did not appear to be present (tables 13,
15). These logs helped refine interpretations
about the locations of secondary-permeability
features identified with the lithologic logs and
identified secondary-permeability features that
were not identified with the lithologic logs.
Acoustic-televiewer logs provided the largest
amount of information on the location, orientation, and type of secondary-permeability
features.
Natural-gamma logs provided a comprehensive depiction of the stratigraphy at
the Southeast Rockford site, which could not
be accomplished with other methods (tables
13, 15). Natural-gamma logs did not indicate the presence of clay-infilled fractures in
the boreholes. Short-normal resistivity logs,
which tended to show a response inverse to the
natural-gamma logs, also did not indicate the
presence of clay-infilled fractures at the Southeast Rockford site, presumably because these
features were not encountered.
Periodic water-level measurements collected from monitoring wells, single measurements from test intervals isolated with a packer
assembly, and continuous measurements from
a borehole, all provided insight into the horizontal and vertical directions of ground-water
flow (tables 13, 16). Water-level measurements
collected periodically over 3 years did not vary
substantially between measurements rounds.
Higher horizontal hydraulic gradients indicate
the presence of an area of lower permeability in
the Galena-Platteville aquifer between bore-
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Table 13. Summary of methods of data collection. Southeast Rockford site, III.
Method

Location of data collection
Entire site and surrounding area.

Topographic maps
::!Quarfy visits

Uses
Identification ;0f lithology, directions of; ground- waterifldw, wjater qualify.

Entire site and surrounding area.

Indication of bedrock topography.

Quarry south df site^

Identification of stratigraphy aiidsLrtnology In uppermost part :of bedrock.

Lithologic logs

Boreholes BH1, BH2, BH3.

Identification of lithology, location of potential secondary-permeability features.

Boreh6ie:camera fogs

'Borehole BH2U

identiileationsofipresence and location of secondary-rjermeabitity features.

Caliper logs

Boreholes BHKBH2, BH3.

Identification of presence and location of potential fractures and competent parts
of rock.

Boreholes BH1 , BH2: BH3. "

Characterizationjoj|site stratigraphy.

Acoustic-televiewer logs

Boreholes BH1. BH2, BH3.

Identification of presence and location of secondary-permeability features and
competent parts of rock.

Short-normal resistivity logs

Boreholes BHLBffi,,BH4

Identification,of locatibn;6f potential fractures.

Water levels from wells

Monitoring wells.

Determined vertical and horizontal directions of flow, indicated vertical and horizontal distribution of permeability.

W^ter levels using packers

BoreholesiBH I. BH2,S BH3.

^Identification o;f vertical direction of flow, location of permeable features^ vertical
(distribution^<af permeability, ;presence;of high Vertical-Hydraulic gradients.

Flowmeter logs

Boreholes BH1, BH2, BH3.

Identification of vertical direction of flow, location of permeable features, potential
for high vertical-hydraulic gradients and vertical distribution of permeability.

Sliig tests i

Monitoring wetfe,

Quantification of horizonMIjydraulie conductivity^ identification of presence of i
Ijeterogenetty^

Specific-capacity tests

Boreholes BH1, BH2, BH3.

Quantification of hydraulic properties of aquifer, possible identification of areas of
elevated permeability.

N """

Contaminant location

BHS and mohifbr- Identification ofgroundTwater-flow pathways. §
ing wells.

holes BH1 and BH2 (fig. 28). However, this interpretafied secondary-permeability features. The presence of
tion was not supported by the results of aquifer testing.
high volumes of vertical flow through the boreholes can
This discrepancy may be related to the differences in the be indicative of poor vertical hydraulic interconnection
scale of aquifer characterized with the different methods, within the aquifer, an interpretation that also is consisor the higher hydraulic gradients may be a response to
tent with analysis of the water-level data collected by use
increased ground-water flow in the Galena-Platteville
of a packer assembly. Analysis of slug-test data from
aquifer in the western (downgradient) part of the site
completed monitoring wells verified that the permeable
because of recharge from the overlying aquifer. Analysis zones identified by the flowmeter logging had the highof vertical trends in water levels indicated that the vertiest Kh values.
cal-hydraulic conductivity of the aquifer decreases with
Specific-capacity tests (table 16) indicate that the
depth, and that the vertical-hydraulic conductivity of
secondary-permeability network may be more extenthe underlying confining unit is likely to be low. These
sively developed in the bedrock valley than in the bedvertical water-level trends indicate the presence of fewer, rock uplands; however, results of the slug testing do not
less permeable, less interconnected secondary-permeaclearly support this interpretation. This discrepancy may
bility features in the deeper part of the Galena-Platteville result because of the small number of specific-capacity
aquifer than in the shallow part beneath the Southeast
tests (3) to support the interpretation, or may be because
Rockford site.
the specific-capacity tests were performed in boreholes
Data collected during flowmeter logging, particuopen to the entire aquifer, intercepted permeable fraclarly when analyzed on conjunction with
acoustic-televiewer data, identified the
Table 14. Data for boreholes BH1, BH2, and BH3, Southeast Rockford site,
location and type of permeable features in
each of the boreholes (tables 13, 15). The
Altitude of measurelocation of some of these features also was
Altitude of open interval
ment point
Depth
indicated by analysis of the water-level data
(feet above National
(feet above National
(feet below
collected by use of a packer assembly. The
Geodetic Vertical
Borehole measurement Geodetic Vertical Datum
utility of these logs may have been limited
of 1929)
Datum of 1929)
name
point)
by the large amount of vertical flow in the
765
221
544-626
BHl
boreholes, which may have reduced the abil254
537-743
791
BH2
ity to identify small changes in the amount
810
250
560-633
BH3
of flow associated with potentially unidenti-
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ing the Belvidere area, including the
Galena-Platteville aquifer (Brown and
Mills, 1995; Mills and others, 1998,
1999, 2002a, b). VOC's in ground water
also appear to discharge to the Kishwaukee River in the Belvidere area (Roy F.
Weston, Inc., 1988; Mills and others,
1999).
The Belvidere area is characterized by an undulating topography. The
city of Belvidere is in a broad lowland
valley that generally overlies the buried
ancestral Troy Bedrock Valley (fig. 32).
The axis of the Troy Bedrock Valley is
about 1.5 mi west of the city. Surfacewater runoff in the area discharges to
the Kishwaukee River and its principal
tributaries; the Kishwaukee river flows
westward through the central part of the
study area and Belvidere. The bedrock
surface at the uplands that flank the river
valley to the north and south are as high
as 800 FANGVD29, whereas the bedrock-surface altitude beneath the river
valleys is less than 500 FANGVD29.
The Galena-Platteville dolomite is
the uppermost bedrock geologic deposit
in most of the Belvidere area (fig. 32).
The Galena-Platteville dolomite is as
much as 300 ft thick beneath the Belvidere area, but has been removed by erosion near the axis of the Troy Bedrock
Valley. Locally, in the south-central part
of the Belvidere area, the Galena Group
is exposed at outcrops.
Quaternary-aged deposits unconformably overlie the Galena-Platteville
dolomite. Outwash sand-and-gravel
deposits as much as 260 ft thick compose the southern part of the Troy
Bedrock Valley and parts of the present
Kishwaukee River and Piscasaw Creek
Valleys. Outwash and alluvial sandand-gravel deposits less than about 50
ft thick flank the present valleys. In
the northern part of the Belvidere area,
including the Troy Bedrock Valley, finegrained till with interbeds of sand and
gravel less than about 10 ft thick predominate. Most of the south-centra] and
southeastern part of the Belvidere area
is overlain by glacial till. In the central
part of the Belvidere area, where most
of the test boreholes and monitoring
wells used for this study are located, the
glacial-drift deposits generally are about
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Site Conditions and Method Applications

40 ft thick and are composed of
sand and gravel with interbedded
till.
Sand-and-gravel deposits, and
in some locations, finer-grained
deposits of glacial and alluvial origin, compose a glacial drift aquifer
that underlies at least 50 percent of
the Belvidere area. The aquifer is
thickest in the southern part of the
Troy Bedrock Valley (fig. 33) and
along Kishwaukee River and its
major tributaries. The glacial drift
is unsaturated at locations where
the bedrock surface is high in the
south-central part of the Belvidere
area and along northeastward
trendlines in the northwestern and
southwestern parts of the area (fig.
34a).
Hydraulic connection between
the glacial drift aquifer and the
underling Galena-Platteville aquifer is greatest where permeable
sand-and-gravel deposits directly
overlie the weathered upper 5-20
ft of the Galena-Platteville aquifer
(Mills and others, 2002a; Kay,
2001). Vuggy intervals are present
in some of the Galena-Platteville
deposits, as are fractures and bedding-plane partings, but sinkholes
and large solution openings do not
appear to have been developed.
Laterally extensive, permeable
bedding-plane fractures are present at about 485, 525, and 660
FANGVD29 (fig. 35). Permeable
vertical fractures also are present,
particularly in the upper part of the
aquifer. The Galena-Platteville
aquifer is moderately permeable in
the Belvidere area, with Kh values
ranging from 0.005 to 2,500 ft/d.
Horizontally oriented fractures and
solution openings are most permeable in the upper, weathered part
of the aquifer and at the beddingplane fractures. These horizontal
intervals are separated by less
permeable matrix and connected
by permeable vertical fractures.
Lateral ground-water flow in
the glacial drift and Galena-Platteville aquifers is from the uplands
north and south of the Kishwaukee
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Table 15. Summary of altitudes of secondary-permeability features in select boreholes by method of detection. Southeast Rockford site,

Borehole
BH1

BH2

BH3

Method
Othplogic logging,
Borehole^carnera logs
pUiperlogs
Natural-gairima.logs
Acoustic-televiewer logs

Altitude of secondary-permeability features (feet above National Geodetic Vertical Datum of 1929)
(Method notjUsed,
.E^ntialfraclinces
None identified.

i^D?, 625*

), 587, 597,607* 6:il-625.
None identified.
Lithologic logging
598, 608.
Borehole-camera logs
Method not used.
Caliper logs
Potential fractures at 543, 600, 663, 743.
Natural-gamma logs
None identified.
Acoustic-televiewer logs
Potential fractures at 537, 550, 565, 589, 591-600, 617-669, 695, 731-743.
Short-normal resistivity logs None identified.
Uthbldgic logging
!58%626,1630^ 646.
Boreholeiearnefa;logs
Fractured areas al.566-587, 6*0-631, individual fraclure&at 580* 590,,597,624,650. Vuj|s;at 572^58lj589,,
594-610,!627:,:arid 633-638..
Caliper:togs
Potential fractures at 580, 590* 597, 626, 650..
Natural-gamma logs
^NocSe'identified..
^Acoustic-televiewer logs
PdtehtialifrafctureS at 569, 577,(582.<586;f 592-600^ 608-615;s626-630i 638^642,
Short-normal resistivitVilogs Noae identified..
___________ __________________________________

River toward the river (figs. 34a, b). Vertical flow in
these aquifers is downward in the uplands and near the
city of Belvidere, where ground water is withdrawn for
municipal and industrial supply. Upward flow occurs
primarily in the southwestern part of the Belvidere area,
where ground water discharges from the Galena-Platteville aquifer into the glacial drift aquifer near the Troy
Bedrock Valley and the Kishwaukee River. Six municipal-supply wells (BMW2-BMW7) and at least three
high-capacity industrial-supply wells that are open, in
part, to the Galena-Platteville aquifer, affect flow in the
aquifer throughout much of the city of Belvidere (fig.
34b). Locally, flow in the Galena-Platteville aquifer may
be affected by low-capacity-well withdrawals in widely
distributed rural subdivisions.
VOC's from the waste materials have contaminated
the glacial drift and Galena-Platteville aquifers in parts
of the Belvidere area. VOC concentrations as high as
1,000 u,g/L have been detected in the Galena-Platteville
aquifer. VOC's from the Parsons Casket Hardware
Superfund site (hereafter referred to as the PCHSS) and
perhaps other sites are migrating to residential, municipal, and industrial water-supply wells in the Belvidere
area in response to natural hydraulic stresses as well as
pumping.
Virtually all of the study methods provided information on the geology or hydrology of the Belvidere area
(tables 17, 19, 20). Multiple methods usually provided
the same information, but, occasionally, all were necessary to resolve non-unique interpretations.
Review of previous studies was useful for initial
conceptualization of the hydrogeology of the Belvidere

area. Data gaps were identified, as were important
hydrogeologic features on which to focus investigation.
The quality and comparability of all available data had
to be evaluated. These data generally were considered
acceptable for select uses. For example, drillers logs of
residential-supply wells were too vague for identification
of specific permeable features in the Galena-Platteville
aquifer, but did indicate that the aquifer typically was
at least moderately permeable, particularly in the upper
part where most of the residential-supply wells were
finished.
Quarry inspections were useful for establishing stratigraphy and fracture orientations in the Belvidere area
(table 17). Quarry inspections also indicated the potential for enhanced permeability above units of low permeability, which were confirmed by analysis of hydraulic
and geophysical data.
The SAR surveys indicated the primary orientation
of inclined fractures and estimates of secondary porosity
(table 17). The fracture orientations varied between the
sites, but generally were consistent with those identified from previous investigations of area quarries as well
as multiple-well aquifer testing, acoustic-televiewer,
and borehole GPR logging performed as part of these
investigations. Some discrepancies were noted, however, particularly at the PCHSS, where confirmatory data
were most abundant. Estimates of secondary porosity
from the SAR surveys varied by more than an order of
magnitude between the PCHSS and the other locations.
The estimate of secondary porosity at the PCHSS generally was consistent with the primary porosity values for
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Table 16. Summary of information regarding aquifer hydrology and location of permeable features in select boreholes by method of
detection, Southeast Rockford site, III.
Borehole

Method

Altitude of permeable features (feet above National Geodetic Vertical Datum of 1929)

BHl

Lithologic logging
Water-level measurement

Large amount of water i^urAe^ajquiier moderately permeable, hydraulicaUy actives feature at 600-606.
i Aquifer may baless pefmeableWith depth, borehole m|yi bkjsppeq to less permeable part of aquifer. Mds^perme|ble fea|ure!(s). may he located betwfeen 6p and 617.
563-567 f 587, 5^6, 601-^05, above,620 . Potentiallypoor vertical: nydraulic interconnection.
May be W |ess permeable jjmrt; 6f We aquifer.
Potentially^ riiode/ately gcbd ifeftical ihtpribnneclfwi %ithini jhe iaqjuifer.: ms, ________
Large amount of water returned from borehole, aquifer moderately permeable.
Aquifer may be less permeable with depth.
548, 600, 720 . Potentially poor vertical hydraulic interconnection.
May be in less permeable part of the aquifer.
Potentially moderately good vertical interconnection within the aquifer.
ILargesamounFof water returned frbm borehole^aquifer moderately permeablei
Specific intervals not identified. Well maySbe;m mote permeable part of aquifer.
i597s and650j Potentially pooovertical hydraulic interconnection,*
May be openstps more permeable part of aquifer.
^potentially moderately good ^vertical interconnection within the aquifer.

BH2

Flowmeter logging
Specific-capacity tests
Contaminant location
Lithologic logging
Water-level measurement
Flowmeter logging
Specific-capacity tests
Contaminant location
Uthologic loggings
measurement
Flowmeter logging
Specific-capacity tests8
Contaminant location

the upper part of the dolomite measured from the core
samples.
Thick deposits of fine-grained sediments (greater
than 30 ft), and multiple fracture orientations and
cultural interferences, limited the locations where SAR
surverys could be conducted and the quality of the surveys in the Belvidere area. The survey at the PCHSS also
was affected by nearby cultural features. Quarry inspections and borehole-geophysical methods provided more
reliable and less costly information about the presence
and orientation of steeply inclined fractures than the
SAR surveys.
Lithologic logs were of limited value for characterizing secondary-permeability features in the GalenaPlatteville aquifer (tables 17, 19, 20). Lithologic logs
provided the initial identification of some shallow
secondary-permeability features, as well as some of the
less permeable parts of the aquifer. These interpretations
were confirmed by analysis of water-level data, caliper
logs, acoustic-televiewer logs, flowmeter logs, and aquifer testing. However, these logs were less successful in
identifying secondary-permeability features in the deeper
parts of the aquifer than in the shallow parts. This lack
of success was partly because by the time these deeper
features were encountered, large amounts of water
already were being ejected from the borehole. Increases
in water return associated with the deeper features were
comparatively small in relation to the total volume of
water being expelled and, therefore, were difficult to
detect. In addition, the deeper secondary-permeability
features were thin enough that appreciable changes in
drilling rates could not be identified when they were
encountered.
Core analysis was the basis for identification of
the stratigraphy of the Galena and Platteville Groups in
the Belvidere area (table 17). This information was the

foundation of the analysis of the lithologic factors that
affect the distribution of the permeability, water levels,
and, perhaps, contaminant movement in the Belvidere
area. Analysis of core samples also was used to determine the primary porosity of the aquifer. Core analysis
provided limited information on the location of fractures
in the aquifer, but did provide some information to indicate that vertical fracturing decreases with depth, which
subsequently was confirmed with borehole GPR logging
and water-level measurements. The lack of weathering
of the core and need to represent the full thickness of the
aquifer with cores from multiple boreholes hindered reliable identification of stratigraphic units and the location
of breaks between units so that identification of stratigraphic units at the member level was limited to a few
easily distinguished units.
Borehole-camera logs provided information on the
location of vugs and fractures in the aquifer (tables 17,
19). The effectiveness of this method was limited partly
by the presence of turbid water in parts of some boreholes obscuring the borehole walls. The turbidity may
be caused by the presence of soft rock on the borehole
wall, but could not be related to the presence of secondary-permeability features, but the bottom of the turbid
zones showed some correlation with the presence of
permeable features in at least one location. Information provided by these logs generally was confirmed
and expanded upon by caliper and acoustic-televiewer
logging.
Three-arm caliper logs were used to identify the
location of a number of the more prominent secondary-permeability features in the bedrock, including the
525- and 660-ft partings, as well as areas where more
competent rock was present (tables 17, 19). Caliper logs
tended to confirm interpretations about the locations of
shallow secondary-permeability features identified with
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the lithologic and camera logs,
and helped identify the presence and location of secondary-permeability features in the
deeper part of the bedrock not
identified with the lithologic
and camera logging. The location of many of these features
subsequently was confirmed by
acoustic-televiewer logging.
Natural-gamma logs
were used to supplement
stratigraphic interpretations
made from the core data and
to provide a comprehensive
depiction of the stratigraphy
of the Belvidere area beyond
what could be accomplished
with the comparatively limited
number of cores and quarries
available for observation (table
17). Better understanding of
stratigraphy and variations
in lithology were combined
with hydraulic information to
identify lithologic factors that
may have affected the location
of permeable features in the
aquifer. These features affect
flow directions and contaminant
movement. For example, as
initially indicated by observations in area quarries, the
presence of permeable features
above argillaceous parts of the
Galena-Platteville dolomite,
such as the 525-ft and 660-ft
partings, may have been created
by the retardation of vertical
ground-water flow through the
argillaceous deposits. Retardation of vertical flow may have
resulted in a larger volume of
horizontal flow across the top
of these deposits, which could
have enhanced dissolution of
the rock and the formation of
these features.
SPR and normal and lateral
resistivity logs showed similar
response. These logs provided
only limited insight into the
geology and presence of potential fractures in the Belvidere
area (tables 17, 19). Although
there was a tendency to increase

Boreholes Tl, T2, T3, T5, T6, T7, T8, B115BD, B124GP, B125BD, B126BD, B127GP,
B127SP, B128GPD, B130GP. B133GP, B 1.34GP, B 136GP, B137GP, B305, B436,
BWM2.
Boreholes T1,,T2, T3, T5, T6, T7;,;T8, BIT5HD, B124GP, B1.25BD, B126BD; ;B127GP,
8:1278?, Bi28GPD, B130GP, B133GP, B134GP, B136GP, B137GP* B305, B436,
B70G, B710; B720, B730, BMW2.-BMW8.
Boreholes B115BD, B125GP, B126GP, B127GP, B127SP, B128GP, B305, B436, BMW2.

Several hundred water-supply wellsthroughout-the area; "All boreholes drilled by the U.S.
Geological Survey.,
Boreholes B115BD, B125B, B127GP, B127SP, B128GP.
B6reholeVB1I5Biy,m25BDlv B126BE>,'B127GPrB128GP,LB305i,B436,BMW2-.

Belstone, Irene Jtoad^SJhjictings'unnamed quarries!
Parson's Casket. Stone Quarry Road, Irene Road quarry sites.

Location of data collection

l^peeific-cajpacity
I"" tests:

Slug tests

iFlowmeterlogs

Fluid-resistivity logs

Continuous waterlevel measurements
^Periodic water-Jevel
| measurements
Spontaneous-potential logs
Temperature logs

About 250 residential-supply wells, Boreholes B 13()GPY B 133GP, BL34GP, B136GK

Boreholes B115BD, B124GP, B127GP^ B127SP, B128GPD, B130GR B133GR B134GP,
B136GP, B137dP, B305, B436,;BMW2.
Boreholes B115BD, B 124GP, B127GPD, B127SP, B128GP, B 130GP, B133GP, B134GP,
B136GP, B137GP, B436, BMW2.
Boreholes"f 1VT2, T3, t5,T6, T7, T8, B124GP, B127GP/B128GPD, BI30GP, B133GP,
B134GP, B136GP, B137GP, B436; BMW2.
Approximately 160 wells and test intervals.

G436B, G436GPS, G436GPD.
Boreholes B115BD, B125GP, B126GP, B127GP, B127SP, B128GP, B305, B436, BMW2.

Wells G115BD, G125BD, G126D, G127GP, G128GP, G305GPS; G305GPD, G305SR

Wells G115D, G115B, G115BD. G124GP, G126GP, G127GP, G127SP, G128GPS.
G128GPD, G133GP, G134GP, G136GP, G305GPS, G305GPD, G305SP, G436B. T8,
BMW4, BMW6.

^Boreholes TI...T2, T5, T6, T7, T8, B128GP;B130GP, BT33GP; B134GP, B136GP,
B137GP, B305, B436, BMW2,
Neutron logs
Boreholes B128GP, Tl, T8.
I Acoustic-televiewer; -Boreholes Tl, T?: T3, TS, T6, T7.T8, B124GP, B127GP, B127SP, B128GPD, B130GP,
t logs
&133G1P, B134Gft"B 136GP, B137GP, B436, BMW2.
Borehole groundSingle hole at boreholes Tl, T3, T6, T8, B127GP. Cross hole at boreholes T2-T7, T2-T8,
penetrating radar
T2-T3, T3-T8, T3-T7, T7-T8.
: Single water-level:
Synoptic measurementfin approxirnately 150 water-supply and monitoring wells. Packed
; measurements
intervals in borefioles Tl, J2, T3, f5, T6, T7, f8, Bi115BDS B124GP, B125GP,
B126GP, B127GP, B128GP, B130GP; B133GP^ B 1346p;B136GP, B137GP
1

Single-point resistance logs
-resistivity

i Natural-gamma logs

IQuarry inspection
Square-array resistivity
iLUliblygic logging

Method

Table 17. Summary of methods of data collection, Belvidere, III., area study.

Identified location qf permeable features and pathways of hydraulic interconnection
between boreholes.
Quantification of horizontal hydraulic conductivity, identification of permeable features,
and distribution of permeability.
Quantification of transmissiyity.

Measured fluid resistivity, identified permeable features.

Measured fluid temperature,, identified permeable features.

Location of lithologic changes. Identification of type, location, and orientation of secondary-permeability features.
Determined vertical and horizontal directions of flow,. Identified location of permeable
features at a borehole, indicated distribution of»vertical hydraulicconductivity. Indicated the presence of large decreases in water level that could be attributed to pumping
in parts of the aquifen:
Identified presence and cause of variability in flow within different parts of the aquifer.
Identified hydraulically active features. Determined vertical distribution of permeable
features and permeability in the aquifer.
Identified vertical and horizontal flow directions.: Indicated Variability ifi flow directions
within the aquifer. Indicated presence of pumping effects jji deeper part of aquifer.
Identification of fractures.

Identification of trends in porosity.
Identification of location, type, and orientation of secondary-permeability features,

Identification of fractures-

Identification of fractures.

Characterization o.f stratigraphy.

Identification of presence and location of potential fractures and competent parts of rock.

Identification of stratigraphy, lithology, quantification of primary porosity.
Identification of secoridary-permeability features.

Identification of flow, pathways, stratigraphy, fracture .orientation.
Identification of primary and secondary orientation of vertical fractures, calculation of
secondary porosity.
Identification of lithology, location of shallow permeable features.
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signal response near potential
fractures at bedding-plane partings associated with argillaceous
deposits, they did not identify
many of the secondary-permeability features identified with
other methods. It appears likely
that the logs were responding to
areas of transition between argillaceous and non-argillaceous
deposits that happened also to
correspond to the location of
subhorizontal, bedding-plane
partings rather than to the actual
partings.
Neutron logs showed a
signal response to some beddingplane partings and, perhaps, an
inclined fracture identified with
lithologic, caliper, or televiewer
logs, but showed no response
to other subhorizontal bedding-plane partings and inclined
fractures (tables 17, 19). Neutron logs appear to respond more
to clay minerals associated with
the fractures, rather than to the
fractures themselves and this
method was not clearly useful
for identifying the location of
fractures in the Belvidere area.
Neutron logs did show changes
in signal response that correlated well with general trends in
primary porosity identified from
the analysis of core samples and
cross-borehole GPR logging.
This result indicates that the
porosity of most of the beddingplane partings is low in comparison to primary porosity. Limited
flow seems to be associated with
all intervals of enhanced porosity
and water content identified with
neutron logging. Other logging
methods generally provided
more useful information on the
location of permeable features
and, possibly, contaminant
migration pathways. Additionally, hazards associated with the
potential loss of the radioactive
source during neutron logging
limit its desirability as an investigative method.
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Acoustic-televiewer logs provided the greatest
amount of information on the location, orientation, and
types of secondary-permeability features in the GalenaPlatteville dolomite. These logs tended to confirm the
results of the lithologic logging, core inspections, borehole-camera, caliper, and other geophysical logs regarding the location of bedding-plane partings, inclined
fractures, and vugs. Televiewer logs identified numerous
bedding-plane partings, inclined fractures, and vuggy
intervals not identified with the other methods, as well
as the orientation (strike, dip, vertical or horizontal) of
many of these features, which could not be determined
using other methods (tables 17, 19). Vertical-fracture
orientation identified with the televiewer logging was
consistent with the vertical-fracture orientation identified
with the SAR survey performed at the PCHSS, as well
as the predominant orientation of inclined fractures in
the area as determined at local quarries. Comparison of
televiewer results with caliper and natural-gamma logs
indicates that some of the bedding-plane partings may be
wash outs of shale partings and bentonite layers rather
than fractures.
Single-hole GPR surveys enabled identification of
apparent fractures, bedding-plane partings, and cavities
at distances up to about 50 ft from the boreholes. The
location of many of the bedding-plane partings was
confirmed with other geophysical methods (tables 17,
19). However, comparison of the orientation of potential
inclined fractures identified with the single-hole GPR
survey in a number of boreholes located within about
150 ft of each other with inclined fracture orientations
determined for those boreholes by acoustic-tele viewer
logging, the SAR survey, and the drawdown distribution
from a constant-discharge aquifer test indicated moderate agreement (appendix F). In addition, a number of
inclined fractures projected to intersect the boreholes did
not appear to be present based on televiewer and other
logs. One of the prominent inclined fractures identified
with the lithologic, caliper, and televiewer logs also was
identified during GPR logging in a nearby borehole, but
was not identified with GPR logging in the borehole
where the fracture was observed. GPR logging did
uniquely produce the important conclusion that the size
of this fracture decreased with depth in the dolomite
deposits. The ability to identify secondary-permeability
features located tens of feet from the borehole represents
an important improvement in the ability to characterize
fractured-rock aquifers and a number of important interpretations resulted from the GPR logging. However, the
occasional discrepancies between the results of the GPR
logging and other investigative methods indicate the
results of the GPR logs should be interpreted with caution. The apparent discrepancies between the results of
the of GPR and other investigative methods in this study
may be related to the difficulties in identifying weakly
developed fractures, the variability of fracture orientation
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with location, and termination of the fractures before
they intercept the borehole. GPR logging may prove
more beneficial in karstic settings or where fractures are
more fully developed.
Cross-hole GPR surveys identified trends in the
competence and porosity in the Galena-Platteville dolo-

mite. Patterns in porosity, identified with the cross-borehole GPR logging, were consistent with those identified
with core analysis and neutron logging. Porosity values
obtained during the GPR survey were consistent with
those measured from the core samples and the SAR
survey at the PCHSS.

88° 50'25"
42° 16'15'

«
\

Municipal Wel
No.6(BMW6)

G128GP

42° 16'

Base modified from unpublished map provided by the
Illinois Environmental Protection Agency
75 METERS

EXPLANATION
APPROXIMATE BOUNDARY OF PARSON'S CASKET
HARDWARE SUPERFUND SITE
ROAD
TJ
G115BD

BOREHOLE LOCATION AND NAME
WELL LOCATION AND NAME

Figure 31. Location of the Parson's Casket Hardware Superfund site and vicinity, including location of select boreholes and monitoring
wells, Belvidere, III.

Site Conditions and Method Applications

63

Table 18. Description of selected wells and borings used in the Belvidere, III. area study.
[NA, not applicable; GP, Galena-Platteville aquifer; GD, glacial drift aquifer; GF, Glenwood Fonnation; SP, St. Peter aquifer; OR, Ordovician aquifer (GalenaPlatteville and St. Peter Sandstone); CO, Cambrian-Ordovician aquifer]

Altitude of measurement point
(feet above National
Geodetic Vertical
Datum of 1929)

Altitude of open
interval of borehole
(feet above National
Geodetic Vertical
Datum of 1929)

Altitude of open interval of well
(feet above National Geodetic
Vertical Datum of 1929)

Borehole name

Well name

Hydrogeologic
Unit

NA
NA
NA
B115BD
B124GP

G111D
G115D
G115B
G115BD
G124GPS

GP
GP
GP
GP
GP

783
783
784
784
782

NA
NA
733-745
630-747
515-747

748-753
745-750
733-745
630-641
733-743

B124GP
NA
B125BD
B126BD
B127GP

G124GPD
G125BD
G125BD
GH126BD
G127GP

GP
GP
GP
GP
GP

782
782
782
784
785

515-747
NA
631-751
633-755
484-744

718-726
746-751
634-645
748-751
490-495

B127SP
B128GP
B128GP
B130GP
B133GP

GJ27SP
G128GPD
G128GPS
G130GP
G133GP

GP
GP
GP
GP
GP

785
785
782
788
778

390-749
472-752
472-752
558-747
510-733

408-413
524-529
661-666
560-570
518-528

B134GP
B134GP
B136GP
B137GP
B305

G134GPD
G134GPS
G136GP
G137GPD
G305GPS

GP
GP
GP
GP
GP

784
784
782
762
766

516-728
516-728
499-754
487-704
172-744

516-526
718-728
499-754
719-726
662-667

B305
B305
B436
B436
B436

G305GPD
G305SP
G436B
G436GPS
G436GPD

GP
SP
GP
GP
GP

766
766
766
766
766

172-744
172-744
551-738
551-738
551-738

526-531
419-424
731-736
659-664
566-571

NA
NA
NA
NA
NA

MW04D
MW09D
MW15
MW26
PW10

GP
GP
GD
GP
GP

776
772
767
750
773

NA
NA
NA
NA
NA

746-751
711-716
730-746
608-613
707-717

NA
Tl
T2
T3
T4

R2-4
NA
NA
NA
NA

GP
GP
GP
GP
GP

780
784
784
784
784

NA
569-735
569-736
569-734
734-739

684-740
NA
NA
NA
NA

T5
T6
T7
T8
NA

NA
NA
NA
NA
00294

GP
GP
GP
GP
CO

784
783
784
784
760

569-747
569-747
569-749
569-744
NA

NA
NA
NA
NA
-108-521

NA
NA
NA
NA
NA
NA

00295
00402
00555
20950
21297
21361

CO
GF
GF
GP
SP
GF

770
835
775
765
841
757

NA
NA
NA
NA
NA
NA

143-707
481-500
469-495
615-708
401-456
427-497
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Table 18. Description of selected wells and borings used in the Belvidere, III. area study.-Continued.

Altitude of measurement point
(feet above National
Geodetic Vertical
Datum of 1929)

Altitude of open
interval of borehole
(feet above National
Geodetic Vertical
Datum of 1929)

Altitude of open interval of well
(feet above National Geodetic
Vertical Datum of 1929)

Borehole name

Well name

Hydrogeologic
Unit

NA
NA
NA
NA
NA

21408
21541
21699
21709
21710

GD
SP
GP
SP
OR

765
850
783
775
766

NA
NA
NA
NA
NA

615-617
440-484
638-722
385-496
346-500

NA
NA
NA
NA
NA

21985
22336
22894
23038
421755

GD
SP
SP
SP
SP

752
811
815
842
830

NA
NA
NA
NA
NA

642-667
411-499
410-502
402-472
432-478

NA
NA
NA
NA
NA

B459
B700
B710
B720
B730

GD
GP
GP
GP
GP

774
786
790
790
788

NA
NA
NA
NA
NA

554-555
462-777
436-771
446-771
434-766

NA
NA
NA
NA
NA

BMW2
BMW3
BMW4
BMW5
BMW6

CO
CO
CO
CO
CO

759
763
777
799
782

NA
NA
NA
NA
NA

-1101-709
-1037-708
-1023-625
189-647
-86-672

NA
NA
NA

BMW?
BMWS
BMW9

CO
CO
CO

839
783
781

NA
NA
NA

-130-647
-607-421

Single water-level measurement during synoptic
surveys provided substantial information on the horizontal and vertical directions of ground-water flow in
the Belvidere area, and gave some indication that water
levels in parts of the Galena-Platteville aquifer were
affected by pumping stresses from quarries and watersupply wells (fig. 34; tables 17, 20). Water levels measured periodically over periods of months to years also
provided substantial information on the vertical directions of ground-water flow, indicated that the aquifer
responded to climatic stresses as a single aquifer, indicated that water levels in the deeper parts of the aquifer
were affected by pumping from water-supply wells, and
provided some indication on the vertical distribution of
aquifer permeability. Water levels measured continuously over periods of days or weeks provided the largest
amount of information on the location of permeable features and the vertical distribution of permeability within
the aquifer. Single water-level measurements taken from
test intervals isolated by use of packer assemblies also
provided substantial insight into the vertical directions
of ground-water flow, the location of some permeable
features, and trends in vertical-hydraulic conductivity
within the aquifer. These interpretations were supported

661-711

to varying degrees by the analysis of cores, slug tests,
borehole-geophysical logs (especially flowmeter logging
and borehole GPR) and water-quality data.
The utility of water-level measurements for the
characterization of the Galena-Platteville aquifer in the
Belvidere area results from the presence of laterally
extensive secondary-permeability features in the GalenaPlatteville aquifer, such as the 525-ft parting, and the
presence of water-supply wells that induce substantial
hydraulic stresses on the aquifer. These stresses, when
transmitted through the extensive secondary-permeability network, result in large, easily identifiable, changes
in water levels in most of the aquifer. If pumping did
not induce these large changes in water level, and if the
525-ft parting was not present to transmit the hydraulic
stress over large areas, the amount of interpretation that
could have been made from the measurements would
have been reduced substantially. In addition, the utility
of the water-level measurements for the characterization
of the Galena-Platteville aquifer in the Belvidere area
was linked directly to the frequency of measurements.
Single water-level measurements allowed limited characterization of the aquifer, periodic measurements provided
greater characterization, and continuous measurements

Site Conditions and Method Applications

provided substantial insight into flow direction and permeability distribution.
SP, temperature, and fluid-resistivity logging identified a number of permeable features in the Galena-Platteville aquifer, which also were identified with use of
other methods in the Belvidere area (tables 17, 20). The
change in signal response associated with many of these
permeable features was subtle, and these interpretations
often were aided with other data. These logs (particularly the SP log, which tended to respond to argillaceous
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materials) identified potential permeable features not
identified with other methods and did not identify many
permeable features that were identified using other methods, particularly flowmeter logging. As a consequence,
SP, temperature, and fluid-resistivity logs only were
moderately effective in identifying permeable features
in the Belvidere area and tended to be most effective in
deep boreholes. Part of the reason for the effectiveness
of these logs for secondary-permeability characterization
in the Belvidere area (in comparison to the Byron site,

42° 19'

EXPLANATION
MAQUOKETA SHALE GROUP
GALENA AND
PLATTEVILLE GROUPS

42° 17'

GLENWOOD FORMATION
ST. PETER SANDSTONE OR
SANDSTONE MEMBERS OF THE
GLENWOOD FORMATION
BELVIDERE CITY LIMITS

42° 15'

STRATIGRAPHIC BOUNDARYDashed where inferred
-800-

BEDROCK CONTOURShows bedrock-surface altitude,
in feet. Contour interval is 50 feet,
Datum is NGVD 29

42° 13'

PARSON'S CASKET HARDWARE
SUPERFUND SITE

B
42° 19'

0

1

2 MILES
2 KILOMETERS

42° 171

42° 15'

42° 13'

Figure 32. Geology and topography of the bedrock surface in the vicinity of Belvidere, III.: (A) stratigraphic units that compose the bedrock surface, (B) topography of the bedrock surface

Figure 33. Hydrogeologic section A-A' through the vicinity of Belvidere, III.

A
WEST
FEET
900n

1

2 MILES
2 KILOMETERS

LINE OF SECTION SHOWN IN FIGURE 30.

VERTICAL SCALE GREATLY EXAGGERATED

0

GROUND-WATER WELL AND DESIGNATION

WATER TABLE -- Approximate

CONTACT -- Dashed where approximate

Eminence-Potosi and Franconia confining units

St. Peter Sandstone aquifer

Glenwood Formation confining unit

Galena-Platteville aquifer

Unconsolidated deposits, predominantly
fine-grained

Glacial drift aquifer

HYDROSTRATIGRAPHIC UNITS

EXPLANATION
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42° 15' r^-

42° 13'

Base from U.S. Geological Survey digital data, 1:24,000.1993
Belvidere North, Belvidere South, Calcedonia, and Cherry Valley
Albers Equal-Area Conic Projection
Standard parallels 45° and 33°, central meridian -89°.

2 KILOMETERS

EXPLANATION
Hi

APPROXIMATE AREA WHERE GLACIAL DRIFT IS UNSATURATED

I |

NOT CONTOURED BECAUSE OF LIMITED WATER-LEVEL-CONTROL DATA
GENERALIZED DIRECTION OF GROUND-WATER FLOW

750

POTENTIOMETRIC CONTOUR - Shows altitude at which water would have
stood in tightly cased wells. Dashed where inferred. Contour interval is 10 feet.
Datum is NGVD 29
MONITORING OR WATER-SUPPLY WELL

v

TEMPORARY WELL

A

SITE OF SURFACE-WATER MEASUREMENT

X

QUARRY

Figure 34. Potentiometric levels and horizontal-flow directions in the (A) glacial drift and (B) Galena-Platteville aquifers underlying
Belvidere, III., July 1993.
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42° 19'

42° 17' -r-

42° 15'

42° 13'

Base from U.S. Geological Survey digital data. 1:24.000,1993
Belvidere North, Belvidere South, Calcedonia, and Cherry Valley
Albers Equal-Area Conic Projection
Standard parallels 45° and 33°. central meridian -89°.

2 MILES
2 KILOMETERS

EXPLANATION
APPROXIMATE LOCATION WHERE THE GALENA-PLATTEVILLE AQUIFER IS
ABSENT IN THE TROY BEDROCK VALLEY
NOT CONTOURED BECAUSE OF LIMITED WATER-LEVEL-CONTROL DATA
GENERALIZED DIRECTION OF GROUND-WATER FLOW
750 - -

POTENTIOMETRIC CONTOUR - Shows altitude at which water would have
stood in tightly cased wells. Dashed where inferred. Contour interval is 10 feet.
Datum is NGVD 29
MONITORING OR WATER-SUPPLY WELL
BELVIDERE MUNCIPAL WATER-SUPPLY WELL - Open to the
Galena-Platteville aquifer and deeper bedrock aquifers
QUARRY

Figure 34. Potentiometric levels and horizontal-flow directions in the (A) glacial drift and (B) Galena-Platteville aquifers underlying
Belvidere, III., July 1993.-Continued
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Table 19. Location of potential secondary-permeability features in select boreholes identified by method of detection, Belvidere,
Borehole
G127GP

Method
Lithologic logging
Cores

None identified.
None identified!*

Borenole-carr^ra togs

None identified.
525^
None identified,
Nones ^identified*
Possible features at 524 and 662,

Natural;gamrha logs
Normal-resistivity fogs
Spontaneous-potential togs
; Siiigle^point resistance Jogs
Neutron logs
i Acoustic-televiewer logs
Borehole ground-penetratirig
Tl

Lithologic logging
Cores
Borehole-camera logs
Caliper logs
Natural-gamma logs
Normal-resistivity logs
Spontaneous-potential logs
Single-point resistance logs
Neutron logs
Acoustic-televiewer logs
Borehole ground-penetrating
radar
Lithologic loggingCores
BorehoJe^eamera logs
Caliper J logs
^NaturaPgamma logs
Cfprmal-re^istivity Jogs
Spontaneous-potential logs
Single-point resistance logs
jNeutron logs
AcQusiieiteieviewer logSj

G124GP

Altitude of secondary-permeability features (feet above National Geodetic Vertical Datum of 1929}

None identified.
^ubhoriz»nlaljBedding^plane;partings;at about 495, 525,,564,$66,J560, 680, 732,jand 739VKugs at 569-606,
1614,; 624-654, 674-709.
sReflectors, interpreted above and below borehole. M Numerous fractures, bedding^plane partings, and possible
'cavitiejssi;dentili|d,
About 709.
Method not used.
Method not used.
700-709.
None identified.
None identified.
None identified.
Method not used.
Low porosity at 569-594 and 699-734, elevated porosity at 599-624, 664-699.
Subhorizontal bedding-plane partings at about 601, 629, 651, 662 . Inclined fracture at about 699-709. Vugs
from 569 to 709.
Reflectors interpreted above and below borehole. Reflectors identified at about 574, 577, 631, 632, 640, 641,
658, 664, 729 and 753. Higher porosity at 605-615, 667, and 681-693.

iM,

Method not used.
Method not used.
S745l,
None identified*
None identified.
:ft}onejdentified,s
Mcthod':not' used,
LootO^ elevated porosityiat about 599? 610-620/659-674, 684<709i 7l4-722, fand 744.,
sSubhprizontal beddtng-plaheJpartingssat aboutj>62, 7^3% and^44 . [riclihecfffracture from about 614 to*624.^
Vugs ai 63I-6JW and 654-602^
Borehole ^ground-penetrating, JSeveral reflectors intercept above and below sweJlL Reflectors1 iyfentified atiaboiit 627, 627,t650, 657,s664j 676^
radar
and 687. , See table 4., tfigher^porosity alt iabput6q5-^ 15, ^ and 681-693.
m
Lithologic logging
None identified.
Cores
Method not used.
Borehole-camera logs
Method not used.
Caliper logs
None identified.
Natural -gamma logs
None identified.
Normal-resistivity logs
None identified.
Spontaneous-potential logs
Method not used.
Single-point resistance logs
Method not used.
Neutron logs
Method not used.
Acoustic-televiewer logs
Subhorizontal bedding-plane partings at about 495, 525, 564, 660, 682 and 739. Vugs at 569-606, 614, 624-654,
674-709.
Borehole ground-penetrating Method not used.
radar
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Table 19. Location of potential secondary-permeability features in select boreholes identified by method of detection, Beividere, III.-Continued.
Borehole
G128GP

Method
Lithologic logging
Cores
Borehole-camera logs
Caliper logs
Natural-gamma logs
Normal-resistivity logs
Spontaneous-potential logs
Single-point resistance logs
Neutron logs
Acoustic-televiewer logs
Borehole ground-penetrating
radar

Altitude of secondary-permeability features (feet above National Geodetic Vertical Datum of 1929)
None identified.
Possible fracture at about 530.
Fractures at 525 and 660 , possibly at 485.
525, 563, 595, 660.
None identified.
None identified.
Possible fractures at about 500 and 525.
Possible fractures at 525, 565, 649, and 660.
Possible fractures at 502, 525, 597, 646, and 732. Generally elevated porosity at 590-700.
Subhorizontal bedding-plane partings at about 481, 492, 525, 534, 562, 579, 643, 645, 660, 682, 707, 742, and
744. Vugs at 502-512, 525-530, 542-562, 572-602, 617-740.
Method not used.

for example) appears to be related to the moderate-tolarge amount of change in these properties within the
aquifer, which made these features easier to identify. For
example, temperature changes of about 2.0° C typically
were observed. The moderate-to-large changes in fluid
properties likely resulted from the combination of the
large aquifer thickness (greater than 250 ft), the presence
of discrete permeable features that partly were separated
hydraulically by less permeable rock, and the active flow
through the aquifer that was enhanced by pumping from
the municipal wells.
Data collected during single-hole flowmeter logging
under both ambient and pumping conditions provided
substantial information on the location, and in conjunction with acoustic-televiewer data, the type of permeable
features in individual boreholes open to the GalenaPlatteville aquifer in the Beividere area (tables 17, 20).
These logs also provided some insight into the vertical-hydraulic gradient within the aquifer. Comparison
of single-hole flowmeter data between boreholes also
provided information about the lateral extent of many of
these features. Flowmeter logging under ambient and
pumping conditions did not yield appreciably different
interpretations, presumably because of the high vertical-hydraulic gradients within the aquifer. The location
of permeable features identified with flowmeter logging
was superior to those provided with lithologic, caliper,
SP, temperature, and fluid resistivity logs, and, generally,
was consistent with those identified with slug testing,
water-level measurements, and GPR tomography performed in conjunction with tracer tests. The utility of
these logs was limited by substantial vertical contrasts
in permeability in some of the boreholes being logged as
well as the relative depths of the features. For example,
single-hole flowmeter logging in the T series of boreholes at the PCHSS detected inflow associated with a
highly permeable fracture near the bedrock surface at
about 742 FANGVD29 and outflow associated with

vugs of low-to-moderate permeability near the bottom of
these boreholes at about 585-645 FANGVD20. Singlehole flowmeter logging in borehole Bl 27GP, located
about 150 ft from the T series boreholes, identified
inflow from fractures near the bedrock surface and the
660-ft parting, but no flow was identified in the vugs at
585-645 FANGVD29 because outflow was through the
deeper, more permeable 525-ft parting in this borehole.
Data collected during cross-hole flowmeter logging
also provided substantial insight into the location and
type of permeable features in individual boreholes, as
well as insight into the flow pathways between boreholes
in the Beividere area. In addition, cross-hole flowmeter
logging allowed quantification of the hydraulic properties of these features. The permeable features identified with the cross-hole flowmeter logging generally
were consistent with those identified with lithologic,
caliper, and single-hole flowmeter logging, as well as
water-level measurements and slug tests in test intervals
isolated with a packer assembly and constant-discharge
aquifer tests and tracer tests done in conjunction with
cross-borehole GPR. Areas of hydraulic interconnection
identified with the cross-hole flowmeter logging showed
good agreement with areas of hydraulic connection identified during constant-discharge aquifer testing and tracer
testing. Estimates of the hydraulic properties of the permeable intervals obtained from the cross-hole flowmeter
logging showed variable agreement with estimates based
on aquifer tests. Where differences were observed, the
differences are partly because of differences in the volume of aquifer tested with the different methods.
Slug-test data provided substantial information on
the location of permeable features and comparatively
low-permeability parts of the aquifer (tables 17, 20).
Slug tests also allow quantification of the Kh of individual features within the aquifer, as well as assessment
of the distribution Kh at borehole locations, between
stratigraphic units, and across the Beividere area. Slug
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Table 20. Location of permeable features in select boreholes identified by method of investigation, Belvidere, III.
Borehole
; G 127GP'

Method

to
\

Lithologic logging
Water-level measurement
Spontaneous-potential logs^
Fluid-resistivity logs
Single-point resistance logs
Nprmal-resistiyity' logs
Temperature logs'
Ambient flowmeterlogs.,
Pumping flowmeter logs
Cross-hole-fiowrneter logs
SIpg,tests
Specific-capacity tests^
Multiple-welli c^aristant-dis-s
charge tests

;

Tracer tepsts

': is i. tm( __
Tl

Water quality^
mm
Lithologic logging
Water-level measurement
Spontaneous-potential logs
Fluid-resistivity logs
Single-point resistance logs
Normal-resistivity logs
Temperature logs
Ambient flowmeter logs
Pumping flowmeter logs
Cross-hole llowmeter logs

i

;
j

Altitude of permeable features (feet above National Geodetic Vertical Datum of 1929}
Nojipecific features identified, but borehole; produces, moderate amounts of 'water.
Fracture at 522 identified by eontmupusimonitormg,
;Fractures*at;522 and 659*spossibsle fractures and vugs from 56^9' to. 744.
Method npyused.
jNotlC: identified. ,
None identified;
Fractup.at 522 .^possible vugs ,abqve7sp2,r
Fracture at 522 , possible bedding-plane parting" aitI662 sand' vugs at 744.
Methods not used.
Method not used.
TNo .interval had a horizontal hydrauh'd conductivity greater than 1*0 foot per 'day. ,
Methdd hot used.
Qriicritationspf inclined fe^cturbs may, change svith sdepth,

Fnajtures at 482 aM522 rspqssi|jbld kigs'and bedding-plane partings Above 682,.
Fracture at about 709.
Fracture at about 709.
Method not used.
Method not used.
None identified.
None identified.
Method not used.
Vugs at 602-642. Inclined fracture at 699-709.
Method not used.
Vugs at 602-642 and 682-692. Inclined fracture at 699-709. Hydraulic properties of each of these features were
estimated.
Slug tests
Inclined fracture at 699-709.
Specific-capacity tests
Method not used.
Multiple-well, constant-dis- Inclined fracture has low transmissivity but is hydraulically interconnected with overlying and underlying
charge tests
permeable intervals. Vuggy interval at 618-638 hydraulically interconnected with overlying and underlying
permeable intervals.
Tracer tests
Vuggy interval at 618-638. Inclined fracture at 699-709.
Water quality
None identified.
T^f
Lithologic togging
jSubhorizontal fracture^at 742.
'Water-level measurement
i Subhorizontal fracture iat 742! Continuous ^monitoring indibajes'network of vertically inteijqpiihected features
above 524.
Spontaneousrpotential logs Method not used,
Fluid-resistivity togs
Method not used. s
Single-point resistance logs Npne'identified.
Normal resistivity 'logs
Noneidentifiedv
'Temperature! logs
Method not used;
Ambienliflowmeter logs
Vugs 31589^647 and;682-692, subhorizontaffracture!at742L
Pumping flowmeter logs
Method not .used. s
Cross-hole flowmeter logs
Vugs at 602-642 and 682-692. JSubhorizontai fracture^tt about 74Z, Hydraulic properties bf each of these
features were estimated.
Specific-capacity tests
Methpd not used.s
Slug tests
Subhorizpntal fracture at abotit 74-2.
Multiple-well, constant-dis- Subliorizontal fracture atgabout}742 isg highlyspermeab)e and hydrplically intprcpnnecte|l.sto ov|Hy|ng uncoi^(;
"charge^ tests
solidated<aqui;fef.s
Vijggy interval !at 6 18\638 ..hydraulic interconnection with overiying and :underlyingspermeable units.
!
^Tracentestsl
:
-f«w ^ater quality
None identified.
m
.,.,.,. ,
G124GP
Lithologic logging
No specific features identified, but borehole produces moderate amounts of water.
Vertical hydraulic conductivity higher above 662 than below 662. Fracture at about 524 identified by continuWater-level measurement
ous monitoring.
Spontaneous-potential logs Method not used.
Fluid-resistivity logs
Fracture at 563 and fracture or vugs at 728.
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Table 20. Location of permeable features in select boreholes identified by method of investigation, Belvidere, III..--Continued.
Borehole

Method

G124GP
(continued)

Single-point resistance logs

Method not used.

Normal-resistivity logs
Temperature logs
Ambient flowmeter logs
Pumping flowmeter logs
Cross-hole flowmeter logs
Slug tests
Specific-capacity tests
Multiple-well, constant-discharge tests
Tracer tests
Water quality
Lithqlogic logging
Water-level measurement
Spontaneous-pdtent^al Icigs
Fluid-resistivity Ibgs

None identified.
Fractures at about 524 and 563, fracture or vugs at 728.
Fracture at about 524 and 564, vugs above 662.
Fracture at about 524 and 564, vugs above 662.
Method not used.
Fractures at about 524 and 563.
Method not used.
Method not used.

^Single-point resistance logs,
Normal-reslstiyify IpgSi
Temperature logs
Ambient flowmeter ^logss
Pumping flowmeter logs
Cross^nole flowmeter logs
Slug tests
Specific-capacity tests
Multiple-well, constant-distharge tests
Tracen tests
Water quality

tSone identified.

G128GPD

Altitude of permeable features (feet above National Geodetic Vertical Datum of 1929)

Method not used.
None identified.
Nonspecific features Identified, but borehole produces moderate amounts of water, ,
Water movement associated v^ith fracture at 485.,
R^ctaresatsa%ut 524 identified by conti
Pdss|b}y!fra!cture:s atjabput 500 and 524.s

[Fractures-at aboul525l 565, and 754
Fractures M about 483, 565^^ 750.
Fractures orf^bdding-planejpartmg^at^jBS, 524, 662 and 750.
'[Method hotusM.
Methdd nqt used.
Fractures ortedtHng-plaWpariings" at'about 483,^524, 565, 750. f
^Methdd 'not used.
i Method riot used,
'Method not used,

tests performed in test intervals isolated with a packer
assembly showed moderate to good agreement with the
location of permeable features identified with water-level
measurements, lithologic logging, geophysical logging
(especially flowmeter logging), constant-discharge aquifer testing, and tracer tests. Slug tests typically provided
a superior characterization of the location of permeable
intervals at a borehole compared to lithologic logging,
single water-level measurements in test intervals isolated
with a packer assembly, and most of the geophysical logs
because of the ability to test specific, discrete parts of
the aquifer and the use of a consistent test-interval length
at this site. Slug testing typically provided an inferior
characterization of the presence and distribution of permeable features in the aquifer that were not intercepted
by a borehole in comparison to continuous water-level
measurements, constant-discharge aquifer testing, and
tracer tests because of the small amount of aquifer investigated with slug tests.
Slug tests and flowmeter logs were the two most
effective methods available for the identification of
permeable features, with each method having advantages
and disadvantages. Slug tests that profile most or all of
the aquifer by use of a packer assembly typically were

superior for characterizing the location of intervals with
moderate to low permeability, particularly in boreholes
with low vertical-hydraulic gradients, large differences
in permeability over the length of the borehole, or if
the less permeable feature(s) were located between two
more highly permeable features. Aquifer characterization with flowmeter logging was substantially quicker
and cheaper than with slug testing. Flowmeter logging
tended to characterize permeable intervals better than
slug tests when more than one permeable feature (fracture or parting) was present in a packer-isolated test
interval or when test intervals were long (greater than
about 10 ft).
Specific-capacity information reported by drillers from residential-supply wells in the Belvidere area
allowed for the quick and easy quantification of the
transmissivity and Kh of the Galena-Platteville aquifer in
a larger part of the Belvidere area than otherwise would
have been feasible (tables 17, 20). These data are not
suitable for identifying the location of secondary-permeability features and the wells used in this investigation
had geographic and depth restrictions, which limited the
ability to assess spatial trends in aquifer permeability
with this method. Estimates of transmissivity and Kh
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typically were greater than those determined with aquifer
tests.
Multiple-well, constant-discharge aquifer tests
allowed quantification of the hydraulic properties of
the Galena-Platteville aquifer over a multi-acre area
and identification of directions of flow anisotropy, the
presence of vertical-hydraulic connection in the aquifer,
vertical trends in aquifer permeability, and the presence
of heterogeneity (tables 17, 20). This information, in
conjunction with water-level data, can be used to assess
the average rate and direction of ground-water flow
and contaminant migration. Orientations of anisotropy
indicated with the aquifer test generally approximated
fracture orientations indicated by quarry inspections,
SAR, and borehole geophysical logging. Directions of
ground-water and contaminant flow did not correlate
well with orientations of anisotropy indicated by the
aquifer test, presumably because flow that most affects
contaminant movement was through the 525-ft beddingplane parting and the observation wells (wells used to
measure drawdown during a multiple-well aquifer test)
were open to shallower (about 100 ft or less) parts of the
aquifer. Interpretation of the constant-discharge aquifer
tests were affected to varying degrees by pumping in
nearby water-supply wells, hydraulic interaction with the
glacial drift aquifer, and the small number of observation
wells (three each in the upper and middle parts of the
aquifer) available.
Tracer testing done in conjunction with cross-hole
GPR tomography at the PCHSS identified permeable
features in the Galena-Platteville aquifer and allowed
calculation of the effective porosity of the vuggy interval
that, otherwise, would not have been possible (tables 17,
20). The permeable features identified with the tracer
tests are consistent with those identified with flowmeter logging, continuous water-level monitoring, slug
tests, and constant-discharge aquifer tests. The effective porosity of the test interval estimated from this test
is substantially lower than the mean effective porosity
measured from core samples. The difference in the calculated porosity may result because of the differences in
the features (vugs, small fractures) through which water
is flowing at the different scales of investigation (inches
for the cores and tens of feet for the tracer test).
Ground-water-flow modeling provided useful verification of the conceptualized flow system underlying
the Belvidere area, including bulk-hydraulic properties
of aquifers, regional directions of flow, and discharge
locations. Data gaps also were identified with model
simulation. Model simulation provided virtually no
information on site-scale flow conditions or distribution
of hydraulic properties of specific aquifers.
The location of contaminants and other water-quality constituents in the Belvidere area, and especially in
the vicinity of the PCHSS, provided some insight into
the ground-water-flow pathways and directions within

the Galena-Platteville aquifer (tables 17, 20). Interpretations made from analysis of the water-quality data
indicated flow from the PCHSS, and perhaps other sites
in the area, primarily toward the southeast to the Kishwakuee River, with flow components toward the east,
west, and north in response to pumping from water-supply wells (Kay, 2001). VOC data also indicate flow in
the deeper part of the Galena-Platteville aquifer beneath
the Kishwaukee River. These interpretations confirm interpretations made from analysis of continuous
water-level measurements, but would have contradicted
interpretations of flow direction based on the single or
periodic water-level measurements.
Concentrations of tritium, VOC's, and some inorganic constituents indicate the presence of at least
moderate vertical hydraulic interconnection within the
Galena-Platteville aquifer in the Belvidere area, with
water less than 50 years old present throughout the aquifer (tables 17, 20). VOC distribution indicates that, in
addition to flow through interconnected fractures, flow
occurs through permeable parts of the aquifer matrix.

Waupun Site
The Waupun site (Smedema Farm) is located in
Fond du Lac County in east-central Wisconsin (fig. 36).
The Waupun site was subjected to moderate investigation with 13 investigative methods used (tables 1 and
21). The focus of the USGS and USEPA investigation
was boreholes FL-800, FL-801, and FL-802 (fig. 37).
Detailed analysis of the data collected at this site is presented in appendix G.
A 275-gal underground storage tank (UST) was
used for gasoline storage on the Smedema Farm property
of the Waupun site (fig. 37) until its removal in 1988.
The same tank was used as an above-ground storage tank
until 1991, when it was removed because of evidence
of petroleum contamination in the domestic well on the
Smedema Farm, and in a nearby private well. Both these
\\ells were completed in the Ordovician Sinnipee Group
aquifer (the Galena-Platteville aquifer using Illinois
stratigraphic nomenclature).
Because of the evidence of petroleum contamination, the farm site was added to the list of Wisconsin
Department of Natural Resources Underground Storage
Tank sites in 1991. An investigation was performed during which benzene was detected in the Smedema Farm
well and the nearby residential-supply well.
In 1995, the USGS and the USEPA began a cooperative study of the Ordovician Sinnipee Group aquifer at
the Waupun site. As a part of the study, three boreholes
were drilled: FL-800, FL-801 and FL-802. Borehole
FL-800 was cored, the core described, and laboratory
tests were conducted on selected core samples (table 22).
A suite of geophysical logs was run in each borehole,
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including heat-pulse flowmeter. A borehole-radar survey
was conducted in boreholes FL-800 and FL-802. Static
water levels were measured in selected test intervals
isolated with a packer assembly. The vertical distribution
of Kh was determined from slug tests and multiple-well,
constant-discharge aquifer tests. Water-quality analysis
was conducted for common inorganic constituents, trace
metals, and organic compounds.
Most of the methods applied at the Waupun site
provided insight to the geology and hydrology (tables
23 and 24). The rock core recovered from FL-800 was
essential for identifying the stratigraphic units that made
up the Sinnipee Group at the site (table 21). The core
data were useful for determining the location of fractures
in the dolomite, quantifying its porosity and bulk density, and providing insight into the lithologic factors that
affect the distribution of secondary-permeability features
beneath the site.
In general, there is good correlation among the
geophysical logs, porosity and density analyses, and core
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descriptions. For instance, the described shale content of
the Decorah Formation (table 22) is reflected on the natural-gamma logs as a zone of higher gamma counts per
second between 796 and 810 FANGVD29 (geophysical
log depths appear to be about 2 ft deeper than correlative core depths). The more massive, less argillaceous
Galena Dolomite and Platteville Formation have lower
gamma counts per second. The shaley nature of the
Decorah Formation also is reflected in lower resistance
on the normal resistivity log. The higher porosity of the
Decorah Formation compared to the rest of the Sinnipee
Group measured from the core samples is reflected in the
neutron-porosity log.
Because of the massive and uniform nature of
the dolomite encountered in the test hole, the natural
gamma, SP, and normal resistivity logs were of limited
use in identifying secondary-permeability features in
borehole FL-800. However, the caliper log shows that
there are four intervals in the borehole where the diameter is greater than 6 in (table 23). Both the televiewer

43° 50'

43° 40'

Figure 36. Location of the Waupun site. Fond du Lac County, Wisconsin.

Identification of stratigraphy, lithology, quantification of primary porosity, location of potentially
permeable features.

Borehole FL-800.

Boreholes FL-800, FL-801, and FL-802.

Boreholes FL-800. FL-801. and FL-802.

Boreholes FL-800, FL-801, and FL-802,

Borehole FL-800.

Boreholes FL-800, FL-801, and FL-802.

Cross-hole radar tomography conducted between boreholes FL-800 and
FL-802.

Boreholes FL-800, FL-801, and FL-802.

Boreholes FL-800, FL-801, and FL-802.

Boreholes FL-800, FL-801, and FL-802.

Boreholes FL-800, FL-801, and FL-803.

Boreholes FL-800, FL-801, and FL-802

Borehole FL-800.

Cores

Caliper logs

Natural-gamma logs

Normal-resistivity logs

Neutron logs

Acoustic-televiewer
logs

Borehole ground-penetrating radar

Water levels using
packers

Fluid-resistivity logs

Flowmeter logs

Slug tests

Multiple-well, constant
discharge tests

Contaminant location

Suggested low concentration of petroleum contaminants and/or conclusion of consultant that natural
attenuation of petroleum contaminants was occurring._________________________

Quantification of hydraulic properties of aquifer, identification of ground-water-flow pathways, identification of presence of heterogeneity and anisotropy.

Quantification of horizontal hydraulic conductivity, identification of permeable features, distribution
of permeability.

Identified location of permeable features and pathways of hydraulic interconnection between wells,
confirmed flow direction driven by vertical gradients.

Measured fluid resistivity, identified location of some permeable features.

Determined vertical gradients, indicated distribution of permeability.

Location of lithologic changes, location, and orientation of secondary-permeability features.

Identified location, type, and orientation of secondary-permeability features.

Identified trends in porosity.

Characterization of site stratigraphy.

Characterization of site stratigraphy, identification of presence and location of potential clay-infilled
fractures. In particular, the shale content of the Decorah Formation described in core is reflected in
the natural-gamma log.

Identification of presence and location of potential fractures and bedding-plane fractures, and intervals larger than drilled because of caving.

Thickness, character, and areal extent of the water-bearing beds underlying Fond du Lac County were
determined.

Consultant (Natural Resource Technology) conducted site evaluation, general geologic and hydrologic study carried out by Thomas Newport.

Previous investigations

Uses

Location of data collection

Method

Table 21. Summary of methods of data collection, Waupun site, Wis.

Site Conditions and Method Applications

image and description of the rock core indicate that these
intervals are the result of bedding-plane partings, at least
one of which is related to lithologic variations. Heatpulse flowmeter logging indicates that three of the four
partings are permeable (table 24).
Analysis of the borehole GPR data supports the
interpretation of lithology from the core and geophysical
logs. The single-hole directional reflection survey in FL800 indicates that a group of reflectors at the site have
strikes from magnetic north of 40 degrees to 60 degrees,
with a conjugate set at 130 to 150 degrees. Cross-hole
GPR surveys indicate the presence of high-porosity,
electrically conductive rocks coincident with the shaley
Decorah Formation.
Water-level measurements taken from zones isolated
by packers provided an estimate of the vertical gradient
between adjacent intervals and across the entire borehole
(tables 21 and 24). Vertical gradients were found to be
almost all downward.
Fluid-resistivity logs identified permeable intervals
in each borehole (table 24). However, these logs did
not identify permeable intervals detected by flowmeter
logging, were imprecise in the identification of the exact
depth of the permeable features that were identified, and
the log response typically was so small that the many of

the identified features could have been overlooked easily
without confirming analyses.
Flowmeter logging was the most useful method for
identifying the location of the permeable features in the
aquifer. In combination with the caliper and acousticteleviewer logs, flowmeter logging enabled identification
of the specific permeable feature. The flowmeter has the
added capacity to permit estimation of the relative permeability of each permeable feature in the borehole.
Slug tests quantified the Kb. of the aquifer in the
test intervals. Results of the slug testing confirmed the
location of the permeable intervals identified with the
flowmeter logging (table 24).
The cross-borehole aquifer tests were useful in
determining that the permeable bedding-plane parting at
about 870 FANGVD29 is more permeable that the bedding-plane parting at about 810 FANGVD29. This work
confirms the interpretation of the heat-pulse flowmeter,
which identified the bedding-plane parting at about 870
FANGVD29 as being the most permeable feature intercepted by the boreholes. The cross-borehole data indicate that the permeability of each bedding-plane parting
varies between the boreholes and that the bedding-plane
partings are isotropic.
Water-quality data were of no value to the charac-
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Figure 37. Location of gasoline storage tank and boreholes at the Waupun site, Wis.
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Table 22. Abbreviated lithologic description and stratigraphic interpretation of core and drill cuttings from borehole FL-800 at the
Waupun Site, Fond du Lac County, Wis. (Modified from Michael L Sargent and Zakaria Lasemi, Illinois State Geological Survey, written
commun., 1997).
[NGVD of 1929, National Geodetic Vertical Datum of 1929; ft, feet; %, percent]

Altitude, in feet
above NGVD of
1929

Stratigraphic and lithologic description of core and drill cuttings

950.0 - 930.5

Undifferentiated glacial deposits and soil, not described.

930.5 - 827.8

Galena Dolomite - Wise Lake and Dunleith Dolomite Members; mostly pinkish gray to yellowish gray, from pinkish at
the base (827.8) they progressively become very slightly more gray upward to 853.85 ft. From 853.83 ft upward to
876.6 ft there are about seventeen upward-fining cycles in which the rocks generally become more argillaceous and
darker gray, some cycles then terminate with a hardground that can range from medium gray to dark gray, overlying
each hardground is a lighter-colored pinkish-gray to yellowish-gray purer dolomite that sometimes contains some olive-gray shale partings and shadowy gray mottling; the gray zone, which is topped by a hardground and ranges from
853.85 to 855.5 ft, could be interpreted as the upper phase of a cycle for which the underlying, purer dolomite phase
extends from 850.3 to 853.85 ft; the seventeen cycles range from about 0.4 to 2.0 ft thick.

827.8 - 824.3

Galena Dolomite - Wise Lake and Dunleith Dolomite Members; nearly all pinkish gray with a little medium light gray
to light gray mottling, mostly along slyoliles, as at 825.0 and 825.1 ft; one weak very faint hardground marked by
flat gray line in calcarenite at 827.3 ft; mostly medium grained and slightly porous, the more pure beds have spongy
porosity and vugs up to about 0.5 inches across, some vugginess seems to be fossil moldic; Hormatoma-like fossil
mold at 827.5 ft, fracturing in the interval at 827.0 ft and 826.6 ft appears to be mechanical; cherts

824.3 - 811.9

Galena Dolomite - Wise Lake and Dunleith Dolomite Members; mostly pinkish gray to yellowish gray slightly argillaceous dolomite interbedded and interlaminated with olive gray to brownish gray paper-thin wavy-bedded shales
(3-5%), several distinct beds of light gray to very light gray slightly vuggy to vuggy dark-gray specked calcarenite
beds 0.5-3.0 ft thick, the less argillaceous they are the lighter their color and more vuggy they appear, these beds are
medium to coarsely crystalline; most of this interval is fine- to medium-crystalline dense dolomite, some beds are
medium to coarsely crystalline and porous to vuggy, these coarser beds are quite pure dolomite and generally grade
upward into finer more argillaceous and shaley dolomite.

811.9 - 798.2

Decorah Formation - Spechts Ferry Shale; Dolomite and shale and intermixtures of these two dolomite ranges from
light gray to medium-light gray with much darker gray very fine "salt and pepper" speckling, very light gray to white
dolomitized bryzoan fossils; shales range from grayish olive green to dark greenish gray; dolomite is predominately
medium-grained calcarenite. Overall the formation grades upward from a 60:40 dolomite to shale ration at the base
to an least 95% dolomite at the top. Within this 13.7-ft-thick upward-increasing carbonate cycle there are several
second-order cycles that begin with a relatively flat bottomed carbonate phase and grade upward into a shale mixed
with dark-gray-speckled nodular-dolomite phase.

798.2 - 770.3

Platteville Formation - Quimbys Mill Member; Dolomite, virtually all light brownish gray, the upper foot is very light
olive gray mottled with olive gray, burrow mottling of light gray to medium light gray is most prominent in zone
from 790.0 to 795.5 ft and at the base of the unit, 770.3 to 771.5. A very prominent well-developed hardground at the
top of the Platteville Formation indicates that the Decorah unconformably overlies the Platteville.

770.3 - 754.8

Platteville Formation - McGregor Member; Dolomite, 95% fine-grained dolomite that is very light pinkish gray
streaked with argillaceous and shaley beds that range form light olive gray to olive gray; the several calcarenite beds,
which range from ¥i to 2 ft ft thick, range from medium light gray to very light gray to pinkish gray and generally
show mottling and speckling of tones as dark as dark gray

754.8 - 747.2

Platteville Formation - Pecatonica Member; Dolomite, mostly very light brownish gray, in the basal foot becoming
mottled on a background of light gray to yellowish gray also some medium light gray to medium dark gray mottling
in the lower part above the basal foot, becomes less sharp and lighter toward the top, top foot has very little mottling
except in the top one inch, which is as dark as dark gray around the edges of the 0.5-0.75 ft deep carries on the welldeveloped hardground at the top of the member.

747.2 - 744.0

Ancell Group - Glenwood Formation; Sandstone, light gray to very light gray "salt and pepper" near top (approximately
upper 2 ft) becoming more light gray streaked on light gray toward bottom of the core. The top 2 inches of core is
light gray horizontally streaked with much darker tones of grayish black to olive black, this 2-ft section also contains
pebble and smaller clasts ranging from pinkish brown, many of these clasts are mantled with pyrite cement in the surrounding sandstone of by a much thinner black mantle.

Site Conditions and Method Applications
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Table 23. Summary of altitudes of secondary-permeability features in select boreholes by method of detection, Waupun site, Wis.
Borehole
E -800

Method

Altitude of secondary-permeability features (National Geodetic Vertical Datum of 1929}

Cores
Caliper logs
Natural-gamma logs
Nprma^resiMvIty togsSpontaneous^potential Jogs
Neutron logs
Acoustic-televiewer logs:;

Potential inUtofed fretire dt 874 ft. Numerous subhorizontaljfractures and beddings-plane partings,
Potential fracturdsiat 810,J7fJ, 881« 890, adpO,
None identified
None identified,
None identified
Elevated primary porosity associated with the^rjfecorah;Formation.y Possible Increase at about J859,
Inclined fractures at1888 and 910, Numerous subhorizontal features throughout boreholei including at 7^ 778,
"194 8X38, JWI, 870, 871 and 894,
Fourteen inclined reflectors identified from, about '74516 above the borehole. Subhorizontal reflector identified
at about870. Interval of low velocity ancl high attenuation primarily associated with Etecorah.Formation.

Borehole glrtfund-penetrat^
wig radar
FL-801

Cores
Caliper logs
Natural-gamma logs
Normal-resistivity logs
Spontaneous-potential logs
Neutron logs
Acoustic-televiewer logs
Borehole ground-penetrating radar

^-802

Cores
Natural-gamma logs
Normal-resistivity logs
^Spontaneous-potential Jtogs
Neutron logs
Acoustic-televiewer logs
Borehole ground-fpenetrating fadar

Method not used.
Potential inclined fractures at about 890 and 900. Numerous subhorizontal features throughout borehole,
including at 77 1 , 778, 794-808, 852-894, and 905.
None identified
None identified.
None identified.
Method not used.
Inclined fracture at 890.
Method not used.
iiitm

Method ncft used.
Potential fractures at 810, 87<W881, 890^|nd 913,
None identified I
Ndnetidentifiedl
None identified^
Methodj not used,
Numerous subhorizontar features throughout borehole, including at about 771,,J7§, 794^808, 810, 847,;869,g
tntervaljof low^velocity and^high attenuation primarily associated with Decorah formations

terization of the aquifer at the Waupun site. The lack of
characterization provided with this method is because of
the absence of detectable concentrations of water-quality
parameters that can be used to trace water movement in
the aquifer.

Better Brite Site
The Better Brite Plating facility is located in Brown
County, Wisconsin, in the city of De Pere, a suburb of
Green Bay (fig. 38). The Better Brite site was subjected
to limited investigation, with 16 investigative methods
used (table 1) in one borehole for a period of less than 1
year. The focus of the USGS and USEPA investigation
was borehole BN-483. Detailed analysis of the data collected at this site is presented in appendix H.
During operation from the late 1960's until 1989,
the facility consisted of a zinc-plating shop and a
chrome-plating shop located about 0.5 mi apart (fig. 38).
These shops compose the Better Brite Superfund site
(hereafter referred to as the Better Brite site). Trace metals and organic compounds were detected in soil samples
and ground water at both locations, posing a threat to the

St. Peter aquifer that supplies De Pere municipal wells
(Simon Hydro-Search, Inc., 1995: Batten and others,
1997).
For this investigation, borehole BN-483 was drilled
through the entire thickness of the Galena Dolomite,
Decorah Formation, and Platteville Formation and into
the underlying sandstones of the Ancell Group (figs. 38,
39). Borehole BN-483 is about 1,500 ft northwest of the
chrome-plating shop and about 1,900 ft southwest of the
zinc-plating shop.
Land surface at borehole BN-483 was not surveyed,
but is estimated at about 601 FANGVD29 based on
topographic maps. Land surface at the chrome-plating
shop is about 610-615 FANGVD29 and at the zinc-plating shop is about 600-605 FANGVD29. The altitude
of the Fox River, located 1,500 to 2,000 ft east of the
Better Brite shops (fig. 38), is about 590 FANGVD29.
Unconsolidated deposits at the Better Brite site typically
are from 25 to 30 ft thick and composed of Pleistoceneage lacustrine clay and silt (Simon Hydro-Search, Inc.,
1992). The unconsolidated deposits are about 44 ft
thick at borehole BN-483 and are underlain by 125 ft of
unweathered Galena-Platteville dolomite (Batten and
others, 1997), with very low permeability, except in the
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Table 24. Summary of altitudes of permeable features in select boreholes by method of detection, Waupun site, Wis.
Borehole

Method
Cores

Altitude of permeable features (feet above National Geodetic Vertical Datum of 1929)
None identified.

(Neutron logs

None identified,

WateRlevels using'fiackers

INxme identified.

Fluid-resistivity

Potential5 featured near 810-820 and !$7&

Flewmeter Jogs

BeloW 750, at :ab6uts8G9, 870,; and^Oliand8 near top of gvpter column at about 915;
Horizontal hydraulic conductivity.greater than IX) feet per day associated with features-at about 810, 870,
882-h$92, ahai9061 (Horizontal hydraulic conductivity, less than OJ5 feet per days ingremaifling test,inter«
yals.

FL-801

FL-802

^well, constant
discharge tests

Feature sat; 870 feet roost gerrqeablrhere'L Feature at 8lOleast permeable here;

Contaminant
location
m

Few contaminants identified^Datescould not "identify permeable features.

Cores

None identified.

Neutron logs

None identified.

Water levels using packers

None identified.

Fluid-resistivity logs

Potential features at 807 and 870.

Flowmeter logs

At about 778, 809, 869, 890, and near top of water column at about 915.

Slug tests

Horizontal hydraulic conductivity 19 feet per day associated with feature at about 870. Horizontal hydraulicconductivity of 2.0 feet per day in test interval associated with feature at about 810.

Multiple-well, constant
discharge tests

Feature at 810 most permeable here. Feature at 870 least permeable here.

Contaminant location

Method not used.

Cores

None identified!

Neufroii logs

Noneidentified,

Waters levels using packers

None;ideritified,

Fluid-fesistMty logSs

Potential, features at 8701

Flowmeter logs

Below 750,, at about 778^810/8,70,890,9"08fiand near|op of %ater column at about 915S

Slugltests

^Horizontal hydraufeconductivity'of 55 feetsper day associated with features sat about 870.ss Horizontal
hydraulic conductivity of 0,7;feet persday in remaining test,interval at 803*813.
'Features'at,810 and 870 feetlof intermediate permeability here.

discharge! tests
Contarrtinalnt location;

Method not usedl

upper 5-10 ft of the deposit. The Kh of the Galena-Platteville aquifer in borehole BN-483 ranged from a high of
0.2 ft/d near the bedrock surface to less than 0.001 ft/d
in the remainder of the aquifer. In some test intervals
isolated with a packer assembly, water levels did not
equilibrate after periods of 12 hours to 4 days, indicating
that the Galena-Platteville deposits have a low permeability, and may be unsaturated near the bottom of the
deposit. The Galena-Platteville dolomite is underlain
by Ordovician-age sandstones of the Ancell Group,
which include the Glenwood and St. Peter Sandstone
Formations. Two monitoring wells were constructed in
borehole BN-483. The monitoring wells are open at different altitudes within the Galena-Platteville dolomite to
determine vertical gradients. Water-level data from the
wells constructed in borehole BN-483 indicate the lower
part of the Galena-Platteville aquifer may be unsaturated.

Investigation at the Better Brite site was performed
in a portion of the Galena-Platteville aquifer that is much
less permeable than at the other sites investigated in
this report. The available slug-test and water-level data,
coupled with the extremely long time (weeks) required
for water levels to reach apparent hydraulic equilibrium,
indicate that most of the Galena-Platteville aquifer is
of low permeability beneath the Better Brite site. Low
permeability indicates that there are few secondary-permeability features in the aquifer and that flow primarily is through the aquifer matrix. The large downward
vertical-hydraulic gradients indicate the presence of
unsaturated intervals and low vertical-hydraulic conductivity in most of the aquifer. The presence of unsaturated
intervals in the aquifer may explain the discrepancy
between the patterns in porosity identified with the
analysis of the core samples and the neutron logs. The
various geophysical logs confirmed the lithologic inter-
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44° 26'40"

44°26'20"
400 METERS

Base modified from Hydro-Search Inc..
Milwaukee. Wl, September. 1991.

Figure 38. Location of test borehole BN-483, and zinc and chrome shops at the Better Brite Superfund site, DePere, Wis.
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Cross-Site Comparison of Methods

pretations made from the rock core, but natural-gamma
logs alone could not be used to determine the lithologic
breaks at the formation level. The temperature and
fluid-resistivity logs indicate flow from a wash out of
weathered dolomite below the casing down into the St.
Peter aquifer. No contribution from the lower part of the
Galena-Platteville aquifer was identified, which is consistent with the results of the slug testing and water-level
measurements. Water-quality data were collected only
from the uppermost part of the aquifer, and did not contain contaminants. The absence of contamination likely
is at least partly because borehole BN-483 hydraulically
is upgradient of the potential source areas. As a consequence, water-quality data provided no insight into the
presence or location of secondary-permeability features
in the Galena-Platteville aquifer at the Better Brite site.

CROSS-SITE COMPARISON
OF METHODS USED FOR
HYDROGEOLOGIC CHARACTERIZATION
AND SUGGESTIONS FOR THEIR USE
Virtually all of the methods of investigation provided some insight into the secondary-permeability
network in of the Galena-Platteville aquifer, with multiple methods providing similar characterization in
many instances. The amount of information that can be
provided with each method is affected by the geologic
and hydraulic properties of the aquifer at a given location as well as the heterogeneity of those properties. The
hydrogeologic assessment improves as the amount of
data available for analysis increases, as defined by the
number of boreholes and wells available for investigation, the number of methods used, and the duration of
data collection.
Analysis of available sources of information was
useful for obtaining a preliminary assessment of the
geology and hydrology at most of these sites and such
analysis should be useful at all sites prior to the initiation
of field activities (table 25). Of particular value in the
assessment of the Galena-Platteville aquifer was obtaining information (such as lithologic logs) from database
searches and reports from previous investigators, as well
as analyzing topographic maps and aerial photographs.
Database searches provided geologic information
such as the depth to bedrock and thickness of the aquifer
at all of the sites investigated. Hydraulic information,
such as depth to water, rough estimates of transmissivity,
and some indication of aquifer yield also were provided
at all of the sites, although these data were used most
fully in the Belvidere area. Because of the interests and
needs of the persons providing the information (espe-
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cially drillers logs) the databases were of little value in
the identification of secondary-permeability features and,
occasionally, contained information errors.
Previously performed area and site-specific investigations provided geologic information such as the depth
to bedrock and thickness of the aquifer at all of the sites
investigated. Hydraulic information, such as depth to
water, estimates of aquifer properties, and flow directions also were provided at many of the sites investigated. However, even during site-specific investigations
detailed characterization of the secondary-permeabilty
network in the aquifer usually was not performed, typically because of funding limitations on the investigations.
Analysis of surface topography was useful for
predicting overall ground-water-flow directions at all of
the sites investigated. However, some local variations in
flow direction from that predicted by analysis of surface
topography were present at the Byron site, the ACME/
WRL site, and in parts of the Belvidere area. These
variations resulted because of aquifer heterogeneity
(Byron), changes in the distribution of recharge and discharge (ACME/WRL), and pumping from high-capacity
wells (Belvidere).
Analysis of surface topography was useful for
identifying the location of the bedrock ridges and valleys at the Byron, Tipton Farm, ACME/WRL, Southeast
Rockford and Belvidere area sites, but was of no value
in assessing the bedrock topography at the PCHSS in
the Belvidere area, and at the Waupun and Better Brite
sites. Bedrock ridges were confirmed by aquifer testing to be areas of comparatively low permeability at the
ACME/WRL site, beneath part of the Byron site, and
perhaps the Southeast Rockford and Tipton sites. Bedrock valleys were confirmed by aquifer testing to be
areas of comparatively high permeability at these sites.
Data from the Tipton Farm site were contradictory for
identifying trends in aquifer permeability with bedrock
topography. Data from the Belvidere area sites were
insufficient for identifying trends in aquifer permeability
with bedrock topography.
Analysis of surface topography also was useful for
identifying the location of the fracture traces and sinkholes at the Byron site, but did not identify these features
at any of the other sites. The utility of this method at the
Bryon site likely resulted because these features present in the bedrock and from hundreds to thousands of
feet in extent. Also, the small thickness of the overlying
glacial deposits at this site did not obscure these features.
Orientations of fracture traces were predictive of fracture
orientations in the dolomite at the Byron site identified
with other methods. Analysis of surface topography
should be done at all sites prior to the initiation of field
activities (table 25).
Observations made during quarry visits were useful
for establishing stratigraphy and orientations of inclined
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Table 25. Conclusions regarding use of methods for hydrogeologic characterization of fractured-rock aquifers.
Method

Conclusions

Previous investigations

Should be performed prior to investigations at all sites.

Database search

Should be performed prior to investigations at all sites.

Topographic maps or aerial
photographs

Should be performed prior to investigations at all sites. Likely to be most effective where overburden deposits are thin and
where large secondary-permeability features are present.

Quarry visits

Should be performed prior to investigations at all sites if nearby quarries are available.

Surface geophysics

Should be considered prior lo drilling at sites with minor cultural interference and appropriate surficial materials (thin, nonargillaceous) if finances are available.

Lithologic logging

Collection of detailed lithologic logs, including detailed observations of water return and drilling rate should be done by a
geologist using standardized descriptors at every borehole at every site.

Core analysis

Should be performed only at sites where knowing geotechnical properties or stratigraphy is important and financial resources
permit.

Borehole camera

Should be performed if televiewer logging is unavailable or cost prohibitive or if features near or above the water level in the
borehole are of interest. Should not be performed in boreholes with turbid water.

Natural-gamma logs

Should be performed for select boreholes for all sites with some variation in clay content. Permeable horizontal features show
some tendency to associate with the top of argillaceous intervals. Deepest holes provide the most useful data.

Caliper logs

Should be performed at all sites if televiewer or borehole-camera logs are unavailable or cost prohibitive. If these methods are
available, the primary utility of the caliper log is to determine if the borehole environment poses a danger for losing the televiewer or camera tools. Should be performed if features above the water level in the borehole are of interest and boreholecamera logs are not available.

Spectral gamma logs

Should be performed only at sites where clay infilling of fractures is likely (typically a karstic environment)

Acoustic-televiewer logs

Should be performed in select boreholes at all sites

Spontaneous-potential logs

Should not be performed if flowmeter or hydrophysical logs or vertical profiling of hydraulic conductivity by use of a packer is
available. If these logs are unavailable, should be considered at sites with a long water column, generally low argillaceous
content, and potentially large changes in water quality and hydraulic separation within the aquifer. Should not be performed
for sites with a small water column, substantial argillaceous content, good vertical hydraulic interconnection, or where features of interest are expected to be present near the top of the water column.

Single-point resistance and
normal-resistivity logs

Should not be performed.

Neutron logs

Should be performed only at sites where argillaceous content of rock is low and trends in matrix porosity are important, such as
sites where flow is predominately through vugs. Generally not useful for fracture identification.

Density logs

Should be performed only at sites where trends in matrix porosity are important and neutron logs are not available.

Borehole ground-penetrating radar

Both single-hole reflection and cross-hole tomography should be considered at sites with available boreholes but in need of
additional characterization. Should be considered at sites with and where moderate to large contrasts in rock conductivity
because of vuggy intervals or moderate-to-large fractures can be expected at depths more than 5-10 feet below the well casing. Not useful for highly argillaceous deposits.

Water levels from wells
(single measurement)

Should be performed at all sites pending collection of periodic data

Water levels from wells
(periodic measurement)

Should be performed at all sites on a quarterly basis for a period of at least 1 year. Periodic measurements over a longer period
should be considered where seasonal or longer-term variations in recharge or anthropogenic features such as pumping are
substantial enough to alter flow directions.

Water levels from wells
(continuous measurement)

Should be performed for sites where water levels change rapidly enough in response to precipitation (karstic environments) or
pumping where frequent, short-term variations in flow are present.

Temperature logs

Should not be performed if flowmeter or hydrophysical logs or vertical profiling of hydraulic conductivity by use of a packer is
available. If these logs are unavailable, this method should be considered at sites with a long water column, potentially large
changes in temperature and hydraulic separation within the aquifer. Should not be performed at most sites with a small water
column, good vertical hydraulic interconnection, or where features of interest are expected to be present near the top of the
water column.

Fluid-resistivity logs

Should not be performed if flowmeter or hydrophysical logs or vertical profiling of hydraulic conductivity by use of a packer
is available. If these logs are unavailable, should be considered at sites with a long water column, potentially large changes
in fluid resistivity and hydraulic separation within the aquifer. Should not be performed at most sites with a small water
column, good vertical-hydraulic interconnection, or where features of interest are expected to be present near the top of the
water column.

Flowmeter logs (single
well)

Should be performed at all sites not underlain by rock of uniformly low permeability. Both ambient and in-well pumping should
be considered for all holes. In-well pumping should be performed for sites with low vertical-hydraulic gradients.
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Table 25. Conclusions regarding use of methods for hydrogeologic characterization of fractured-rock aquifers.-Continued.
Method

Conclusions

Flowmeter logs (cross-hole
pumping)

Should be performed at all sites with sufficient permeability to support pumping if financial resources permit. Both ambient and
pumping profiles should be performed in all boreholes.

Hydrophysical logs

Only used at one site, so assessment was limited. However, data indicate method can be useful at sites not underlain by rock
of uniformly low permeability. Utility of this method compared to flowmeter logging is expected to be specific to the data
needs at the individual site.

Slug tests

Should be performed at all sites. Multiple tests should be considered in water-table wells if the height of the water column in
the well varies by more than 5 feet.

Specific-capacity tests

Should be performed at all sites as part of borehole and well development. Should not be performed as a stand-alone activity
unless there is a need for estimates of hydraulic properties and other aquifer tests are not feasible because of factors such as
high aquifer permeability.

Multiple-well, constantdischarge tests

Should be considered if financial resources permit at all sites with permeability high enough to support pumping but not so high
as to present problems with water disposal or inducing sufficient drawdown for analysis. Final decision should be based on
analysis of the well network (number of wells, depth of open intervals, distance from pumped well), the degree of heterogeneity in the aquifer, and the objectives of the testing.

Tracer tests

Should be considered if financial resources permit at all sites with permeability high enough to support pumping if effective porosity is important to the investigation. Tracer testing in conjunction with borehole ground-penetrating radar logging should
be considered if detailed assessment of the flow pathway is necessary and cannot be provided by flowmeter logging, slug
testing, multiple-well aquifer testing, or analysis of contaminant location.

Contaminant location

Should be performed at all sites

Data collection using
packers

Should be performed for vertical profiling of water levels, water quality, and horizontal hydraulic conductivity at all sites with
sufficient aquifer permeability and financial resources to make data collection practical. Test interval should be 10 feet or
less in most cases. Test results likely to be improved if test-interval selection is augmented by televiewer/camera and flowmeter data.

fractures at the Byron, ACME/WRL, Southeast Rockford, and Belvidere area sites, as well as indicating the
potential for lithologic controls on permeability at the
Byron site and in the Belvidere area. Stratigraphy and
lithologic control on permeability was confirmed by
other methods at the Byron site and in the Belvidere area
(as well as at the Waupun site). The utility of a quarry
visit was improved by the proximity of the quarry to
the site and the amount of rock exposed. Quarry visits
should be done prior to the initiation of field activities if
acceptable quarries and outcrops are available (table 25).
Surface-geophysical methods were of some use.
Surface GPR did not provide useful information at the
Byron site because the high clay content of the unconsolidated deposits prevented penetration of the GPR signal
to the bedrock. SAR did not provide useful information
at the Byron site probably because of cultural interference from power lines and perhaps because the high
clay content of the unconsolidated deposits prevented
penetration of the signal to the bedrock. SAR investigations resulted in the identification of inclined-fracture
orientations in the Galena-Piatteville dolomite in the
Belvidere area, which showed variable agreement with
those identified with other methods, including televiewer
logging and constant-discharge aquifer testing. SAR
investigations resulted in the identification of porosity
values in the Galena-Platteville dolomite at the PCHSS
in the Belvidere area, which were consistent with those
identified with core analysis. Potentially permeable
features identified with SAR surveys performed by other

investigators at the Tipton Farm site were not verified as
being present by drilling. SAR surveys should be considered prior to the initiation of drilling activities if other
sources of information on fracture orientation (such as
quarries and fracture traces) are not available, if fracture
orientation is thought to have an important effect on flow
direction, and if cultural interference can be avoided.
Lithologic logs provided the foundation for the
geologic interpretation and allowed identification of
depths of some permeable features in the Galena-Platteville aquifer at the Byron, ACME/WRL, Southeast
Rockford, and Belvidere area sites. Lithologic logging
also allowed identification of generalized areas of more
competent and less competent rock at the Byron site.
Many of these interpretations subsequently were confirmed with other methods. Lithologic logs were more
useful for identifying secondary-permeability features
at the Byron site because of the large number of boreholes drilled, the large variability in the competence
of the rock across the site, and the small thickness of
the aquifer in comparison to the other sites. Lithologic
logs were more useful for identifying secondary-permeability features in the shallower parts of the aquifer in
the Belvidere area (and perhaps the Southeast Rockford
site) than in the deeper part of the aquifer because of the
difficulty in identifying the comparatively small changes
in drilling speed and volume of water returned from
the deeper parts of the aquifer at these sites. Lithologic
logs from boreholes drilled using a pneumatic hammer
at the ACME/WRL site were more useful in identify-
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ing secondary-permeability features than logs obtained
from drilling with a tricone roller bit because of the
more dramatic contrasts in drilling rate and volume of
water returned from the borehole when secondary-permeability features are encountered using the pneumatic
hammer. Detailed lithologic logs are an essential part of
any investigation and should be made for all boreholes
drilled at any site (table 25).
Core analysis provided the foundation for site
stratigraphy at the Byron, Tipton Farm, ACME/WRL,
Belvidere area, Waupun, and Better Brite sites. Stratigraphic interpretation appeared to be most certain at the
Byron, Tipton Farm, and Waupun sites, but less uncertain or contradictory at the ACME/WRL, Belvidere area,
and Better Brite sites, where differentiating stratigraphic
units usually was difficult and interpretations varied
between investigators. The uncertainty associated with
the stratigraphic interpretation arises primarily from the
lack of weathering features in the cores, which are the
clearest means of differentiating the Galena-Platteville
deposits in outcrop. This uncertainty particularly is great
for the younger formations in the Galena Group, which
tend to be more homogeneous with smaller contrasts in
clay content and bedding features than the formations in
the Platteville Group.
Core samples also were used to determine the primary porosity of the Galena-Platteville dolomite at the
Byron, Tipton Farm, Belvidere area, Waupun, and Better
Brite sites. These measurements provided an upper limit
for effective porosity and enabled analysis of variations
in porosity with stratigraphic unit.
Core analysis combined with other methods provided insight into the lithologic and stratigraphic factors
that affect the distribution of vugs and subhorizontal
bedding-plane partings in the Galena-Platteville dolomite, particularly at the Byron, Belvidere area, and
Waupun sites. Insight gained from core analysis of the
effect of lithology and stratigraphy on the distribution of
secondary-permeability features improved assessment
of the location of secondary-permeability features in the
aquifer, as well as the pathways of ground-water flow
and contaminant migration. However, at least partly
because of mechanical breakage, core loss, and the vertical orientation of most of the cores, core analysis alone
usually did not identify fractures or solution openings in
the dolomite. Core analysis also did not clearly identify
permeable features at any of the sites investigated. In
addition, lithologic features, such as variation in the clay
content of the dolomite and the presence of argillaceous
layers, appear to have a greater effect on the location of
the permeable features in the Galena-Platteville aquifer
than do stratigraphic features such as unconformities.
Core analysis was not considered an essential component
of the characterization of the Galena-Platteville aquifer
during these site investigations (table 25).

Three-arm caliper logging identified the presence
and location of secondary-permeability features in the
Galena-Platteville deposits, as well as the location of
more competent rock at each of the sites. Many of these
features subsequently were determined to be permeable.
Caliper logs also identified the presence of a wash out
below the surface casing at the Better Brite site. Caliper
logs refined interpretations about the location of secondary-permeability features identified with the lithologic
logs and identified the location of various secondarypermeability features not identified with the lithologic
logging. The location of many of these features subsequently was confirmed by borehole-camera or acousticteleviewer logging. Caliper logs were of limited value
in identifying vuggy intervals and also did not identify a
number of secondary-permeability features subsequently
determined to be permeable. Caliper logs should be run
in any application if there are concerns about the security
of downhole equipment because of obstructions in the
borehole or the potential for the borehole to collapse;
if there is a need to know the borehole diameter or the
depth of the well casing or screen; or if more comprehensive methods of identifying fractures or solution
openings are not available (table 25). Caliper logs are
inexpensive and easy to run compared to other methods
and have some value for the identification of secondary-permeability features, particularly those with large
openings (such as the solution openings at the Byron
site). However, caliper logs only were of moderate value
for the identification and characterization of secondarypermeability features for the sites studied during these
investigations and comprehensive characterization of
fractured-rock aquifers should not rely on this method as
the primaiy means for identification of secondary-permeability features.
Borehole-camera logs provided substantial insight
into the location of vugs, fractures, solution openings,
and wash outs in the Galena-Platteville dolomite at the
Byron, ACME/WRL, Southeast Rockford, Belvidere
area, and Better Brite sites, as well as identifying areas
where competent bedrock was present. In general,
camera views that looked down the borehole typically
provided a superior characterization of the location of
fractures and solution openings than side views, whereas
side views tended to be better than down views for
observing vuggy intervals. Camera logs refined and
expanded upon interpretations about the type and location of secondary-permeability features identified with
the lithologic and caliper logs. The locations of most
of these features subsequently were confirmed with
acoustic-televiewer logging. Borehole-camera logs also
identified areas where the water table was above the
water level in the borehole at the Byron site and directly
identified a permeable interval in one borehole in the
Belvidere area. These interpretations subsequently
were confirmed with flowmeter logging and water-level
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measurement using a packer assembly. The camera did
not provide data in parts of boreholes at the Byron and
Belvidere area sites because of high turbidity. Camera
logs should be considered for the characterization of the
type and location of secondary-permeability features
at all sites where water clarity and borehole diameter
is adequate for viewing the sides of the borehole and
televiewer logs are not available (table 25). Camera logs
should be considered for the characterization of the type
and location of secondary-permeability features at sites
where such features are located near or above the water
level in the borehole.
Natural-gamma logs, in combination with the core
analysis and lithologic logging, provided a comprehensive description of the stratigraphy and lithology
in the Galena-Piatteville deposits at each of the sites
investigated, although their utility was limited by the
small depth of the wells at the Tipton Farm site. This
description, in combination with other geophysical and
hydraulic data, provided insight into the lithologic factors that affect the location of vugs and subhorizontal
fractures in the Galena-Platteville aquifer at the Byron,
Belvidere area, and Waupun sites, and possibly the
Southeast Rockford and ACME/WRL sites. Because of
its uniformly low permeability, lithologic factors within
the Galena-Platteville aquifer do not appear to affect the
presence or location of secondary-permeability features
at the Better Brite site.
Anomalies in the natural-gamma logs that subsequently were identified as clay-infilled fractures
and solution openings with other methods, including
spectral-gamma logging, were detected in a number of
boreholes at the Byron site. Prominent anomalies in the
natural-gamma logs that could be attributed to secondary-permeability features were not identified at any of
the other sites. The presence of clay-infilled fractures
and solution openings at the Byron site likely is the
result of the comparatively advanced development of
karstic features in the Galena-Platteville dolomite at this
site providing pathways for movement of clay-sized particles from the land surface into and through the network
of secondary-permeability features. Natural-gamma
logging should be done to characterize lithology at any
site investigated, providing variability in the argillaceous
content of the rock is expected (table 25). Although
natural-gamma logs alone are of minimal value for the
direct identification and characterization of secondarypermeability features, comparison of natural-gamma logs
with caliper and televiewer logs, as well as hydraulic
data, should be done to determine the location of permeable vugs and subhorizontal bedding-plane partings at
any site investigated.
Single-point-resistance, density, and normal resistivity logs provided limited insight into the geology and
presence of fractures in the Galena-Platteville dolomite at every site where these methods were applied.
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Although each of these methods were used to identify
a small number of fractures, no secondary-permeability
features were identified that were not identified using
other methods and these logs did not identify most of
the secondary-permeability features identified with other
methods. This lack of response partly results because of
the variable clay content of the Galena-Platteville dolomite, which tends to obscure the response of these logs
to other features that might be more readily identified if
the clay content were more uniformly low. In addition,
because most of the features were thin, less than an inch
in size, a small signal change likely resulted in most of
the logs. Most of these logs are designed to find features
larger than an inch in size. These logs are not considered
important to the characterization of the Galena-Platteville dolomite.
Neutron logs provided only minimal insight into the
presence of fractures or solution openings at the Byron,
ACME/WRL, Belvidere area, Waupun, and Better Brite
sites. Neutron logs were effective in evaluating trends
in primary porosity at the ACME/WRL, Belvidere area,
and Waupun sites, but were less effective at the Byron
and Better Brite sites. Analysis of porosity trends in
boreholes at the Waupun site and in the Belvidere area
showed a good agreement with porosity trends identified from analysis of core samples. Thorough analysis
of porosity trends in the borehole at the Better Brite
site showed poor-to-moderate correlation with porosity
trends identified from analysis of core samples. The primary reason for the lack of response of the neutron logs
to the fractures appears to be a lack of sufficient water
in the fractures to be clearly distinguishable from the
water in the aquifer matrix or areas of increased borehole
diameter. The variable clay content in the Galena-Platteville deposits appears to be obscuring the relation
between the neutron log and the aquifer porosity at the
Byron site. The possible presence of unsaturated zones
in parts of the Galena-Platteville deposits at the Better
Brite site also may be obscuring the relation between
porosity and the neutron log. Neutron logging should be
considered for determination of trends in primary porosity at sites with low argillaceous content of the rock, but
this logging probably should not be done to identify fractures and solution openings (table 25).
Acoustic-televiewer logs identified the largest number of secondary-permeability features in the GalenaPlatteville dolomite at each site where the method was
used, as well as permitting identification of the type
(vugs, fractures, solution openings) and orientation of
these features. Acoustic-televiewer and borehole-camera
logs were the only methods with the capacity of unambiguously identifying the type of secondary-permeability
feature. Televiewer logging was the only method used
in these investigations with the capacity of determining
the orientation of non-horizontal secondary-permeability features. Televiewer logging confirmed the location
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of many of the secondary-permeability features in the
Gaiena-Platteville dolomite identified with other methods, identified the type of most of these features, and
identified a number of features, such as small subhorizontal bedding-plane partings and vuggy intervals that
frequently were not identified with other methods. Televiewer logging should be done at all sites where there is
a need to thoroughly characterize the secondary-permeability network (table 25). However, this method may
be of limited or no use if there is a need to characterize
features near or above the water level in the borehole,
such as parts of the Waupun and Byron sites.
Single-hole GPR surveys appear to have identified lithologic and secondary-permeability features in
the Gaiena-Platteville dolomite tens of feet beyond the
boreholes at each site where the method was applied.
Borehole GPR is the only method used for this investigation that allowed direct identification of lithologic and
secondary-permeability features not intercepted by the
borehole. However, some features identified with singlehole GPR surveys were not identified with other methods and some important secondary-permeability features
identified with televiewer logging were not identified in
some of the GPR surveys. The depth and orientation of
a number of features identified with the GPR logs typically did not correlate with their depth and orientation as
identified with other methods. These discrepancies were
observed at every site where single-hole GPR surveys
were performed and likely are related to the requirement for a large change in conductivity for a feature to
be detected by the GPR (which tends to be associated
with larger features), changes in fracture orientation with
location the dolomite, and the termination of many of the
features before they intercept the borehole. Single-hole
GPR surveys are a valuable tool for the comprehensive
characterization of fractured-rock aquifers, particularly
at sites where the number of boreholes available for site
characterization is limited and during the early stages
of investigation where there is a need for information to
guide the placement of additional boreholes (table 25).
Careful interpretation of the data collected with these
methods is required.
Cross-hole GPR surveys provided a clear picture
of the location and extent of hydraulically connected,
secondary-permeability features at the Byron, Belvidere area, and Waupun sites. Because of variations in
the altitude of some of these features, particularly at
the Byron site, the connection of some of these features
would not necessarily have been identified using singlehole characterization methods. Cross-hole GPR logging
identified porosity variations in the Gaiena-Platteville
dolomite in the Belvidere area and at the Waupun site,
which were consistent with porosity variations defined
by neuron logging and core analysis. Cross-hole GPR
logging done in conjunction with saline tracer testing at
the PCHSS in the Belvidere area identified flow path-

ways and the effective porosity in the Gaiena-Platteville
aquifer. Cross-hole GPR surveys are considered to be a
valuable tool for more comprehensive characterization of
fractured-rock aquifers and should be considered for use
at all sites.
Single water-level measurements from test intervals
isolated with a packer assembly provided substantial
insight into the vertical directions of ground-water flow
within most of the boreholes tested at the Byron, Southeast Rockford, Belvidere area, Waupun, and Better Brite
sites. Assessment of vertical flow directions was complicated in some test intervals at the Byron, Southeast
Rockford, and Better Brite sites by the practical difficulty of waiting an hour or more for water levels to reach
hydraulic equilibrium. Assessment of vertical flow
directions was complicated in various boreholes in the
Belvidere area by the effects of pumping on water levels
in the aquifer. Interpretations regarding flow directions
were supported by the results of flowmeter logging and
measurements from monitoring wells completed in the
boreholes.
Single water-level measurements from test intervals
isolated with a packer assembly also provided substantial
insight into the distribution of vertical-hydraulic conductivity within many of the boreholes tested at the Byron,
Southeast Rockford, and Belvidere area sites. Assessment of the distribution of vertical-hydraulic conductivity with this method was aided by the presence of large
variations in vertical-hydraulic conductivity and water
levels (frequently greater than 5 ft) within many of the
boreholes at the Byron, Southeast Rockford, and Belvidere area sites, as well as by the uniform vertical-hydraulic conductivity and small (less than 0.25 ft) differences
in water levels within two of the boreholes at the Byron
site. Large withdrawals from water-supply wells open to
a widespread, permeable fracture near the lower part of
the Gaiena-Platteville aquifer in the Belvidere area also
aided the analysis of the vertical differences in water levels at this site. In addition, the difficulties in waiting for
water levels to equilibrate in most of the test intervals at
the Better Brite site provides information regarding the
low vertical-hydraulic conductivity of the Gaiena-Platteville aquifer at this site.
Single water-level measurements from test intervals
isolated with a packer assembly identified the depth
of permeable vugs, fractures, and solution openings in
boreholes at the Byron and Belvidere area sites, and
provided some indication of the depth of a permeable
feature in one borehole at the Southeast Rockford site.
Packer measurements did not provide insight into the
depth of secondary-permeability features at many of the
other boreholes at these sites. Boreholes in which this
method proved successful in the identification of permeable features tended to be those where large verticalhydraulic gradients were coupled with the presence of a
single interval with a horizontal hydraulic conductivity
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roughly one order of magnitude or higher than the rest
of the borehole. Interpretations regarding the distribution
of secondary permeability in the aquifer and the location
of secondary-permeability features in a borehole usually were confirmed by the results of aquifer testing and
flowmeter logging. Analysis of water-level measurements to determine the presence of permeable features
was not performed at the Waupun site, and could not be
performed in most of the test intervals at the Better Brite
site because of the low permeability of the Galena-Platteville deposits.
Single water-level measurements from test intervals isolated with a packer assembly provided important
insight into ground-water-flow directions and the location and distribution of secondary-permeability features
(or lack thereof) in the Galena-Platteville aquifer. Collection of water levels from the open borehole and the
zones above, within, and below the test interval should
be done at all sites where packer testing is performed
(table 25).
Single and periodic water-level measurements in
monitoring wells provided substantial insight into the
horizontal and vertical directions of ground-water flow
at the Byron, Tipton Farm, ACME/WRL, Southeast
Rockford, Belvidere area, and Better Brite sites. A
single, comprehensive set of measurements appears to
have been sufficient to characterize flow directions at the
Byron site and, perhaps, the Tipton Farm site. However,
multiple measurements were required to characterize
the range of flow directions at the ACME/WRL site
and could not fully characterize flow in some parts of
the Belvidere area. Because only one or two sets of
measurements were available at the Southeast Rockford
and Better Bite sites, the adequacy of a single measurement could not be fully evaluated. Multiple periodic
measurements, though more informative than a single
measurement, were inadequate to assess the range of
flow directions at the Belvidere area site because of the
frequent and rapid changes in flow directions induced
by pumping from water-supply wells in the area. Multiple measurements were required to assess the range of
flow directions at the ACME/WRL site because of the
changes in flow directions induced by drought conditions and perhaps recharge from an intermittent stream in
the area. Interpretations regarding the overall directions
of ground-water flow from single measurements across
the Byron, ACME/WRL, and Southeast Rockford sites,
based on analysis of water-level data, were confirmed
by ground-water-quality data collected at each site.
Water-quality data at the Byron site indicate that groundwater-flow directions may not be fully represented with
the water-level data because of the karstic nature of the
aquifer underlying this site. Water-quality data in the
Belvidere area indicate that ground-water-flow directions, based on a small number of available measurements, is not fully represented with the water-level data
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because pumping creates highly variable flow directions
in parts of this site.
Single and periodic water-level measurements in
monitoring wells provided substantial insight into the
distribution of permeability within the aquifer as a whole
at the Byron and ACME/WRL sites and to a lesser
degree at the Tipton Farm, Belvidere area, and Better
Brite sites. Analysis of vertical-hydraulic gradients in
monitoring wells at the Byron, ACME/WRL, Belvidere
area, and Better Brite sites (and perhaps the Tipton Farm
site) allowed identification of the vertical distribution
in aquifer permeability in various parts of the aquifer.
Analysis of horizontal hydraulic gradients in monitoring
wells at the Byron and ACME/WRL sites, and perhaps
the Tipton Farm site, allowed the areal distribution
in aquifer permeability to be identified. This method
was not effective in identifying the areal distribution
of permeability at the Southeast Rockford or Belvidere
area sites. Spatial variations in the water-table altitude,
vertical-hydraulic gradients, and changes in water-level
altitude through time throughout the Byron site are the
result of large variations in the size, number, and type of
secondary-permeability features, as well as the degree of
connection of these features in the karstic Galena-Platteville aquifer at this site. Analysis of the water-level data
allowed the spatial distribution of vertical and horizontal
permeability in the aquifer at this site to be easily identified. More subtle variations in the horizontal hydraulic
gradient at the ACME/WRL site, which are the result of
the less extensive, less variable secondary-permeability
network (in comparison to Byron) also enabled identification of a low-permeability area within the GalenaPlatteville aquifer at the site. These interpretations
subsequently were confirmed by aquifer testing. Visual
analysis of the water-table configuration at the Southeast Rockford site identified areas of lower and higher
horizontal hydraulic gradient. However, these gradients
do not show a systematic variation with the distribution
of horizontal hydraulic conductivity based on the available aquifer-test data and this interpretation cannot be
confirmed. Analysis of vertical and horizontal hydraulic
gradients at the Tipton Farm site indicate the possibility
of differences in vertical and horizontal hydraulic conductivity within the site, which has not been confirmed
with other methods. The absence of water in wells open
to the deeper part of the Galena-Platteville aquifer at
the Better Brite site indicates that the lower part of the
deposit is at least partly unsaturated and has low permeability, with few or no secondary-permeability features.
Analysis of long-term changes in flow directions
within the aquifer in response to drought conditions was
made possible by periodic water-level measurements
in monitoring wells at the ACME/WRL site. These
changes could not be attributed clearly to differences in
the distribution of secondary-permeability features at the
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site, and, therefore, did not provide any insight into the
secondary-permeability network.
Continuous water-level measurements from packer
assemblies and monitoring wells provided substantial
insight into the presence (or absence) of permeable features at the Belvidere area and Southeast Rockford sites.
Continuous water-level measurements at the Southeast
Rockford site showed no response to pumping in nearby
municipal-supply wells, indicating that the base of the
Galena-Platteville aquifer in this area is composed of
unfractured dolomite with low vertical-hydraulic conductivity. Continuous water-level measurements at
the Belvidere area site indicated substantial response
to pumping in nearby water-supply wells. Continuous
water-level measurements allowed analysis of the aquifer
response to the pumping stress, which would not have
been possible using a single measurement, and would
have required months or years to fully characterize using
periodic measurements. Analysis of the aquifer response
to the pumping enabled identification of a widespread
permeable fracture, as well as inferential identification
of the presence of a hydraulically connected network
of flow pathways capable of vertical transmission of
water within the Galena-Platteville aquifer that was not
observed readily using other methods.
Continuous water-level measurements from monitoring wells, in combination with climatic data, indicated
areas where the secondary-permeability network was
comparatively developed and undeveloped within the
Byron site. These interpretations are consistent with the
results obtained with the application of other metods.
Water-level measurements always should be performed to determine flow directions and potential variations in permeability distribution (table 25). However,
interpretations about the distribution of permeability
distribution, based on analysis of water levels, should be
made with caution and verified with aquifer-test data, if
possible. The measurement frequency should depend
on the type of information to be drawn from the data, as
well as the expected variation in water levels because of
changes in climatic conditions, recharge from surface
water, and pumping in the area. Collection of waterlevel data on a quarterly basis for a period of 1 year
appears to be a reasonable minimum frequency for sites
where water-level variations can be expected to be small.
These data then can be evaluated for anomalies to determine if a greater measurement frequency is needed.
Temperature, SP, and fluid-resistivity logging provided only limited insight into the presence of permeable
features at the Byron and Better Brite sites, but identified
a larger number of permeable features at the Belvidere
area and Waupun sites. Identification of permeable features usually were based on subtle changes in these logs
that may not have been identified if other methods, such
as flowmeter logging, did not confirm their presence. At
no site did temperature, SP, and resistivity logs identify

all of the permeable features identified with other methods. In addition, the depth at which permeable features
were identified with these methods tended to be offset,
usually by 5-10 ft, from the location of the permeable
feature as identified with the flowmeter logs. Part of the
reason for the lack of information provided by these logs
at the Byron and Better Brite sites appears to be related
to the degree of hydraulic interconnection within the
aquifer. Because identification of secondary-permeability features is dependent on changes in the temperature
and electrical properties of the fluid in the borehole, a
lack of contrast in these properties in the borehole water
minimizes the utility of the temperature, SP, and fluidresistivity logs. An absence of change in temperature
or SP and resistivity can be produced by the presence
of only one permeable feature at the borehole, or a lack
of change in these properties in the aquifer monitored
by the borehole. At the Better Brite site, the aquifer has
low permeability and poor vertical connection. With
only one interval supplying water to the borehole, the
water in the borehole is of uniform resistivity, SP, and
temperature. Over much of the Byron site, the aquifer
is less than 100 ft thick and in good vertical connection,
which results in well-mixed water of uniform quality
throughout the aquifer. As a consequence, there may
be little contrast in fluid resistivity, SP, and temperature between the secondary-permeability features that
contribute the water to the borehole. In those parts of the
Byron site where the confining unit is present, hydraulic
separation of the upper and lower parts of the aquifer
may have produced sufficient contrast in water temperature, SP, and resistivity to be identified. In the Belvidere
area, the aquifer is more than 200 ft thick with variable
vertical hydraulic interconnection and enhanced vertical
and horizontal movement of water through the aquifer in
response to pumping from the municipal-supply wells.
These factors have combined to create contrasts in the
temperature, SP, and fluid resistivity in the GalenaPlatteville aquifer beneath the Belvidere area, making
these logs comparatively useful for the identification of
permeable features in this area. Temperature, SP, and
fluid-resistivity logs should be considered as a means of
characterizing the presence and location of permeable
features in fractured-rock aquifers only where other,
more comprehensive methods, such as flowmeter logs or
detailed aquifer-test data, will not be used (table 25).
Single-hole flowmeter logging, particularly in
combination with acoustic-televiewer data, was the most
cost-effective method of identifying the location and
type of permeable features in individual boreholes open
to the Galena-Platteville aquifer at every site where this
method was used. This method also helped identify the
effect of lithology on the location of permeable features
at the Byron, Belvidere area, and Waupun sites, and
perhaps at the Southeast Rockford site. The utility of the
flowmeter logs was reduced in boreholes with uniformly
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low permeability, little or no vertical-hydraulic gradient (potentially a result of uniformly high permeability),
contrasts in permeability of two orders of magnitude or
more within the borehole, or variability in flow resulting
from pumping and the cessation of pumping. The utility of these logs also was affected by the distribution of
permeable features within the borehole. Identification of
permeable features using flowmeter logging was superior to that provided by slug testing in some boreholes,
especially if the logging was done in conjunction with
pumping in the borehole, when more than one permeable feature is present within the interval of the packer
assembly, or where the length of the packed interval is
large (generally greater than 10 ft).
Single-hole flowmeter logging performed in conjunction with pumping in the tested borehole also was
effective in identifying the location and relative permeability of permeable features, as well as providing
some indication of the distribution of vertical-hydraulic
gradients within the borehole and, in every instance,
improved on the characterization provided with logging
under ambient conditions alone. Estimates of relative
permeability based on comparison of flow under ambient
and pumping conditions at the Waupun site showed good
agreement with estimates provided with aquifer testing.
This method allows for identification of the permeable
features in boreholes with no ambient flow because of
low vertical-hydraulic gradients. Single-hole flowmeter
logging under both ambient and pumping conditions
should be done at all sites where there is a need to investigate fractured-rock aquifers (table 25).
Data collected during cross-hole flowmeter logging
provided substantial insight into the location and type
of permeable features in individual boreholes, as well
as insight into the hydraulic interconnection of these
features between boreholes at each of the sites where this
method was used. Locations of hydraulically connected
secondary-permeability features identified with the
cross-hole flowmeter logging showed good agreement
with areas of hydraulic interconnection identified during
constant-discharge aquifer testing and tracer testing at
the Byron and Belvidere sites. Cross-borehole flowmeter
logging also identified small secondary-permeability
features not identified with other methods, including
constant-discharge aquifer tests and single-hole flowmeter logging at these sites. Estimates of hydraulic properties in the Belvidere area made from analysis of crosshole flowmeter data showed variable agreement with
estimates made from slug and constant-discharge aquifer
tests. Where the two methods showed poor agreement,
the discrepancy may be partly related to the volume of
aquifer tested with the different methods and boundary conditions assumed for each method. This method
should be used for fractured-rock aquifer characterization wherever appropriate boreholes are available and
funding is sufficient.
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Hydrophysical logging provided identification of
permeable features consistent with those identified with
the flowmeter logging at the Byron site. Also, waterquality parameters in each of the permeable intervals
were quantified. Hydrophysical logging was not performed at the remaining sites, so the utility of this
method under a range of hydrogeologic conditions could
not be evaluated. The data available from this investigation indicate that hydrophysical logging provides comparable results to flowmeter logging and one or the other
of these methods should be used at all sites. Based on
study experiences, flowmeter logging was quicker and
easier to perform than hydrophysical logging, whereas
hydrophysical logging provides water-quality information not provided with flowmeter logging.
Slug tests performed by use of a packer assembly
provided substantial insight into the location and type
of permeable features within the boreholes at the Byron,
Belvidere, Waupun, and Better Brite sites. The utility
of these tests for identifying features at a borehole was
improved substantially with acoustic-televiewer and
flowmeter data, which helped refine and confirm the
interpretations and provided a means of focusing the
depths for data collection. Slug tests performed by use
of a packer assembly at the ACME/WRL site were less
successful in identifying permeable features, because
these features may not have been present, because the
long test intervals at this site (and at some locations at
the Byron site) obscured the response of higher-permeability features that may have been present, and because
other types of data that would have confirmed the results
of the slug-test analysis were not available. Slug tests
were not performed using the packer assembly in some
test intervals at the Byron and Better Brite sites because
it was impractical to wait for water levels to stabilize.
Slug tests performed by use of a packer assembly provided superior aquifer characterization in comparison to
flowmeter logs in boreholes with uniformly low permeability, low vertical-hydraulic gradients, and large differences in permeability within the borehole. Slug tests
performed by use of a packer assembly also provided
a superior characterization in boreholes where features
of intermediate permeability were located between
more permeable features, providing that most or all of
the borehole could be tested. Slug tests with a packer
assembly should be used for characterization of all fractured-rock aquifers if funding permits (table 25).
Slug tests from packer assemblies and monitoring
wells also provided substantial insight into the aerial
permeability distribution across the Byron, Tipton Farm,
ACME/WRL, and Belvidere area sites, and allowed
identification of lithologic and stratigraphic effects on
the location of permeable features at the Byron, Belvidere area, and Waupun sites. Slug testing is the only
method that enabled quantification of the hydraulic prop-
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erties of the entire aquifer at all of the sites and always
should be performed.
Specific-capacity tests allowed for quantification of
aquifer transmissivity in a part of the Galena-Piatteville
aquifer too permeable to have been characterized costeffectively with a long-term, multiple-well, constantdischarge aquifer test at the Byron site, and in boreholes
where resources were insufficient for detailed aquifer
characterization at the Southeast Rockford and Belvidere
area sites. Transmissivity values calculated from the
specific-capacity data were consistent with the maximum
values calculated from slug testing at the Byron and Belvidere area sites, but could not be verified at the Southeast Rockford site. Specific-capacity tests should be
considered in all boreholes that are pumped for development. There is less need for analysis of these data if the
borehole is to be used for slug testing or multiple-well,
constant-discharge aquifer testing.
Multiple-well, constant-discharge aquifer tests
identified the presence and location hydraulically interconnected features in the Galena-Piatteville aquifer, as
well as the presence and orientation of heterogeneity and
anisotropy in the aquifer at the Byron, ACME/WRL,
Belvidere area, and Waupun sites. These interpretations typically were consistent with those made using
a combination of other methods, including televiewer,
cross-borehole GPR, flowmeter logs, and slug tests. The
amount of information that could be obtained from these
aquifer tests was increased by the amount of aquifer that
could be tested discretely. Constant-discharge aquifer
tests utilizing numerous boreholes for measurement of
drawdown, where flowmeter logging also is done, or
with multiple test intervals in the boreholes used for
measurement of aquifer response, allowed a superior
aquifer characterization in comparison to tests involving only a small number of partially or fully penetrating
boreholes. Although reliable estimates of the hydraulic properties of the Galena-Platteville aquifer were
obtained from some of these tests, heterogeneities in the
aquifer precluded calculation of a reliable estimate of
hydraulic properties from at least one test at the Byron
and ACME/WRL sites. Large changes in ambient water
levels in response to recharge from precipitation and
offsite pumping also precluded or complicated estimation of hydraulic properties determined from some of
the aquifer tests at the Byron and Belvidere area sites.
Multiple-well, constant-discharge aquifer tests should be
considered for all sites where there is a need to quantify
the hydraulic properties of the aquifer and the aquifer
likely is homogenous at the test scale (table 25).
Tracer tests allowed estimation of the effective
porosity of parts of the Galena-Piatteville aquifer at
the Byron and Belvidere area sites and provided some
idea of the presence of hydraulic interaction between
the fractures and matrix. Estimates of effective porosity
obtained from the tracer tests at the Byron and Belvidere

sites were less than estimates of total porosity at these
sites obtained from core analysis. Estimates of effective porosity obtained from the tracer tests at the Belvidere site also were less than estimates of total porosity
obtained from the SAR survey and neutron logging, indicating that tracer tests should be done if there is a need
to determine the effective aquifer porosity (table 25).
The tracer test performed in conjunction with cross-borehole GRP at the Belvidere area site also identified flow
pathways within the aquifer. However, these pathways
also were identified in combination with other methods,
primarily cross-borehole flowmeter logging and multiple
well, constant-discharge aquifer testing. The availability
of data obtained with other methods should be considered before tracer testing is done, if the sole study objective is the identification of flow pathways.
The location of contaminants and other waterquality constituents was useful in the identification of
horizontal and vertical flow directions, the presence of
vertical-hydraulic connection within the aquifer, and
the location (or absence) of hydraulic boundaries at the
Byron, ACME/WRL, Southeast Rockford, and Belvidere
area sites. The lack of substantial contamination at the
Tipton Farm, Waupun, and Better Brite sites precluded
use of this method. Many of the interpretations about
flow directions based on the distribution of contaminants were not identified readily with other methods and
analysis of contaminant locations should be done at all
sites as a means of characterizing the secondary-permeability network (table 25).
Contaminant location may indicate the potential for
ground-water flow counter to the directions indicated
by water-level measurements in parts of the Byron site.
Contaminant locations at the ACME Solvent/WRL,
Southeast Rockford, and Belvidere area sites indicate
ground-water flow is represented adequately with waterlevel measurements, providing those measurements
were detailed sufficiently in time and location to identify
variations in water levels. The potential inadequacy of
water-level measurements to depict flow directions at the
Byron site appears to be related to the presence of the
highly complex, secondary-permeability network underlying this site, which is a function of the well developed
(in comparison to the other sites investigated) karst
features at this site. Karst features at the remaining sites
are not as developed (for example, Byron is the only site
where solution openings and sinkholes were identified)
and, therefore, the secondary-permeability network is
less developed.
Contaminant location indicated the presence of
low-permeability deposits in parts of the ACME/WRL
site, an interpretation consistent with water-level and
aquifer-test data. Contaminant location tended to confirm water-level data indicating the potential for flow
toward municipal-supply wells at the Belvidere area
site. Contaminant location also confirmed water-level
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data indicating the potential for flow beneath the Kishwaukee River at the Belvidere area site. Water-quality
data tended to confirm interpretations about the elevated
vertical-hydraulic connection within the upper part of the
Galena-Platteville aquifer at the Belvidere area site. Contaminant locations present in deeper parts of the aquifer
tended to indicate moderate to high vertical hydraulic
interconnection within the Galena-Platteville aquifer at
the Byron, ACME/WRL, and Southeast Rockford sites,
and the Belvidere area. This interpretation is consistent
with interpretations based on water-level data at much
of the Byron site, at the ACME/WRL site, and in the
Belvidere area, but is contrary to the interpretation of
low vertical-hydraulic interconnection within the aquifer
based on water-level data at the Southeast Rockford site.

SUMMARY
The characterization of ground-water flow and
contaminant transport in fractured-rock aquifers is
complicated by the heterogeneous and anisotropic nature
of these aquifers and the inability of many investigative
methods to quickly and accurately assess secondaryermeability features 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 the Byron,
Tipton Farm, ACME Solvents, Winnebago Reclamation
Landfill, Southeast Rockford, Belvidere area, Waupun,
and Better Brite sites in Illinois and Wisconsin indicate
that there are a number of investigative methods that
can be used to characterize fractured-rock aquifers. The
effectiveness of these methods varies depending on the
hydrogeologic conditions of the site. The completeness
of the characterization 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 comparing the data collected with different
methods.
Collection and analysis of background information, including data from governmental databases and
reports of previous investigations is considered essential
to obtaining a preliminary understanding of the hydrogeology and water quality in the area to be investigated.
This understanding is essential to understanding the
problems associated with the site and for planning an
investigation.
Topographic maps and aerial photographs provided
preliminary information about hydraulic conditions as
well as the potential type, location, and orientation of
individual faults, fractures, and sinkholes as well as the
location of areas with comparatively high and low densities of secondary-permeability features at a number of
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the sites investigated. The utility of the maps and photos
was greatest where the overburden deposits were thin
and where secondary-permeability features were large.
Observations at outcrops and quarries provided
information about the geology and stratigraphy at the
sites, the orientation of vertical fractures, and the presence of preferential flow pathways. The utility of the
data from the outcrops and quarries was reduced where
only small parts of the Galena-Platteville deposits were
exposed or where the outcrops were not near the site.
The high clay content of the unconsolidated deposits
at the Byron site prevented penetration of the groundpenetrating radar (GPR) signal to the bedrock. Squarearray resistivity identified the orientation of inclined
fractures in the Belvidere area. However, these orientations showed variable agreement with those identified
with other methods.
Lithologic logging provided essential hydrogeologic
information wherever detailed logs were available. The
characterization of fractured-rock aquifers would be
improved by detailed lithologic logging performed by a
competent geologist for every borehole at every site.
Core analysis provided the foundation for stratigraphy at the sites where cores were collected and also were
used to provide samples for geotechnical analysis. However, stratigraphy from the cores was interpreted differently by different investigators at some sites, indicating
uncertainty about the accuracy of some of the interpretations. Core analysis also provided insight into the lithologic and stratigraphic factors that affect the distribution
of vugs and subhorizontal bedding-plane partings in the
Galena-Platteville dolomite and improved assessment
of the location of secondary-permeability features in the
aquifer. However, core analysis usually did not identify
fractures of solution openings in the dolomite.
Natural-gamma logging helped expand the interpretation of stratigraphy and, in combination with other
data, provided insight into the lithologic factors that
affect the location of secondary-permeability features
at most of the sites investigated. Anomalies in the logs
defined the location of clay-infilled fractures at the
Byron site, which likely resulted from the development
of karstic features in the Galena-Platteville dolomite at
this site.
Three-arm caliper logging identified the presence
and location of large secondary-permeability features in
the Galena-Platteville deposits in addition to the location
of more competent rock at each of the sites. However,
caliper logs were of limited value in identifying vuggy
intervals, and also did not identify a number of smaller
secondary-permeability features subsequently determined to be permeable by flowmeter logging and slug
testing. Comprehensive characterization of fracturedrock aquifers should not rely on these logs as the primary means for identification of secondary-permeability
features.

94

A Cross-Site Comparison of Methods Used For Hydrogeologic Characterization of the Galena-Platteville Aquifer in Illinois and Wisconsin

Neutron logs provided minimal insight into the
presence of fractures or solution openings in the GalenaPlatteville aquifer. The primary reason for the lack of
aquifer response to the neutron logs appears to be a lack
of sufficient water in the fractures to be clearly distinguishable from the water in the aquifer matrix. Neutron
logs were effective in evaluating trends in the primary
porosity of the aquifer at most of the sites tested. The
log was less effective at sites where a substantial portion
of the aquifer had variable clay content or where variably
saturated conditions were present.
Acoustic-televiewer logs identified the largest number of secondary-permeability features in the dolomite at
each site where the method was used and permitted identification of the type and orientation of these features.
Televiewer logging is considered the best geophysical
technique for the identification of secondary-permeability features in the Galena-Platteville dolomite. However,
this method was of limited use for characterizing features near or above the water level in the borehole.
Borehole-camera logs also provided substantial
insight into the location of vugs, fractures, solution
openings, and wash outs in the Galena-Platteville dolomite at each site where the method was used. Boreholecamera logs could be used to identify features above the
water level in the borehole, but could not be used in parts
of some boreholes because of high turbidity.
Single-hole GPR surveys appear to have identified lithologic and secondary-permeability features in
the Galena-Platteville dolomite tens of feet beyond the
boreholes at each site where the method was applied.
However, some features identified with single-hole GPR
surveys were not identified with other methods and some
important secondary-permeability features identified
with televiewer logging were not identified in some of
the GPR surveys. The depth and orientation of a number
of features identified with the GPR logs typically did
not correlate with their depth and orientation as identified with other methods. These discrepancies likely are
related to changes in fracture orientation with location
the dolomite and the termination of many of the features
before they intercept the borehole. Cross-hole GPR surveys provided a clear picture of the location and extent
of hydraulically connected, secondary-permeability features as well as porosity variations wherever this method
was used. Cross-hole GPR logging done in conjunction
with tracer testing in the Belvidere area identified flow
pathways and the effective porosity in the Galena-Platteville aquifer.
Single-point-resistance, density, and normal resistivity logs provided limited insight into the geology and
presence of fractures in the Galena-Platteville dolomite at every site where these methods were applied.
Although each of these methods identified a small number of fractures, they identified no secondary-permeability features that were not identified using other methods

and they did not identify most of the secondary-permeability features identified with other methods.
Water-level measurements provided substantial
insight into the vertical and horizontal directions of
ground-water flow at each site as well as into the natural
and anthropogenic factors that can affect the directions
of flow in the aquifer. In addition, water-level measurements provided substantial insight into the horizontal
and vertical distribution of aquifer permeability at some
of the sites as well as identifying the depth of permeable
features in some boreholes. The number of measurement periods required to (presumably) fully assess the
variability of flow directions in the Galena-Platteville
aquifer differed among the sites. A single, comprehensive set of measurements appears to have been sufficient
to characterize flow directions at the Byron site and
perhaps the Southeast Rockford, Better Brite, and Tipton
Farm sites. However, multiple measurements were
required to characterize the range of flow directions at
the ACME/WRL site because of the effects of precipitation and drought. Continuous measurements collected
over a period of weeks were required to assess the range
of flow directions at the Belvidere area site because
of the frequent and rapid changes in flow directions
induced by pumping from water-supply wells in the area.
Temperature, spontaneous potential, and fluid-resistivity logging provided variable insight into the presence
of permeable features at the different sites. At some
sites, these logs identified few features, whereas at others
sites, more features were identified. At no site did these
logs identify all of the permeable features identified with
other methods. Part of the reason for the variation in the
amount of information provided by these logs appears to
be related to differences in the degree of vertical-hydraulic connection within the aquifer among the sites, with
these methods being of limited value at the sites where
the aquifer either has low or high interconnection.
Single-hole flowmeter logging under a combination of ambient and pumping conditions, particularly in
combination with acoustic-televiewer data, was the most
cost-effective method of identifying the location and
type of permeable features in the Galena-Platteville aquifer at every site where this method was used. The utility
of the one of both types of flowmeter logs was reduced
in boreholes with uniformly low permeability, little or no
vertical-hydraulic gradient, or contrasts in permeability
of two orders of magnitude or more within the borehole,
and by the distribution of permeable features within the
borehole. Single-hole flowmeter logging performed in
conjunction with pumping in the tested borehole also
was effective in identifying the location and relative
permeability of permeable features. This logging also
provided some indication of the distribution of verticalhydraulic gradients within the borehole and, in every
instance, improved the characterization provided by logging under ambient conditions alone.
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Data collected during cross-hole flowmeter logging
provided substantial insight into the location and type
of permeable features in individual boreholes, as well
as insight into the hydraulic interconnection of these
features between boreholes at each of the sites where
this method was used. Cross-borehole flowmeter logging
also identified small secondary-permeability features not
identified with other methods, including constant-discharge aquifer tests and single-hole flowmeter logging at
these sites. Estimates of hydraulic properties made from
analysis of cross-hole flowmeter data showed variable
agreement with estimates made from aquifer-test results.
Hydrophysical logging provided identification of
permeable features consistent with those identified with
the flowmeter logging at the Byron site. Also, waterquality parameters in each of the permeable intervals
were quantified. Hydrophysical logging was not performed at the remaining sites, so the utility of this
method under a range of hydrogeologic conditions could
not be evaluated.
Slug tests performed in packer assemblies and
monitoring wells provided insight into the permeability distribution with location and stratigraphy of every
site where a sufficient amount of data was available for
analysis. Slug testing is the only method that enabled
quantification of the hydraulic properties of both permeable and less-permeable features. The utility of slug
tests for identifying permeable features was improved by
the use of test intervals of 10 feet or less. Slug tests performed by use of a packer assembly provided superior
hydrogeologic characterization in comparison to flowmeter logs in boreholes with uniformly low permeability,
low vertical-hydraulic gradients, and large differences in
permeability within the borehole. Slug tests performed
by use of a packer assembly also provided a superior
characterization in boreholes where features of intermediate permeability were located between more permeable
features, providing that most or all of the borehole could
be tested.
Specific-capacity tests allowed for quantification of
aquifer transmissivity in highly permeable parts of the
Galena-Platteville aquifer and in wells where resources
were insufficient for detailed hydrogeologic characterization. Specific-capacity tests should be performed in
all boreholes that are pumped for development.
Multiple-well, constant-discharge aquifer tests
identified the presence and location of hydraulically
interconnected 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 these aquifer tests was increased by the
amount of aquifer that could be tested discretely. However, reliable estimates of the hydraulic properties of the
aquifer could not be obtained from some tests because
of heterogeneities and water-level fluctuations related to
factors other than pumping.
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Tracer tests allowed estimation of the effective
porosity of parts of the Galena-Platteville aquifer and
provided information on the presence of hydraulic
interaction between the fractures and matrix at the sites
where these tests were done. Tracer testing performed
in conjunction with cross-borehole GRP also identified
flow pathways within the aquifer. However, these pathways also were identified with a combination of other
methods, primarily cross-borehole flowmeter logging
and multiple well, constant-discharge aquifer testing.
The location of contaminants and other waterquality constituents was useful in the identification of
horizontal and vertical flow directions, the presence of
vertical-hydraulic connection within the aquifer, and
the location (or absence) of hydraulic boundaries at the
Byron, ACME/WRL, Southeast Rockford, and Belvidere
area sites. The lack of identified contaminant plumes
at the Tipton Farm, Waupun, and Better Brite sites
precluded use of this method. Many of the interpretations about flow directions based on the distribution of
contaminants were not identified with other methods
because of the effects of pumping at the in the Belvidere
area and (possibly) karst hydrology at the Byron site.
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Appendix A Methods of Characterization

Appendix A Methods of
Characterization
A total of 29 methods were used by the USGS
and the USEPA for the geologic and hydraulic characterization of the Galena-Piatteville deposits in Illinois
and Wisconsin (table 1). This discussion is meant to
provide more information on the methods, the types of
information they provide, and some of the limitations
to their use (table 2) so that a better understanding of
the study results can be obtained. A full discussion
of each method is beyond the scope of this report and
persons wishing to obtain a detailed understanding of
each method are referred to the references cited in this
appendix.

Background Information
Data from numerous background sources were used
for the investigations of the Galena-Platteville aquifer
and much of that data formed the foundation for the discussion on the geology and hydrology of the aquifer presented in the report. However, the utility of background
information obviously is not restricted to investigations
of the Galena-Platteville aquifer and a review of available geologic, hydrologic, topographic, and water-quality data will benefit any hydrogeologic investigation.

Federal and State Databases
A primary source for background hydrogeologic
data is Federal and State databases. The most comprehensive Federal database used here is the USGS
National Water Information System (NWIS). Geologic,
hydrologic, and well-construction data can be found in
the Ground-Water Site Inventory (GWS1) component
of NWIS. Geologic data in GWSI includes lithology
and thickness of rock units; hydrologic data include
aquifers penetrated by the wells, water levels, and the
hydraulic properties of the aquifer. Water-quality data
can be found in the Water-Quality database (QWDATA)
component of NWIS. NWIS data can be obtained from
USGS offices or through the World Wide Web at http:
//waterdata.usgs.gov/nwis/qw. Extensive water-quality
data also are available in the database, STORET, maintained by the USEPA. STORET data can be obtained
through the World Wide Web at http://\v\v\v.epa.gov/
STORET/. Similar data also are available from various
State-maintained databases.
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Previous Studies
Previous studies and reference bibliographies for
locations in and near planned areas of investigation are
sources of valuable basic and interpreted hydrogeologic
and water-quality data. Previous investigations generally fall into two categories, area and site specific. Area
investigations typically present data from a large geographic area that includes or is near the site of interest.
Area investigations are best suited for development of
conceptual models and to plan initial data collection.
Previous site-specific investigations typically are used to
identify gaps in the understanding of hydrogeologic or
chemical conditions at a site.
The types of previous investigations and availability of information is variable. Reports pertaining to
investigations performed by the USGS or State scientific
surveys can be identified with comparative ease by a
reference search. For example, Brown and others (1997)
compiled the listing of readily available reports pertaining to the geology, hydrology, and water quality of the
Galena-Platteville deposits in the subcrop area. Investigations performed by the USGS and State scientific
surveys typically are available readily from the agencies
and university libraries. Reports prepared by or for the
USEPA or State environmental protection agencies, such
as for Superfund sites, generally are public documents,
but their distribution typically is limited and their availability usually is not widely known. Reports prepared by
other Federal and State agencies, such as a State department of transportation, usually have similar distribution
limitations and these reports may need to be requested
specifically from the agency. For example, investigations regarding leaking underground storage tank sites
in Illinois only can be accessed through a Freedom of
Information Act request. Another valuable source of
background data is reports prepared by private geotechnical firms for corporate clients. However, these reports
commonly are not publicly available.

Analysis of Topographic Maps and Aerial
Photographs
Large faults, inclined fractures, and zones of carbonate solution, in some cases, can be identified at land
surface in aerial photographs and in topographic maps
(Lattman and Matzke, 1961). The surficial expression of these features may provide information on their
orientations, locations of preferential flow, anisotropy
within the bedrock, and boundaries of ground-water-flow
systems. Features may be visible as patterns of stream
drainage or vegetation, for example. Potential for misidentification of anthropogenic features (such as hedge
rows and power lines) as natural linear features requires
that identified features be field verified.
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Extensive subsurface solution of carbonate deposits
can result in development of sinkholes and other karst
features that can be identified on topographic maps and
aerial photographs as dry or water-filled circular depressions and centripetal drainage patterns (drainage lines
converge into a central depression). Development of
sinkholes and other karstic features can be indicative of
an extensive network of secondary-permeability features
in the subsurface.
Because ground water typically discharges to
surface-water bodies, ground water usually flows from
areas of higher surface topography to areas of lower
surface topography. As a consequence, analysis of surface topography and the location of surficial hydraulic
features can provide a preliminary identification of the
direction of ground-water flow. Areas of elevated surface topography usually correspond to areas of elevated
bedrock topography, which may be associated with
comparatively competent impermeable rock.
Topographic analysis is a potentially useful method
for obtaining a preliminary indication of the permeability distribution and directions of preferential flow in the
bedrock. This method is best suited for identification of
large features in areas where glacial deposits are thin or
absent.
Topographic maps at a scale of 1:24,000 and
photographs at a scale of 1:12,000 can be obtained
from the USGS through the World Wide Web at http://
geography, usgs.gov/www/products/1 product, html. Other
topographic maps and aerial photographs also may be

available from various Federal and State agencies, and
private vendors.

Observations at Quarries and Outcrops
Quarry and outcrop exposures provide an opportunity for inspection of the lithologic composition, texture,
bedding, secondary-permeability features (vugs, bedding-plane partings, faults, fractures), and weathering
characteristics of the exposed deposits (fig. Al), which
form the basis for their stratigraphy. The spacing, location, and orientation (strike and dip) of these features
can be measured and the connectivity of the features
estimated. Rock exposed in quarries can be affected
by stress release, which produces fractures that are not
indicative of in-situ conditions, potentially resulting in
an inaccurate estimation of the density and orientation.
Also, weathering, erosion, and vegetation growth potentially can obscure the presence and orientation of some
features.
Hydro!ogic information also can be obtained from
quarry and outcrop observations (fig. Al). Seeps along
the face of quarries and outcrops can be used to locate
preferential-flow paths associated with secondaryporosity features and geologic deposits (beds or larger
stratigraphic units) that restrict vertical flow. If a quarry
intersects the water table and the water is not withdrawn
by pumping, the vertical position of the water table can
be approximated.

Figure A1. Outcrop of Gaiena-Platteville deposits in northern Illinois. Photograph by Patrick Mills.
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Surface Geophysics
Surface-geophysical methods can provide additional
information on hydrogeologic conditions at a site prior
to drilling. Surface-geophysical methods, such as square
array resistivity and ground-penetrating radar, can provide a quick and inexpensive (in comparison to drilling)
preliminary assessment of geologic conditions at a site,
including the location and orientation of fractures and
sinkholes. However, the utility of surface-geophysical
methods is dependent highly on a contrast between the
properties of the secondary-permeabilty feature and the
surrounding geologic media, as well as the properties
of the media between the feature and the land surface.
This dependency limits the utility of surface-geophysical
methods in the identification of small or deep secondarypermeability features, which may be important to flow
and contaminant transport. In addition, surface-geophysical methods usually require data collection from
boreholes or wells to verify interpretations. Surface-geophysical methods used to characterize the Galena-Platteville aquifer during these investigations were limited to
square-array resistivity and ground-penetrating radar.

Square-Array Resistivity
Electrical resistivity is a physical property of
rock and is dependent on a number of factors including lithology, porosity, degree of water saturation, and
concentration of dissolved solids. Azimuthal squarearray resistivity (SAR) measurements involve sending an
electrical current into the earth and measuring changes
in apparent rock resistivity to the electrical current with
respect to orientation of electrodes and induced current paths. This measurement is done by rotating four
electrodes arranged in a square about a center point in
15° increments for a total of 90°. The center point of the
square is considered the measurement location and, as a
rule of thumb, the side length is approximately equal to
the depth of penetration. The array is expanded symmetrically about the center point, in defined increments
so that the SAR data also can be interpreted as a function
of depth.
Apparent resistivity is measured along perpendicular sides of each square and across the diagonals of each
square. Changes in apparent resistivity with direction
and depth are measured at a single location. The apparent resistivity data are plotted against the azimuth of that
measurement and the principal fracture strike direction
is perpendicular to the direction of maximum apparent
resistivity (fig. A2).
Variations in resistivity readings can be caused by
many factors such as slope of the bedrock surface, dip
of bedding or foliation, and overburden thickness. The
depth of penetration also is affected by the conductiv-
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ity of subsurface materials the more conductive the
subsurface material the smaller the depth of penetration and cultural interference such as overhead power
lines and buried cables. To correctly interpret azimuthal
resistivity data over fractured rock, the bedrock also
must act as an anisotropic medium.

Surface Ground-Penetrating Radar
Ground-penetrating radar (GPR) is a high-frequency
electromagnetic (EM) method that has been developed
for shallow (typically less than 50 ft), high-resolution
investigations of the subsurface. GPR can be used to
map hydrogeologic conditions that include depth to
bedrock, depth to the water table, depth and thickness
of overburden, lithologic contacts, and the location of
subsurface cavities and fractures in bedrock. Environmental applications of GPR include locating objects
such as pipes, drums, tanks, and utilities; and mapping
contaminants.
The GPR system pulses high frequency EM waves
into the ground from the transmitting antenna (Annan,
1992, Daniels, 1989). When the transmitted radar
energy encounters a subsurface feature with contrasting
EM properties, a portion of the energy is reflected back
to a receiving antenna and the remaining energy is transmitted downward to deeper material. As the antenna(s)
are moved along a survey line, a series of scans are
collected at discrete points along the line. These scans
are positioned side by side to form a display profile of
the subsurface. When GPR data are collected on closely
spaced profiles (less than 3 ft), these data can be used to
generate three-dimensional views of the subsurface.
The principle-limiting factor in depth of penetration
of the GPR method is attenuation of the EM signal in
the subsurface materials. Scattering of EM energy may
become a dominant factor in attenuation if the subsurface is highly heterogeneous. GPR depth of penetration
can be more than 100 ft in less conductive materials.
However, penetration commonly is less than 30 ft in
most soil and rock and can be less than 3 ft in clay and
material with conductive pore fluid.
GPR provides the highest lateral and vertical
resolution of any surface-geophysical method. Various
frequency antennas (from 10 to 1,000 megahertz) can
be selected so that the resulting data can be optimized
to the projects needs. Lower frequency provides greater
penetration with less resolution. Higher frequencies
provide less penetration with higher resolution. Vertical
resolution ranges from 1-2 in. to about 1 ft. Horizontal
resolution is determined by the distance between station
measurements, the sample rate, and the towing speed of
the antennae.
GPR has been used to locate and characterize
fractures and faults (Benson, 1995). The detectability of
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these features increases with the size of the feature and
with the presence of distinctive pore fluids or conductive fill material. GPR can be used to detect subsurface
features from less than an inch to 5 or more feet in size
(Martinez and others, 1989).

Lithologic Logging of Wells
After a preliminary assessment has been performed through analysis of background information
and, perhaps, collection of surface-geophysical data,
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Figure A2. Example results of a square-array resistivity survey (223-foot square) at the Irene Road quarry site near Belvidere, III.
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well drilling usually is the next step for hydrogeologic
investigation. Description of the rock cuttings expelled
from the borehole, as a function of depth during drilling, including lithology, presence or absence of fossils,
mineralogy, weathering features, forms the primary
basis for geologic interpretation at a site. Observation
of the drilling speed and the amount of water ejected
from the borehole also can provide important insight
into the location of secondary-permeability features. For
example, comparatively slow drilling rates associated
with unweathered rock and minimal increases in the
amount of water ejected from a borehole is indicative
of competent, unfractured rock. A moderate increase in
drilling rate associated with vuggy or weathered cuttings
and a small increase in the amount of water ejected from
the borehole can be indicative a vuggy deposits or zones
of multiple fractures of low to moderate permeability.
A sudden increase in drilling speed over an interval of
a foot or less associated with an appreciable increase in
the amount of water ejected from the borehole can be
indicative of a permeable fracture. A sudden increase
in drilling speed over an interval of a foot or less associated with argillaceous cuttings and no increase in the
amount of water ejected from the borehole may indicate
argillaceous deposits or fractures that have been infilled
with clay minerals. A sudden increase in drilling speed
coupled with the termination or a substantial decrease in
the amount of water or cuttings ejected from the borehole may indicate a solution opening.
Identification of the geologic material ejected from
the borehole and the depths of water-producing intervals
is a standard part of the drilling and serves as the cornerstone of any hydrogeologic assessment. This information can be used to provide a preliminary assessment
of the location of high, moderate, and low permeability
features in the aquifer and the factors that may affect
the permeability distribution. However, a thorough
characterization of the hydrogeology of any aquifer, and
particularly a fractured-rock aquifer, requires collection
of more detailed data.

Core Analysis
Rock coring involves the extraction of (comparatively) undisturbed rock material and allows for its visual
inspection. Core inspection can identify lithologic
composition, texture, matrix porosity, bedding thickness,
erosion and corrosion surfaces developed between depositional cycles, bedding-plane partings, and fractures
(opened by stress release and dissolution). From this
information, stratigraphy can be determined. Changes in
color, such as iron staining, and mineralization (dolomitization), may represent past or present pathways of
preferential flow of water and possibly recent contami-
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nant transport. Rock samples obtained from coring can
be tested for a variety of geotechnical properties, such as
matrix porosity and permeability.
Cores allow detailed inspection of many features
that cannot be observed in drill cuttings or are destroyed
by the drilling process, making cores particularly useful for detailed analysis of in-situ geology. Cores can
allow observation of many geologic features that also
can be observed at quarries and outcrops, but because
cores have limited spatial coverage, they typically don't
provide information on large-scale features (such as
vertical fractures) or the spatial variability of features.
Laboratory analysis of core samples provides only pointscale information. Cores will not provide information on
recent weathering of carbonate units; which for some of
the Galena-Platteville deposits is necessary for accurate
strati graphic determination (Willman and Kolata, 1978;
Mills and others, 2002a, b). Generally, cores should be
greater than 3 in. in diameter for effective construction
of a conventional 2-in.-diameter monitoring well in the
resulting core hole. Cores should be no smaller than
about 2 in. for reliable laboratory analysis of porosity.
Collection of cores using angle drilling, as opposed to
vertical drilling, will improve greatly the likelihood of
encountering vertical and inclined fractures.
Core samples are expensive to obtain and commonly are broken in situ, making it difficult to determine
the depth of certain features, particularly fractures, and
whether or not the fractures are representative of in-situ
conditions or created by the drilling process. As a consequence, limited coring is done in most investigations.

Geophysical Logging
Drilling and coring are the only means of providing direct access to an aquifer. Drilling and coring are
expensive, and lithologic logging and core analysis can
be subjective, depending on the skill, objectives, and
resources of the person providing the description. In
addition, drilling and coring gives information only on
conditions in the immediate vicinity of the borehole. To
maximize and standardize the information that can be
obtained from the borehole, geophysical logging usually
is performed. Geophysical logging involves continuous
or point measurements of geophysical properties, either
directly or indirectly, that can help identify geologic,
hydraulic, or fluid properties within the borehole. Most
geophysical logs convey data by means of a graph with
depth scale (Y-axis) and the measured values (X-axis).
The utility of the geophysical logs for lithologic and
stratigraphic analysis is improved by comparison to
detailed lithologic descriptions and results of geotechnical testing.
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Natural Gamma
Natural-gamma logs record the amount of radiation emanating from naturally occurring radionuclides,
including uranium, thorium, and potassium, in the rock.
The amount of radiation emitted by most sedimentary
rocks (including the Galena-Platteville dolomite) is
related directly to its clay content. Natural-gamma logs
can provide data concerning changes in the clay content,
which can be related to lithology, stratigraphy, and the
presence of clay infilling of fractures and solution openings (figs. 35, 40, A3). These features usually can be
correlated across a site and are an important part of any
hydrogeologic assessment.
A natural-gamma log can be used in cased or open
boreholes, in the presence of clear or opaque fluids, and
above or below the water column. The response of the
natural-gamma log can be affected by the presence of
clays in materials used for drilling or well sealing. The
area of investigation is approximately a 1-ft radius from
the center of the logging tool.

Spectral Gamma
A spectral gamma log is used to define the specific
source (uranium-238, thorium-232, and potassium-40) of
the natural-gamma radiation emanating from the geologic formation. By identifying the source of the radiation, some generalizations can be made about the clay
mineralogy and the environment of deposition, which
can be used to identify the presence of clay-infilled
fractures or solution openings. For example, the uranium content in clay-infilled fractures usually is elevated
in comparison to that of the bulk of the rock (Fertl,
1979; Fertl and Rieke, 1980). Spectral gamma logging
requires measurements be taken at discrete depths in the
borehole, rather than continuous profiling and typically
can require up to 30 minutes to take a single measurement.

Three-Arm Caliper
The three-arm caliper is a mechanical device that
records the inside diameter of the borehole (figs. 35,
A3). Caliper tools are calibrated through objects of a
known diameter and (depending on the tool) can be sensitive to changes as small as 0.15 in. This type of tool
can be used in cased or open holes, in clear or opaque
fluids, and above or below the water column. However,
an open borehole is required for identification of secondary-permeability features.
Changes in borehole diameter identified with the
caliper logs can be associated with a variety of features,
including fractures, wash outs, cave ins, solution openings, vugs, well screens, well casing, and cracks in the

casing. Caliper logs also can be used to locate intervals
of competent rock for setting packers for aquifer and
flowmeter tests. Because borehole diameter can affect
the response of other geophysical logs, the caliper log
also is useful in the analysis of other geophysical logs,
including interpretation of flowmeter logs. Although
caliper logs can identify variations in wellbore diameter associated with a variety of well construction and
secondary-permeability features, it cannot uniquely
identify the type of feature, its size, orientation, or if it is
permeable. In addition, features with a small aperture at
the borehole wall can produce a minimal response on the
log.

Borehole Camera
A borehole camera essentially is a small television
camera that takes video images of the borehole wall.
These images can be viewed on a television monitor
and recorded on video tape. Because no natural light is
present in a borehole, these cameras have built-in light
sources. Two camera lens options typically are available; one lens obtains a down hole view (vertical axis)
and the second type of lens provides a horizontal view
of the side of the borehole. The side view lens can be
rotated 360 degrees to view the entire borehole.
Borehole-camera logs can identify the type and
location of secondary-permeability features, depth to
water, the presence of cascading water, areas of clear
and turbid water, changes in borehole diameter, borehole
smoothness or ruggosity, casing conditions, location of
foreign objects, as well as identifying some permeable
features. The camera can be used in or out of water.
The image quality is dependent on water clarity and the
tool provides poor results where sediment, algae, or iron
flocculate result in opaque water. The camera logs used
for the investigations described here could not determine
the strike and dip of inclined fractures. Viewing and
analysis of camera logs after the initial data collection
occurs in real time, which can be time consuming in
comparison to other types of logs.

Acoustic Televiewer
The acoustic-televiewer tool scans the borehole wall
with an acoustic beam generated by a rotating, rapidly
pulsed piezoelectric source as the tool is moved up or
down the borehole and the amplitude and travel time of
acoustic signals reflected from the wall are measured. A
magnetic sensor is used to orient the images. A smooth
and hard borehole wall produces a uniform acoustic
reflection. The intersection of a fracture, vuggy interval,
or solution feature with the borehole scatters the acoustic
waves, producing a dark feature on the televiewer image,
which can be identified (figs. 40, A3). Because the
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televiewer image is oriented magnetically, the orientation of the feature can be determined. The televiewer
has an advantage over borehole-camera tools because
the televiewer can be operated in boreholes with opaque
fluids, although certain types of drilling mud in the borehole can affect the log. Successful operation of the tool
is dependent on tool centralization, appropriate logging
speed and formation/borehole conditions. Tool centralization is required to maintain equal distance travel time
for the signals to reach the borehole wall. Because the
tool samples 256 travel times and reflection amplitudes
per rotation, a logging speed between 2 and 5 ft/min
is required to insure effective scanning of the borehole
wall. Signal response is affected adversely in boreholes
greater than 14 in. in diameter. Some problems may be
encountered because of formation characteristics and
density. In "softer" formations, the sonic signal may
not be strong enough to be received by the acoustic
sensor. The more dense formations reflect the acoustic
signal, and the log is better imaged. Because a magnetic
declination sensor is used in the tool, measurements near
metal casing cannot be made. Possible inconsistencies
in graphic representation of acoustic-televiewer log signals, such as a non-vertical borehole, are given in Cohen
(1995).
Televiewer images can identify the type, apparent
size, and orientation of secondary-permeability features
intercepting the uncased part of a borehole below the
water column. However, these features are not necessarily permeable, and the size, and to a lesser degree the
orientation of the feature at the borehole, may not be
representative of formation conditions. In addition, televiewer images may detect wash outs of comparatively
soft rock (shale, bentonite beds) or impressions in the
borehole wall caused by drilling that can be misidentified as fractures.

Spontaneous Potential
The spontaneous potential (SP) log is one of a group
of log types categorized as electric logs because they are
based on the flow of electric current (fig. 40). The log
measures the natural difference in electrical potential
between an electrode in the borehole and a reference
electrode at land surface. SP logging only can be done
in the uncased portion of water- or mud-filled boreholes.
Small spontaneous differences in electrical potential
are created by differences in salinity or pressure within
the borehole and between the borehole fluid and the
formation water (Rider, 1986). The major source of SP
is the difference is electrochemical potential produced by
differential rates of movement of dissolved ions through
shale or through the mixing of water with differing salinity. Changes of SP voltages requires the presence of
water with differing chemical properties in the aquifer,

a means of segregating these waters within the aquifer,
and a point where the waters mix. A lesser source of SP
is the physical movement of water, which can generate
"streaming potentials" because of differences in the flow
of ions through the rock and chemical reactions in the
vicinity of the borehole. Changes of SP voltages usually are strongest between contacts of differing lithology,
particularly argillaceous and non-argillaceous deposits,
or between waters of differing salinity. Changes in SP
voltage can be associated with depths where water chemistry in either the borehole or the formation has changed,
which can be caused by (among other things) inflow of
water into the borehole. Therefore, SP logs can be used
to identify secondary-permeability features as well as
permeable features in a borehole. Similar to most electric logs, SP logs are affected by the presence of vertical
flow of water within a borehole, which can obscure or
eliminate differences in the electrical potential between
the water in the borehole and the formation. These differences complicate log interpretation.

Single-Point Resistance and Normal Resistivity
Single-point resistance (SPR) logs measure the
resistance (opposition of the material to the passage of
an electrical current) between an electrode in the tool
moving up the borehole and an electrical ground at
land surface (figs. 40, A3). The current is induced by a
generator and is emitted from an electrode on the SPR
tool into the formation. The electrode also measures the
resistivity of the formation to the current. Because the
electrode spacing is small, thin beds and laminations can
be sharply delineated, but investigation depth of the SPR
log has no inherent lower resolution limit.
Normal resistivity logs measure millivolt response,
calibrated to apparent resistivity (electrical resistance
times unit length per unit area) of the formation to an
electric current between an electrode on the tool moving up the borehole and an electrical ground at land
surface, whereas resistivity is measured between another
electrode on the tool and a reference electrode at the
land surface. The spacing between the current emitting
and potential-measuring electrodes on the tool typically
is set at 16 in. (short normal) or 64 in. (long normal),
which corresponds to about half the theoretical distance
of signal penetration of each log. Although the depth
of investigation increases with electrode spacing, the
resolution decreases so that the signal associated with a
feature (such as a fracture) with a thickness less than the
electrode spacing may not be readily identifiable.
Generally, resistance decreases with increasing
porosity, borehole diameter, fracture density, and dissolved solids concentration in the water. SPR and
normal resistivity logging can provide information on
changes in lithology and water quality that can be indica-
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tive of the presence of secondary-permeability features.
However, these logs only can be done in the uncased
portion of water or mud-filled boreholes. As with the
other electric logs, the effectiveness of these logs is
affected by vertical flow within a borehole obscuring
differences in the electrical resistivity and conductivity
of the water.

Neutron
The neutron log is one of a group of logs categorized as nuclear logs. A radioactive source in the tool
emits neutrons into the formation. These neutrons then
interact with hydrogen in the formation and sensors in
the tool record the energy degradation of the neutrons as
they pass through the formation and back to the sensor. The larger the amount of hydrogen encountered,
the larger the amount of neutron adsorption from source
to receptor, and the smaller the number of neutrons
detected by the sensor (figs. 35, 40, A3). The log is,
therefore, principally a measure of the hydrogen content of the formation, which typically is a function of
its water content. Water can be present in pore space,
or bound in the structure of formation minerals (Rider,
1986).
During ground-water investigations, neutron logs
typically are used for estimation of porosity (figs. 35,
A3). Although it is possible to calibrate the response of
the neutron log to absolute values of porosity, neutron
logs typically provide estimates of apparent porosity and
typically are used only to evaluate porosity trends with
depth.
Depth of investigation into an aquifer is dependent
on the porosity but can range from about 2 ft with 0percent porosity to 0.5 ft with 30-percent porosity (Serra,
1979). Generally, the neutron tool penetrates approximately 6-12 in. into the aquifer (Keys, 1990). The tool
can be used in uncased or cased wells, in or out of water;
however, the response of the neutron log is affected by
whether the tool is in or out of the water column, differences in well diameter, and well construction. The
use of a nuclear source for this log can pose regulatory
difficulties related to transport and potential loss of the
tool in a borehole. Calibration and interpretations of
the response of the neutron logs to porosity frequently
is complicated by the presence of clay minerals, which
contain water molecules in their mineral structure, and
shale deposits. These deposits have high total porosity but low effective porosity. Neutron-log calibration
assumes that neutron flux is inversely proportionate to
the log of the total formation porosity. As a result, the
log is less sensitive to porosity at higher values.
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Density
Density logs usually are used in combination with
neutron logs to determine porosity. Density logs emit
gamma rays, which are attenuated by collisions with
electrons in the surrounding rock before being detected
by a sensor on the logging tool. The counts detected
by the probe is affected by the electron density in the
formation, and is assumed to be inversely proportionate
to the logarithm of the bulk density of the rock. Density
logs can be calibrated to absolute values of bulk density
for homogenous geologic materials. If the bulk density
of the rock minerals is known (a pure dolomite with no
pore space has a bulk density of about 2.85 grams per
cubic centimeter) and the density of water is assumed to
be 1 gram per cubic centimeter, calibrated bulk-density
logs can be used to estimate the porosity of the deposit
(Schlumberger, 1989). However, calibration is subject
to a number of simplifying assumptions and density
logs usually are used only to determine vertical trends in
porosity for hydrologic applications. Density logs can
be run in open or cased holes above or below the water
column. Density logs do not provide a direct indication
of porosity and are affected by the presence of shale that
can be variably compacted.

Borehole Ground-Penetrating Radar
The borehole ground-penetrating radar (BGPR) tool
can detect secondary permeability features, including
fractures, at distances from 10 to 100 ft away from the
borehole. Radar measurements can be made in a single
borehole reflection (transmitter and receiver in the same
borehole) or by cross-hole tomography (transmitter and
receiver in separate boreholes). Single-hole, directional
radar can be used to identify the location and orientation of fracture zones and other secondary-permeability
features. Cross-hole tomography can be used to estimate
the orientation, location, and extent of these features
between the boreholes. The movement of a saline tracer
through permeable features can be monitored by BGPR.
BGPR uses the reflection and transmission of radarfrequency electromagnetic waves to detect variation in
subsurface properties. The principles of borehole-radar
reflection logging are similar to those of surface-radar
profiling, except that antennas are connected together
and lowered down the borehole. A radar pulse is transmitted into the bedrock surrounding the wellbore and
moves into the formation until it encounters material
with different electromagnetic properties, such as a fracture, void, or different lithology (fig. A4). At this location, some of the energy of the pulse is reflected back
to the receiver, whereas the rest continues to penetrate
the rock. A radar reflection profile along the wellbore is
created by taking a radar scan as the antennas are moved
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up or down the wellbore. Different features produce a
different reflection on the logs.
Cross-hole tomography is the process by which a
two-dimensional model of physical properties in the
plane between two wells is made. For these tomographic
surveys, the transmitter antenna is placed in one well and
the receiver antenna in the other. Numerous radar scans
are made for each position by moving the receiver along
the well at regular intervals. For each scan, the travel
time and amplitude of the radar pulse is measured as it
travels between the transmitter and receiver. These data
then are used to create tomograms that map the radarpropagation velocity and attenuation properties of the
rock between the boreholes (figs. A5, A6). Variations
in velocity and attenuation can be interpreted to identify
fractures, vugs, solution openings, differences in fluid
properties, and lithologic contacts in the image plane.
Subsurface conditions and the available equipment
limit the use of BGPR methods. In electrically conductive rocks, such as shale, or in saline water, radar waves
may penetrate only 3-5 ft (Singha and others, 2000). In
electrically resistive rock, the waves may penetrate 100
ft or more. Radar antennae capable of reading higher
frequencies provide a more detailed image than those
with lower frequencies, but are capable of a smaller distance of penetration. BGPR logs can provide data above
and below the water table, but cannot penetrate through
metal casing.

Temperature

part of the water column usually are small and hard to
identify, as are the precise depths of change.

Fluid Conductivity and Fluid Resistivity
The fluid-conductivity/resistivity log records both
the electrical conductivity and resistivity of water in
the borehole (fig. 40). Changes in fluid conductivity
and resistivity reflect differences in concentration of
dissolved solids in the borehole water. Changes in the
conductivity or resistivity in the borehole water may be
associated with inflow of formation water with different chemical properties and can be used to identify the
location of permeable features. Fluid conductivity and
resistivity logs must be run below the water column in an
uncased borehole. The utility of these logs for identification of permeable features is affected by vertical flow
in the borehole and requires water of differing chemical
properties. The precise depth of the features also can be
difficult to identify.

Borehole Dilution
Borehole dilution or hydrophysical logging is based
on profiling changes in the fluid conductivity within a
well or borehole through time after the water has been
replaced or diluted with deionized water (Tsang and
others, 1990; Pedlar and others, 1992). Measurements
usually are performed in conjunction with pumping from
the top of the water column to induce flow. Measurement of the changes in conductivity with depth through

Temperature logs record water temperature in the
borehole (fig. 40). Abrupt temperature
changes or subtle changes in the temperaTime
ture gradient can be associated with inflow
of water to the borehole through permeReceiver
Depth
able features. Temperature is a common,
easily performed geophysical measurement and can be used to identify permeReflection from
able features under ambient conditions in
planar feature
the borehole being logged. Temperature
logs also can be run in conjunction with
pumping in another borehole to identify
flow pathways between the pumped and
logged boreholes (Robinson and others,
Reflection from
1993). Temperature logs must be run
point object
Point
below the water level in an open borereflector
hole. Temperature gradients tend to be
Reflector from
largest in the upper 5-10 ft of the water
planar feature not
column because of interaction with the
intercepting the
atmosphere, complicating identification
NOT TO SCALE
borehole
of permeable features near the top of the
water column. Changes in temperature
Figure A4. Orientation of borehole ground-penetrating radar transmitter and
and temperature gradients below the upper
receiver in a single borehole and the resultant radar record from a fracture and a
point reflector.
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time allow identification of the location of permeable
intervals, the vertical direction of flow, and the rate of
flow for each permeable interval. If reliable estimates
of effective well radius can be obtained, hydrophysical
logging results can be used to provide estimates of the
transmissivity of each of the permeable intervals identified. In addition, hydrophysical logging can be used to
interpret the fluid electrical conductivity of the formation
water associated with each permeable interval and can
be used in combination with other sampling devices to
collect water-quality data from the formation at discrete
intervals.
Hydrophysical logging can be used in detecting
permeable intervals in both low- and high-permeability
deposits that intercept the borehole and may have the
capacity of detecting smaller amounts of flow (and less
permeable features) than heat-pulse and impeller flowmeters can detect (Vernon and others, 1993). Hydrophysical logging can be performed below the water
levels in an open borehole or the screened portion of a
well. However, the need for deionized water for the logging increases the amount of time and effort required for
this method.

Flowmeter
There are a number of different types of flowmeters, including heat pulse, impeller, and electromagnetic
induction, each of which operate by different principals,
all of which measure the velocity and direction (up or
down) of vertical flow at various depths in a borehole.
In a borehole of known diameter, water velocity can be
converted to flow volume, which can be plotted to profile
the vertical distribution of flow (fig. A3). Depth intervals where there are appreciable changes in the volume
of flow between measurement stations are interpreted
as intervals over which there is inflow to or outflow
from the borehole (outflow being hereafter represented
as negative inflow). These intervals frequently contain
permeable vugs, fractures, or solution openings. In combination with acoustic televiewer logs, flowmeter logs
can identify specific permeable features intersecting the
borehole. Depending on the type of flowmeter being
used and the configuration of the flowmeter measurement section, flowmeter logs can be used to measure
discharge rates as low as 0.01 gal/min and as high as 100
gal/min. Flowmeter logs have a scale of investigation
of about 10 borehole diameters, or about 5 ft for a 6-in.
diameter borehole.
Open boreholes can create hydraulic connections
between otherwise isolated fractures, solution openings
and permeable beds, causing ambient hydraulic-head
differences to drive flow along the borehole. Flow logging under ambient conditions can be an effective way
to identify permeable zones in these boreholes. How-
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ever, ambient flowmeter profiles can be ambiguous. For
example, the absence of measurable vertical flow can
be attributed to either the absence permeable features at
the borehole or the absence of ambient hydraulic-head
differences to drive the flow. In general, a single ambient flow profile is not sufficient to estimate the relative
hydraulic conductivity of permeable intervals because
the amount of inflow in any interval depends on the
product of zone transmissivity and hydraulic-head difference driving the flow into the borehole. Furthermore,
the water level in an open borehole tends to equilibrate
near the hydraulic head of the most permeable feature
intercepted by the borehole, minimizing the hydraulichead difference between the water level in that feature
and the water level in the borehole. Thus, natural
hydraulic equilibrium can disguise the most transmissive features intersecting a borehole in any single flow
profile.
The effects of hydraulic head can be separated from
those of zone transmissivity in flowmeter log interpretation by obtaining flowmeter profiles under two hydraulic conditions (usually ambient and steady pumping or
injection) (fig. A3). Molz and others (1989) and Paillet
(1995) recommend subtracting the zone inflows measured under each of the two hydraulic conditions. This
subtraction of inflows method effectively subtracts out
the effects of background hydraulic-head variation, so
that the differences (expressed as a percentage of the
sum of all such differences) gives the relative transmissivity of each inflow zone. This relative transmissivity then can be converted to a quantitative estimate of
zone transmissivity if another measurement is used to
estimate total borehole transmissivity. Also note that it
is assumed with this method that pumping or injection
occurs at a rate small enough that "pipe" or friction flow
losses associated with vertical flow in the actual borehole can be neglected in comparison with the hydraulichead differences driving the flow.
A more quantitative approach to flow log interpretation is to simulate borehole flow using a borehole flow
model (Paillet, 1998). This method requires that two
parameters be estimated for each inflow zone (transmissivity and hydraulic head), and the model used to
simulate the flow under ambient and stressed conditions
(pumping or injection) and the measured drawdown
(change in water level associated with the change from
ambient to stressed conditions)(Paillet, 2000). The
model parameters then are adjusted systematically
until there is minimum difference between computed
and measured borehole flow. The modeling method
yields direct quantitative estimates of hydraulic head
and transmissivity for each zone, but requires a definite
estimate of the drawdown associated with the stressed
part of the test. If cascading water during injection, lack
of appreciable stress during pumping, or interference
effects from other pumping in the area prevent accu-
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rate measurement of drawdown, the modeling method
cannot be used. Although the model results appear to
be equivalent to the results of slug testing of discrete
intervals isolated by packers, measurement error associated with measurements made in the open borehole
restricts the accuracy of model simulation. This result
means that inflow associated with less permeable zones
cannot be identified within the scatter in the flowmeter
data. Paillet (1998) documents that zones with transmissivity two orders of magnitude less than that of the most
transmissive zone in a borehole could not be detected in
a comparison of flowmeter log interpretation with a set
of straddle-packer hydraulic tests in the same boreholes.
Another application of flowmeter logging is crossborehole testing. Cross-borehole flow logging involves
flow logging in an observation borehole during pumping at a constant rate from an adjacent borehole. It is
assumed with this method that inflow zones in observation and pumped boreholes already have been identified. Measurements are made in the borehole with the
flowmeter held stationary, and the variation in flow with
time (flow transient) is recorded as the pump is turned
on and off. If there are N flow zones in the observation
borehole, the flow transients are recorded at N-l depth
stations between the N zones, and at a depth station
above all zones. Thus, there always will be as many
data sets recorded as there are water-producing zones to
quantify. Data analysis is performed by matching type
curves computed with a borehole flow model with the
measured transients. The shape of the type curve is used
to indicate the nature of the fracture connections in the
formation, and the matching of the type curves to the
data yields estimates of transmissivity and storage coefficient for each zone (Paillet, 2001). The cross-borehole
flowmeter logging is capable of identifying the presence
of fractures not intersecting the borehole, and evaluates
the properties of the flow path between the boreholes.
Although this method is new and relatively few case
histories provide independent verification of the method,
one recent study indicates that the cross-borehole flow
logging yielded results comparable to those obtained
with straddle-packer hydraulic tests in the same formation (Williams and Paillet, 2002).
Flowmeter logging must be performed below the
water level in an unscreened borehole. The efficacy of
flowmeter logging is limited in low-permeability deposits and the representativeness of the flowmeter data
are reduced by poor hydraulic connection between the
borehole and the surrounding aquifer. Flowmeter logs
are capable of detecting inflow though vugs, fracture,
or solution openings where the permeability is within
two orders of magnitude of the most permeable feature
intercepted by the borehole (Paillet, 2001). As a consequence, less permeable features may not be detected
in some boreholes. Flowmeter logging is not as widely
available as many of the more conventional geophysical-

logging methods. Flowmeter logging can be more time
consuming and expensive to perform in comparison with
other geophysical methods.

Water-Level Measurements
In addition to the hydrogeologic information
provided with lithologic and geophysical logging, any
assessment of hydrogeology and water quality requires,
at a minimum, a thorough understanding of the direction of ground-water flow in three dimensions, as well
as definition of the boundaries of the ground-water-flow
system, including points of discharge to surface water.
The water-level elevation measured in a properly constructed and located well represents the hydraulic head
in the aquifer at the open interval of the well and is the
principal source of information about the hydrologic
stresses acting on an aquifer and how these stresses
affect the ground-water system (Taylor and Alley, 2001).
Because ground water flows from areas of high to low
water-level elevation, plotting water-level elevations
within the aquifer through space (the potentiometric
surface) can be used to determine directions of groundwater flow and the boundaries of the flow system. In an
aquifer with constant discharge through a uniform flow
area, there is an inverse relation between hydraulic gradient and permeability of the aquifer. Therefore, variations
in the horizontal or vertical-hydraulic gradients within
an aquifer may indicate areas where there are variations
in the horizontal or vertical-hydraulic conductivity of the
aquifer. The scale of information provided by potentiometric-surface maps is dependent on the extent of the
well coverage, but typically is on the order of tens to
thousands of feet, resulting in the identification of largescale features in the aquifer.
Limitations are inherent in the interpretation of
potentiometric-surface maps. The first is that the development of a potentiometric-surface map usually assumes
that the aquifer responds as a porous media, where flow
can result in all directions, with the geologic materials
affecting flow. In a flow system predominantly affected
by a complex network of fractures, flow may not be fully
represented with a potentiometric-surface map. Documented cases are present where flow may move in directions up to 180° to what potentiometric-surface maps
would indicate as the expected flow direction (Quinlan,
1989). A second limitation is that ground-water systems are dynamic and adjust continually to short-term
and long-term changes in climate, ground-water withdrawal, and land use. As a result, ground-water levels
vary through time and hydraulic conditions never are
fully described. This variation makes the frequency of
measurement one of the most important considerations
in the design of water-level monitoring programs (Taylor
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and Alley, 2001). Infrequent water-level measurements
at a subset of the total number of available wells at a site
or at a single well may provide less insight into details
of the site hydrogeology in comparison to more frequent
measurements from a larger number of wells, but practical factors, such as budget constraints, may require fewer
measurements. The necessary frequency of measurement should be considered in relation to the goals of
the investigation as well as the presence of extraneous
factors that can affect water levels, such as pumping
from the aquifer or if measurements were taken during a
period of abnormally low or high precipitation.

Single Measurement
A single measurement of many or all of the wells
at a site can provide an accurate depiction of the waterlevel distribution if the measurements are taken over
a sufficiently short time period (Taylor and Alley,
2001)(figs. 13, 19, 23, 24, 28). A single measurement
of water levels allows the general direction of groundwater flow, the boundaries of the flow system, and
potential variations in aquifer permeability to be identified for the measurement period. In combination with
other data types, the water levels also can be used to
estimate ground-water velocity. Single measurements
are less expensive to collect than periodic measurements
and may be adequate to assess hydraulic conditions if
not collected during periods of abnormally high or low
precipitation, if there is no substantial pumping from
the aquifer, and if measurements were taken from an
adequate number of properly located wells. However,
a single measurement reveals nothing about seasonal or
longer-term changes in hydraulic conditions and may not
be representative of the full range in flow directions or
flow velocities in an aquifer.
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Continuous Measurement
Continuous water-level monitoring requires the
installation of automatic water-level sensing and recording instruments that are programmed to make groundwater measurements at a specified frequency, usually
at least daily. Continuous water-level measurements
typically are obtained to determine the effects of variations in barometric pressure (fig. A7), nearby pumping,
or recharge from precipitation on water levels.
Changes in barometric pressure can affect water
levels in wells, the magnitude of water-level change
being directly related to the barometric efficiency of the
well (fig. A7). Barometric efficiency typically is high in
confined aquifers (Todd, 1963; McWhorter and Sunada,
1977) and low in unconfined aquifers. Determination of
the barometric efficiency of numerous wells in different
parts of an aquifer has allowed previous investigators
to identify the presence and location of confined and
unconfined parts of an aquifer (Rasmussen and Crawford, 1996).
Offsite pumping may affect flow directions in an
aquifer over a period of minutes to years, depending on
the hydrogeology of the site and pumping rates. Variations in the water level in a well over a period of minutes
or hours, because of offsite pumping, can be used to
identify the presence and magnitude of changes in flow
direction within an aquifer, as well as provide insight
into flow pathways in the aquifer.
The distribution of recharge to a fractured-rock
aquifer is affected by the degree to which the fracture
network is connected to the ground surface. Water levels
in wells that respond quickly to precipitation events are
likely to be located in permeable parts of the aquifer,
whereas wells that show little response to precipitation
events may be located in less permeable parts of the
aquifer.

Periodic Measurement

Aquifer Tests
Periodic water-level monitoring requires measurement of many or all wells at a site at some time interval,
In addition to the hydraulic characterization that can
usually quarterly. Periodic measurement of water levels
be
provided
by water-level measurements, more detailed
allows for variation or stability in the general direction of
and
more
quantitative
assessment of the aquifer and the
ground-water flow to be identified (figs. 23 and 24), can
secondary-permeability
network can be provided by use
allow identification of the factors that affect variations
of
aquifer
tests.
Aquifer
tests typically involve stressing
in flow direction, allows for a realistic range of groundthe
aquifer
then
monitoring
water levels or water quality
water velocities to be calculated, can be used to help
to
enable
identification
of
flow
pathways and quantificaidentify vertical and horizontal variations in aquifer pertion
of
the
physical
properties
that
affect ground-water
meability, and can provide a more accurate assessment
flow
through
specific
secondary-permeability
features as
of the variability of aquifer saturated thickness, which
well
as
the
aquifer
as
a
whole.
can affect flow and permeability. Periodic measurements are more expensive than single measurements but
periodic measurements may be necessary to assess site
conditions if flow directions vary because of pumping or
seasonal variations in recharge from precipitation.
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Slug Tests
Slug tests involve instantaneous
displacement of a volume of water from a
well then monitoring water-level response
through time as the water level returns
to its equilibrium level. These data are
analyzed to provide an estimate of horizontal hydraulic conductivity or transmissivity of the aquifer in the vicinity of the
borehole. Methods used for data analysis
depend on the aquifer type (confined or
unconfined) and the manner in which the
aquifer responds to the displacement of
water.
Horizontal-hydraulic-conductivity
estimates can be combined with porosity
and water-level information to estimate
ground-water velocity. Providing that a
sufficient number of locations are available for testing, slug tests can be used to
identify vertical and horizontal trends in
aquifer permeability.
Slug tests are easy, quick, and inexpensive to perform once a well or borehole has been installed and developed.
Estimates of hydraulic properties in
deposits of all variations in permeability
can be determined with slug tests. Data
analysis requires hydrostatic conditions in
the aquifer at the start of the test. Waiting for hydrostatic conditions to stabilize
can be time consuming and expensive
in a low-permeability deposit isolated
by use of a packer assembly. Results of
slug testing from water-table wells can
vary over time because of changes in the
saturated/unsaturated state of permeable
features at the well. Slug tests also only
monitor a small part of the aquifer, typically within 10 ft of the borehole. Analysis of slug-test data requires knowledge
of well construction and aquifer geometry, including the length of aquifer open
to the well, which typically is assumed
to equal the saturated thickness of the
well screen or the sand pack. Calculation of horizontal hydraulic conductivity
typically assumes uniform flow into the
aquifer along the entire saturated open
interval of the well. In reality, most flow
into the well in a fractured-rock aquifer
will be through permeable fractures and
solution openings, which usually have a
thickness that is orders of magnitude less
than that of the well screen. As a result,
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the calculated horizontal hydraulic conductivity (and
dependent ground-water velocity) values appear to be
orders of magnitude too low to represent the aquifer.
Conventional analysis of slug test data is based
on an assumption that the tested interval can be conceptualized as a porous media. In cases where slug
tests are used to evaluate isolated intervals containing
fractures, this conceptualization holds most appropriately where the density of conductive fractures is high
and where there either is virtually no fluid exchange
between fractures and matrix or the rate of exchange is
extremely rapid (Butler, 1998). If these conditions are
not met, other aquifer conceptualizations must be used.
The discrete fracture model (Wang and others, 1977;
Karasaki and others, 1988), or the double-porosity model
(Moench, 1984) usually are utilized in the alternate conceptualization.

Specific-Capacity Tests
Specific-capacity aquifer tests involve extraction of
water from a well at a known, constant rate (Q) and taking a single measurement of the amount of water-level
decline in that well (s) at some known time (t) after the
initiation of pumping. The specific capacity (Q/s) is the
ratio of the discharge rate to the total decline in water
level in the well. Specific capacity is a measure of the
productivity of the well and the aquifer. The higher the
specific capacity, the more productive the well and the
aquifer.
Specific-capacity data can be manipulated to provide an estimate of transmissivity (T), and by extension
horizontal hydraulic conductivity, of the aquifer in the
vicinity of the borehole using the Theis equation (Todd,
1963), where
T = [Q/(s)][2.3/47t][log(2.25Tt)/(re2S)].

(1)

Because the T term appears twice in this equation,
solution for T involves an initial estimation for the value
of T, then iterative solving of equation (1) for Q/s using
refined estimates of T until the observed value of Q/s is
approximated.
If the value for the storage coefficient (S) of the
aquifer is unknown (as frequently is the case), both T
and S are estimated for solution of equation (1). The
effective radius of the well (re) typically is assumed to
be equal to the nominal radius of the well (rw). However, re can be substantially larger than rw, particularly in
fractured-rock aquifers (Mace, 1997). Specific-capacity
analyses typically assume that well loss is negligible.
Calculated transmissivity values are moderately insensitive to large changes in the assumed values of re and
S. However, uncertainty regarding the true values for S
and re, and assumptions regarding the absence of well
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loss and the presence of a fully penetrating well in a
confined, homogenous, isotropic aquifer results in T
estimates from specific-capacity tests that usually are
substantially greater than estimates obtained with other
methods (Huntley and others, 1992).
If a sufficient number of specific-capacity tests
are available, these data can be used to identify spatial
variations in the hydraulic properties of the aquifer.
Specific-capacity tests cannot be used to identify vertical variations in aquifer properties without additional
information. Specific-capacity data frequently are
reported on well logs for water-supply wells on file with
various agencies and can be used to obtain preliminary
estimates of aquifer transmissivity. Specific-capacity
tests typically are easy, quick, and inexpensive to perform if pumping already is being done for well development and the test can be performed in conjunction with
or immediately after development. Specific-capacity
tests as a stand-alone procedure typically are moderately
easy, quick, and expensive to perform. These tests can
be difficult and expensive to perform if treatment of the
discharge water is required. Although specific-capacity tests theoretically can be performed at any realistic
permeability range, as a practical matter the requirement
for sustainable drawdown limits the effectiveness of
this method when applied to deposits of low and high
permeability. Specific capacity in wells cased above the
water table can vary over time because of changes in the
saturated/unsaturated state of permeable features in the
upper part of a well. Additionally, dewatering productive intervals during pumping can result in increased
drawdown in the well and an underestimation of aquifer
transmissivity. The extent of the aquifer stressed by a
specific-capacity test depends on the aquifer properties,
the pumping rate, and the pumping duration; these tests
typically stress the aquifer between about 100 and 1,000
ft from the pumped well.

Multiple Well Tests
Multiple-well, constant-discharge tests involve
extraction of water from a well at a known, constant,
rate while monitoring the amount of drawdown through
time in the pumped and observation wells (wells where
drawdown is measured). Plots of drawdown with time in
the observation wells on a log-log scale can be compared
with type curves of the theoretical aquifer response
to quantify the transmissivity, storage coefficient, and
horizontal hydraulic conductivity of the aquifer (Todd,
1963)(fig. A8). Analysis of the spatial distribution of
drawdown at a given time during the test can be used to
identify the presence and orientation of horizontal and
vertical flow anisotropy in the aquifer caused by the
orientation and distribution of secondary-permeability
features in the aquifer.
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The amount of the aquifer stressed with a multiplewell aquifer test depends on the hydraulic properties
of the aquifer, the pumping rate, and the duration of
pumping, but these tests typically provide information
on aquifer properties between 100 and 2,000 ft from the
pumped well. Therefore, multiple well, constant-discharge aquifer tests allow the calculation of hydraulic
properties over the largest area of the aquifer possible
with current methods. These aquifer tests also provide
the most comprehensive direct insight into the threedimensional pathways of ground-water flow.
Multiple-well tests require extensive planning, typically are performed for at least 1,000 minutes, and large
amounts of manpower and equipment are required. In
addition to measurement of water levels and discharge,
water-level data collected during long-term, multiple-

well tests typically must be adjusted to correct for
water-level fluctuations caused by ambient effects, such
as changes in barometric pressure, pumping from offsite
wells, and recharge to ground water. As a consequence,
these tests are the most difficult, time-consuming, and
expensive types of aquifer tests to perform and analyze.
The degree of time and expense increase substantially if
the extracted water requires treatment prior to disposal or
additional wells need to be drilled to support the testing.
The requirement for sustainable drawdown in the pumping well and transmission of drawdown from the pumping well to observation wells effectively precludes the
use of this method in deposits of low permeability. The
requirement for measurable drawdown in the observation wells and the expense associated with treatment and
disposal of contaminated water also may limit the use of
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this method in high-permeability deposits. Aquifer-test
results in water-table aquifers can vary with time because
of changes in the saturated/unsaturated state of permeable features in the upper part of the aquifer. Additionally, dewatering productive intervals during pumping can
result in a decrease in the amount of water discharged to
the well from some parts of the aquifer with a concomitant increase in the discharge to the well from other parts
of the aquifer. Depending on the configuration of the
fracture network in the aquifer, these changes in discharge can affect the drawdown data and invalidate their
use for calculation of aquifer hydraulic properties.
There are numerous methods for analysis of multiple-well, constant-discharge aquifer-test data. The most
appropriate method depends on whether the aquifer is
confined or unconfined, the degree to which the aquifer
approximates an equivalent porous medium, whether
the aquifer functions as a double-porosity media, and
the presence of a preferred orientation of the vertical
fractures in the aquifer. An overview of each of these
methods is beyond the scope of this report. Although
many methods can be applied in anisotropic aquifers, it
is assumed in all methods that the aquifer is homogenous
at the scale of the test.
In a homogenous, isotropic aquifer, drawdown
occurs in a circular pattern centered on the pumped well,
with the amount of drawdown being dependent on the
distance from the pumped well and independent of direction. The presence of vertical fractures in many fractured-rock aquifers results in an anisotropic response to
pumping with the amount of drawdown being dependent
on both the orientation and distance from the pumped
well (fig. A9). Pumping in an anisotropic aquifer
produces an elliptical drawdown distribution where the
direction of maximum drawdown typically is parallel
to the primary orientation of the vertical fractures in
the aquifer, with the direction of minimum drawdown
oriented perpendicular to this direction. A minimum of
three wells penetrating the entire thickness of the aquifer
is required to identify the shape of the drawdown ellipse
in two dimensions.
In addition to vertical anisotropy in the aquifer, horizontal variations in aquifer permeability and hydraulic
interconnection also may produce variations in drawdown at a given location at different depths in the aquifer
(fig. A9). Because variations in drawdown with depth
in the aquifer cannot be identified in fully penetrating
boreholes, important information regarding vertical and
horizontal hydraulic interconnection within the aquifer
as well as the hydraulic properties of specific secondarypermeability features may not be determined. Crosshole testing, where packers are used to isolate specific
intervals of both the pumped and observation boreholes,
can be used to provide a more detailed aquifer assessment.
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Tracer Tests
Tracer tests involve the injection of a compound
(tracer) into the aquifer in sufficient amounts to raise
the concentration of the tracer substantially above its
ambient level and monitoring the tracer concentration
with time in the aquifer downgradient of the point of
injection. For most applications, the tracer is a non-reactive dye or ion, such as chloride or bromide, and it is
assumed that the rate of tracer migration is identical to
the rate of ground-water flow. There are two basic types
of tracer tests; natural gradient (tracer moves in response
to natural hydraulic conditions) and induced gradient (tracer moves in response to hydraulic conditions
induced by pumping or injection). Only induced-gradient tracer tests are discussed here.
Induced-gradient tracer tests require pumping at a
known, constant rate from an extraction well and injection of the tracer in an observation well. Analysis of
tracer-test data requires measurement of the distance
between the extraction and injection wells, and measurement of the water-level altitude in the extraction and
injection wells (converted from measured time-drawdown data) during the test period. Analysis of tracertest data requires that the flow regime in the aquifer be
approximately stable prior to and after tracer injection.
A stable flow regime requires an absence of pumping or
recovery from offsite wells, approximately steady-state
conditions prior to and after tracer injection, tracer injection at a rate slow enough to induce minimal water-level
increase at the injection well, and tracer concentrations
low enough so that density-driven flow is not induced.
A short-term injection tracer test involves addition
of a slug of tracer over a small time period (minutes) at
the injection well then plotting tracer concentration with
time in the water from the extraction well (fig. A10).
Depending on the goals of the investigation, tracer testing in fully penetrating boreholes can be performed to
assess the hydraulic properties of the bulk aquifer, or
tracer testing can be done in discrete intervals to assess
the hydraulic properties of specific features. The time
required for the peak concentration of tracer to move
through the measured length of aquifer under the measured horizontal hydraulic gradient (dh/dl) provides a
direct measurement of the velocity of the water through
the aquifer under the conditions induced by the pumping
and injection. Determination of ground-water velocity
(v) permits solution of the Darcy equation
v = (Kh/ne)(dh/dl),

(2)

for either Kh or ne (effective porosity), depending on
which parameter already is known. Typically, Kh can be
determined readily from analysis of the time-drawdown
data collected during the tracer tests or from aquifer tests
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done in different parts of the aquifer, so tracer tests are
typically used to estimate ne.
Assessment of the tracer concentration in the
extracted water through time can provide insight into the
degree of hydraulic interconnection and tortuosity of the

secondary permeability network (dispersion), as well as
the degree of hydraulic interaction between the secondary and primary porosity in the aquifer (diffusion). In
an aquifer dominated by secondary permeability, dispersion largely results from variations in the fluid velocity
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within a fracture or solution opening and differences in
water velocity through different fractures or solution
openings. Tracer concentrations that increase rapidly
above background concentrations to a maximum value,
then decrease rapidly to background concentrations,
indicate a low dispersion coefficient and flow through a
single fracture or solution opening, or a simple network
of fractures or solution openings, with uniform hydraulic
properties. Tracer concentrations that increase slowly to
a maximum value, then decrease slowly to background
concentrations, indicate a comparatively large dispersion
coefficient and flow through a complicated network of
fractures or solution openings, with variable hydraulic
properties.
An accurate value for dispersion and diffusion coefficients is important for a thorough characterization of
ground-water flow and contaminant transport, and these
coefficients only can be calculated from tracer-test data.
For this reason, tracer tests are a useful method for the
characterization of fractured-rock aquifers. Short-term
injection tracer tests typically are expensive to perform
and require extensive understanding of the secondarypermeability network and the flow pathways between
the injection and extraction wells to maximize the
amount of information that can be obtained from the test.
Tracer tests performed in conjunction with pumping
usually provide information on the hydraulic properties
of the aquifer over a length of tens to hundreds of feet.
Because the coefficient of dispersion tends to increase
with an increase in the length (scale) of the aquifer being

2

studied (Xu and Eckstein, 1995), the representativeness
of any given dispersion coefficient is uncertain.
A continuous injection tracer test involves continuous injection of tracer at a constant concentration during
a substantial portion (hours or days) of the test. As is
the case for a short-term injection tracer test, the time
required for the tracer to move through the measured
length of aquifer under the measured horizontal-hydraulic gradient provides a direct measurement of groundwater velocity through the aquifer, which allows equation 2 to be solved for ne. Because continuous injection
of tracer does not allow for analysis of variation in tracer
concentration through time as the tracer slug migrates
through the aquifer, continuous-injection tests cannot be
used to estimate coefficients of dispersion and diffusion and have little value for quantifying the hydraulic
properties of an aquifer. However, continuous injection
of a chloride tracer of sufficient concentration will result
in the flow pathways between the injection and extraction wells being filled with tracer water substantially
more conductive than that of the ambient water. Crossborehole radar tomography can be run in boreholes
straddling that part of the aquifer through which the
tracer is to move before and during injection. Comparison of the tomograms before and during injection will
identify the location of the highly conductive water in
the aquifer, thereby identifying the flow pathways and
secondary-permeability features in the aquifer (fig. All).
Cross-borehole radar tomography run while the tracer
is migrating from the injection well to the extraction

7

Uj CC

o cc
DC LU

00 0.

II

<^
LU 9
O =

i
o

2

500

1,000

121

1,500

2,000

2,500

TIME SINCE TRACER INJECTION, IN MINUTES
Figure A10. Concentration of bromide ion tracer in water pumped from borehole SPW, Byron site, III., July 12-14,1992.

3,000

122

A Cross-Site Comparison of Methods Used For Hydrogeologic Characterization of the Galena-Platteville Aquifer in Illinois and Wisconsin

can be used to define the pathways of ground-water flow
through the fractured rock. The distribution of contaminants in a fractured-rock aquifer can be used to identify
specific pathways of ground-water flow, hydraulic interconnection within the aquifer, and hydraulic boundaries
of the flow system. Analysis of contaminant distribution also can be used to determine if offsite pumping or
temporal variations in precipitation substantially affects
flow directions.
Implicit in the analysis of water chemistry is the
assumption that contaminants are derived from known
source areas and contaminant migration is solely in the
dissolved phase. The presence of unidentified surface
source areas or nonaqueous phase liquids in an aquifer
may result in erroneous interpretations about flow in the
aquifer. Because identification of the three-dimensional
nature and extent of contamination usually is a requirement for investigation of any waste-disposal site, analysis of the distribution of contamination in an aquifer as
a means of aquifer characterization can be considered
as both inexpensive and expensive to perform. Analysis
of the distribution of contamination in an aquifer allows
characterization of the aquifer over the length and width
of the plume, typically a distance of hundreds to thousands of feet.
Analyses of the spatial distribution of contaminants
and other chemical constituents and indicators of water
quality can be useful in identifying pathways of preferential flow within fractured-rock aquifers and the extent
of hydraulic interconnection within and between secondary-permeability features in the aquifers. For example,
delineation of the distribution of volatile organic compounds (VOC's) with depth in an uncased borehole may
Water Chemistry
identify a substantial increase in VOC concentrations
that is restricted to a specific depth. Similarly, delineaAssessment of an aquifer and its secondary-pertion of the distribution of water temperature or dissolved
meability network usually can be obtained by analysis
oxygen concentration with depth may identify a change
of spatial or temporal patterns in the concentration of
in one of these indicators of water quality. These deptha given chemical, or group of chemicals in the aquispecific changes may represent locations of preferential
fer. Because dissolved chemicals are transported in the
flow pathways in the aquifer.
ground water, they can provide a more direct depiction
Analyses of major ions to determine water chemof flow pathways than usually can be obtained using
istry or concentration of selected constituents, such
hydraulic and geophysical methods, which usually repre- as tritium, may be used to determine to what extent
sent generalized flow directions.
an aquifer, or part of an aquifer, is confined. DifferThe location and extent of natural and anthropoences in water chemistry among sample locations may
genic constituents dissolved in ground water can be used indicate that a low permeability unit separates flow in
to identify the pathways of ground-water flow (fig. 15).
different parts of the aquifer, thus, limited movement
This method of analysis differs from a tracer test in that
of contaminants between these locations is expected.
the chemical constituent used to identify the flow pathTritium is a radioisotope of hydrogen that can be used
way is present in the aquifer as the result of natural or
to estimate relative age of ground water and extent of
anthropogenic processes, not introduced into the aquifer confinement and vulnerability of aquifers to contaminaas part of an investigative method. Because the surfition. Beginning in 1954, with the onset of above-ground
cial location of the contaminant source material at most
nuclear-weapons testing, naturally occurring levels of
waste-disposal sites is well defined, and because many of atmospheric tritium were increased from about 5 tritium
the contaminants are not found in nature, identifying the units (Kauffman and Libbey, 1954)(TU's; equivalent
distribution of one or more contaminants in the aquifer
to 16 pCi/L) to over 1,000 TU's. Tracking the pulse of

well also can be used to determine the approximate rate
of flow through the aquifer in response to the hydraulic
conditions induced by pumping and injection.
Continuous injection tracer tests performed in conjunction with cross-borehole radar tomography, along
with multiple-well, constant-discharge aquifer tests
and flowmeter logging performed in conjunction with
pumping from nearby wells, are capable of providing
a comprehensive assessment of the specific pathways
for ground-water flow in fractured-rock aquifers. Borehole tomography also allows assessment of specific
flow pathways within the aquifer without the need to
isolate discrete intervals of the aquifer. In addition to
the extraction and injection wells, and the equipment
needed to for the tracer tests, long-term injection tracer
tests performed in conjunction with cross-borehole radar
tomography may require installation of boreholes to
allow access to the aquifer, may require extensive aquifer
characterization prior to beginning the testing, and may
require intensive personnel commitments. Additionally, borehole ground-penetrating radar equipment and
personnel experienced in analysis of these data are not
readily available and the need to induce an appreciable
contrast between the pre- and post-tracer conductivity
of the water can result in ambiguous identification of
some flow pathways. Long-term injection tracer tests
performed in conjunction with cross-borehole tomography are expensive to perform. These tracer tests usually
provide allow aquifer characterization over a length of
about 20 to 300 ft.
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tritium-enriched water recharging aquifers allows the
time since initiation of recharge to be estimated. Presently (2002), ground water with levels at or less than
1 TU represents recharge that originated before about
1954. Water with tritium levels at or less than 1 TU are
considered to be derived from a confined aquifer; thus,
the aquifer is not vulnerable to contamination (Illinois
Environmental Protection Agency, 1999). Water with
tritium levels at or greater than natural levels of 5 TU's
are considered to be derived from unconfined aquifers;
thus, vulnerable to contamination.
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Numerical Modeling
Computer numerical modeling of fractured-rock
aquifers can be useful to understanding flow and contaminant transport at various spatial scales. Because
of the heterogeneity of fractured-rock aquifers, consideration of model selection in regards to scale and
study objectives and evaluation of model uncertainty is
important. Development of numerical models requires
integration of data from various scientific disciplines,
including geology, geophysics, hydrology, and hydrogeochemistry. At all scales of application, models
should be considered simplified characterizations of
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Figure A11. Borehole-radar difference tomogram showing changes in attenuation between boreholes T2 and T8,17.5 and 34 hours after
tracer injection in borehole T1, Belvidere, III.
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complex ground-water systems. Development and
limitations of numerical models, particularly as applied
to fractured-rock aquifers, are discussed in detail by the
National Research Council (1996).
For large-scale evaluations of aqueous flow,
(regional to subregional) continuum-based (porousmedia) models, such as MODLFLOW (McDonald and
Harbaugh, 1988; Harbaugh and others, 2000) have
been used successfully (Mercer and Faust, 1986). In
such applications, the scale of investigation is considered large enough for the aquifer to be represented as
an equivalent porous media. Post-processing routines,
such as MODPATH (Pollock, 1989; 1994) using particle
tracking, can aid visualization of the simulated flow patterns. However, because flow patterns are generalized
over large areas and property values averaged over large
areas usually are estimated on the basis of small-scale
measurements, the spatial accuracy typically is unacceptable for subsequent simulation to detail the distribution,
travel times, and concentrations of contaminants associated with preferential flow paths or over areas smaller
than designated model-cell sizes (National Research
Council, 1996). Research also indicates that application of porous-media models may not be appropriate at
any scale of investigation, because fracture features that
preferentially affect flow are present at all scales of interest (National Research Council, 1996).
Continuum-based models also have been applied to
fractured-bedrock systems in which a proportion of flow
is through the matrix (doubly-porous media). These
dual-porosity models (Glover, 1987, for example) are
treated as overlapping continuum models that generally are applied to smaller-than-regional scale settings (Mercer and Faust, 1986). For these models, the
hydraulic properties of the matrix (low permeability and
high porosity) and fractures (high permeability and low
porosity) are considered; the geometry of the fracture
network generally is represented in a simplified fashion.
Whereas these models can approximate steady-state,
matrix-to-fracture leakage, these models are considered
most useful for assessing transient flow over periods of
tens of years, thus, accounting for the differences in timing of hydraulic response in matrix and fractures. Three
principal limitations to these models are (1) the geometry of fracture networks is oversimplified, (2) accurate
representative estimates of the hydraulic properties
are difficult to obtain, and (3) uncertainty in identifying the scale at which continuum assumptions are valid
(National Research Council, 1996).
For small-scale (site to fracture scale) evaluations
of aqueous flow, discrete-flow pathway models are best
applied. Each fracture is considered discretely with these
models. These models require that the heterogeneity of
the geometry (aperture, orientation, length, connectivity,
density) and hydraulic properties (hydraulic conductivity) of the fracture(s) be well characterized. Particularly

difficult aspects of the data requirements for application
of these models are field-determination of the geometry
of the conductive parts of fracture networks and fracture transmissivity (National Research Council, 1996).
Development of these models was limited until the late
1980's, when interest in characterizing and remediating
contaminated fractured-rock aquifers expanded rapidly.
Since that time, various deterministic (property values
generally are known) and stochastic (property values
randomly distributed and described by a probability
distribution) models have been developed. Aquifers with
a well-developed network of fractures may be best suited
to stochastic modeling. The most favorable conditions
for application of these models include: (1) statistically
uniform fracture pattern, (2) obtainable statistically
representative sample, (3) simple fracture distribution,
and (4) statistically described fractures are fluid filled
(National Research Council, 1996).
Discrete-flow pathway models are not readily
available and have not been fully verified in the field.
Additionally, resources generally are unavailable for the
accurate characterization of complex fractured-bedrock
systems that is necessary for preparation of accurate
local-scale models. Presently (2004), these models are
considered by many users to be research tools used for
theoretical evaluation of fractured flow; most of their
use has been limited to this application. The models
have been used successfully in some field-scale studies
over lengths less than about 300 ft (National Research
Council, 1996). Future advances in aquifer characterization and model development are expected to result in
improved accuracy and increased use of these models.
Hybrid models incorporate the approaches and capabilities of continuum and discrete-flow pathway models.
Hybrid models are considered most useful in estimating
large-scale continuum properties (which generally cannot be measured) based on field-scale, discrete-fracture
determinations (National Research Council, 1996).
The complexities of simulating contaminant distribution in fractured-rock aquifers are greater than that of
simulating ground-water flow in these aquifers. Pathways for contaminant movement must be delineated
accurately and factors that affect advective flow (including effective porosity) and dispersion (mechanical mixing and molecular diffusion of contaminants) in fractures
must be estimated accurately. Complex chemical or biochemical reactions, or radioactive decay that can result in
changes in contaminant mass usually need to be considered. In these cases, fluid and rock chemistry need to be
well determined. Data requirements are more substantial
if dual-porosity conditions are present and contaminant
movement between fractures and matrix must be simulated. A partial listing of presently developed models of
aqueous and contaminant flow in fractured-rock aquifers
is given by the National Research Council (1996).
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Packer Tests
Characterization of fractured-rock aquifers through
the use of open boreholes has a number of disadvantages
related to the inability to measure the hydraulic and
chemical properties of individual secondary-permeability
features intercepted by the borehole. First, the precise
location of the permeable features usually cannot be
identified without a flowmeter survey or other type of
investigation. Second, if multiple fractures are present,
water quality and hydraulic response will be a composite
of each permeable feature, possibly resulting in an inaccurate characterization. Third, wellbore-storage effects
may dominate response if the matrix is of low permeability (National Research Council, 1996). Borehole
packers are pneumatic or mechanical devices that isolate
sections of a borehole by sealing against the borehole
wall, leaving an isolated zone above or below a single
packer, or between two packers separated by some distance (fig. A12). The use of packers to isolate specific
parts of the borehole reduces or eliminates the effects of
these shortcomings by allowing collection of hydraulic
and water-quality data from discrete intervals over the
entire length of the wellbore. Packers also prevent cross
contamination resulting from vertical flow within the
wellbore.
Water-quality sampling or hydraulic testing using a
packer assembly typically is expensive and time consuming to perform. The large amount of time required for
low-permeability intervals to reach hydrostatic conditions or recharge from pumping may serve as a practical
barrier to packer testing in some boreholes. Vertical
flow within a borehole also can transport contamination
within the aquifer from zones of higher to lower head
(Williams and Conger, 1990). This transport can produce sampling results indicating contaminant distribution within the aquifer that may not represent in-situ conditions. As a consequence, analysis of water-quality data
from discrete intervals in open holes can be ambiguous
or erroneous (Johnson and others, 2001). Installation of
a packer system soon after drilling minimizes cross contamination and helps ensure collection of representative
water-quality samples (Johnson and others, 2001).
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Appendix B Byron Site Data
The Byron site has been the subject of a series
of environmental investigations from 1974 through
1993, with the collection of data for routine monitoring continuing to the present (2002). The investigations
that form the primary basis for this discussion were
conducted from 1987 through 1993 and are presented
in Kay and others, 1989; U.S. Environmental Protection
Agency, 1994; Kay and others, 1997; and Kay and others, 1999. These reports provide a detailed discussion of
the methods used for, and results of, the hydrogeologic
investigations at the Byron site performed by the USGS
and USEPA. A total of 26 investigative methods were
used to develop the hydrogeologic framework for the
Byron site (table 3).

Previous Studies
Sargent and Lundy, Inc., and Dames and Moore,
Inc. (1975) investigated fracture orientations in the
Galena-Platteville dolomite in and around the Byron
site. The investigation identified two primary directions
of strike of the vertical fractures: N. 60° W. to N. 75° W.
and N. 15° E. to N. 30° E. The trend from N. 60° W. to
N. 75° W. is the dominant structural trend. The investigation also identified a fault in the Galena-Platteville
dolomite south of the Byron site. Part of the fault is
outlined by the topographic low associated with Woodland Creek (fig. 6). The fault has a measured maximum
vertical displacement of 6 in. and is oriented N. 60° W.
Faulting and fracture development was attributed to
movement along the Sandwich Fault zone.

Topographic and Aerial Photographic Analysis
Analysis of land-surface topography during site visits, topographic maps, and aerial photographs defined a
prominent bedrock ridge associated with the topographic
upland as well as the presence of various depressions
potentially associated with fracture traces at the Byron
site (U.S. Environmental Protection Agency, 1994) (figs.
6, 7) (table 2). The most prominent fracture trace is
associated with the potential fault defined by Woodland
Creek. Additional fracture traces also were identified
at the BSY and the DFP. The fracture traces tend to be
oriented approximately parallel to the dominant vertical
fracture orientation at about N. 60° W. (Woodland Creek
and the Northwest Ravine), orthogonal to the dominant
vertical fracture orientation at N. 30° E. (West Ravine
and Northeast Ravine), or approximately due north.
Two circular depressions about 60 ft across were
identified near the BH14 well cluster and approximately

129

halfway between wells MW3 and DF15 (fig. 6) during
site visits. These circular depressions are interpreted as
being sinkhole locations.

Quarry Visits
The Galena-Platteville dolomite at the Benesh
Quarry and the quarries near Meyer's Spring (fig. 6) is
composed of generally massive dolomite with a network of vertical and horizontal fractures. The orientation of the vertical fractures in the quarry near Meyer's
Spring was measured and found to be consistent with the
fracture orientations reported by Sargent and Lundy and
Dames and Moore, Inc., (1975).
Collapse features 10-15 ft wide were observed in the
dolomite deposits at the Benesh Quarry. The collapse
features appear to have been formed by the dissolution
of dolomite in the upper part of the Grand Detour Formation (Dennis Kolata, Illinois State Geological Survey,
oral commun., 1994). Collapse features do not appear
to extend to the overlying deposits, indicating that the
Grand Detour Formation may have greater secondary
permeability than the other formations in the Platteville
and Galena Groups at this site.

Surface Geophysics
GPR surveys were conducted in 1988 and 1991 at
various locations in the upland part of the Byron site to
determine if buried objects were present. A secondary
objective of the GPR surveys was to identify fractures
and sinkholes. The high clay content in the soil limited
the depth of penetration of the GPR signal to approximately 5 ft, which is less than the depth to bedrock. A
radio transmission tower in the area also was a source of
signal interference during the GPR surveys. Therefore,
surface GPR was not of use in the characterization of the
Galena-Platteville dolomite at the Byron site.
An azimuthal square-array resistivity survey was
conducted on the northeastern part of the DFP to determine the orientation of fractures in the dolomite. The
results from this survey did not indicate a preferred
fracture orientation. It is possible that the survey lines
were too short to obtain measurements that penetrated
the overburden and measured properties of the bedrock.
The use of resistivity was not investigated further at the
Byron site.

Lithologic Logs
Lithologic logs were prepared for all of the wells
drilled during environmental investigations at the Byron
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site (table 3). Lithologic logs indicate that the GalenaPlatteville deposits in the upland areas tend to be primarily competent dolomite yielding small amounts of water
interspersed with small hydraulically productive zones
indicative of fractures and vugs. Softer, more hydraulically productive dolomite was identified beneath much
of the West Ravine. Loss of cuttings and formation
water near the bottom of wells DPI 2, DF24, B6R, at
the AW4 well cluster (fig. 7), and at an abandoned well
between wells MW39 and DF12 indicated the presence
of high-permeability fractures or solution openings at
these locations (tables 5,6). Cuttings returned during
drilling of well DF14 contained large amounts of silt and
clay and little water, indicating infilling of the sinkhole
in this area.

Core Analysis
Cores collected at wells MW2, MW20, DF4D,
AW ID, AW4S, and AW4D were described and analyzed
for stratigraphy (Michael Sargent, Illinois State Geological Survey, written commun., 1992). The Pecatonica,
Mifflin, Grand Detour, Nachusa, Quimbys Mill, Guttenberg, and Dunleith Formations were identified from the
cores (fig. 11). The Galena-Platteville deposits primarily
are dolomite with variable amounts of limestone. The
Guttenberg Formation was identified as approximately 5
ft thick at wells MW2 and AW1D, but was about 0.5 ft
thick at well MW20.
Vertical fractures, many of which were healed or
infilled with clay minerals, and vuggy intervals were
identified throughout the Galena-Platteville deposits
underlying the site. Although fractures were identified
throughout each of the cores, fractured and weathered
zones indicative of permeable features were identified
in the cores at about 795 and 773 FANGVD29 in well
AW1D, at about 750 FANGVD29 in well AW4S, at 736742 FANGVD29 in well DF4D, and at about 691-703
FANGVD29 in well MW20.
The porosity of the Galena-Platteville deposits
determined from analysis of 79 rock samples collected
from the cores ranged from about 4 to 22 percent with
a median value of about 10 percent (Patrick Mills, U.S.
Geological Survey, written commun., 1993). The
median porosity value was 6.4 percent for the Guttenberg Formation (fig. 11), ranged from 9 to 10.3 percent
for the Pecatonica, Mifflin, Nachusa, Quimbys Mill and
Dunleith Formations, and was 11.3 percent for the Grand
Detour Formation.

Geophysical Logs
Geophysical logging was invaluable in expanding
the geologic framework of the Byron site and providing
foundation for the hydraulic framework (table 3).

Borehole Camera
Borehole camera logs were run in 11 wells and
boreholes, primarily located on or near the Salvage Yard
(table 3). Results of camera logging were not discussed
in the previous reports on the site, and, therefore, are
discussed in greater detail in this report than many of the
other logging methods.
Camera logging in borehole PZ1 indicated generally competent rock throughout the borehole. Small
fractures were indicated above the water surface at about
767, 800, 808, 809, and 812 FANGVD29 and below the
water surface at about 749 and 734 FANGVD29 (table
5). Various large fractures were identified at 708-712
FANGVD29. Water was observed cascading down the
sides of the borehole from about 793 ft to the water surface at 761 FANGVD29.
Camera logging in borehole PZ2 indicated generally
competent rock throughout the borehole. Small fractures were indicated above the water surface at 806-814
FANGVD29 and below the water surface at about 794
and 790 FANGVD29. Heavy iron flocculate in the water
below 763 FANGVD29 obscured clear identification
of features, but various possible fractures were identified from 684 to 696 FANGVD29. Water was observed
cascading down the sides of the borehole from about 798
FANGVD29 to the water surface at 794 FANGVD29.
Camera logging in borehole PZ3 indicated generally
competent rock throughout the borehole. Subhorizontal
planar features were identified at 739-741 and 753-756
FANGVD29. Small fractures were observed at about
747 and 749 FANGVD29. Heavy iron flocculate in the
water column and algae on the sides of the borehole
prevented identification of features below about 725
FANGVD29, with the exception of a possible fracture
at about 698 FANGVD29. Water was observed cascading down the sides of the borehole from about 794
FANGVD29 to the water surface.
Cascading water observed above the water surface
in the PZ boreholes appeared to drain from the aquifer
matrix and was not associated with identifiable secondary-permeability features. Cascading water indicates
that the water table is more than 10 ft above the water
surface in the PZ boreholes.
Camera logging in borehole SPW indicated numerous vuggy intervals and fractures over most of the
borehole (table 5). Vertical fractures were identified
above the water surface at about 765 FANGVD29, and
below the water surface between about 736 and 751
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FANGVD29, and about 710-718 FANGVD29. A series
of horizontal planar features were identified at about 724
FANGVD29 and at 695-700 FANGVD29. Water was
observed dripping from the sides of the borehole from
about 794 FANGVD29 down to the water surface.
Camera logging in borehole DF4D indicated generally competent rock throughout the borehole. Fractures
were identified at about 723 and 748 FANGVD29 (table
5). Camera logging in this borehole was terminated
at about 718 FANGVD29, above the bottom of the
borehole. Camera logging in borehole DF5S indicated
competent rock throughout the borehole.
Camera logging in borehole DF15 indicated generally competent rock. Numerous subhorizontal fractures
were identified between 747 and 754 FANGVD29, and
at about 761 FANGVD29.
Camera logging in borehole DF17 indicated numerous fractures over the length of the borehole (table
5). Fractures especially were concentrated at 714-720,
754-759, and 790-805 FANGVD29. A large solution
opening was recorded near the bottom of the borehole at
about 694-700 FANGVD29.
Camera logging in borehole DF12 indicated numerous vugs, fractures, and solution openings throughout the
length of the borehole (table 5). Fractures and solution
openings were observed from about 729 FANGVD29 to
the bottom of the borehole at 702 FANGVD29, with a
cavern identified at 702 FANGVD29.
Camera logging in boreholes B6R and GW42 indicated numerous fractures over the length of the boreholes. Solution opening was present in borehole B6R at
749-753 FANGVD29.

Caliper
Three-arm caliper logs indicate enlargements in
borehole diameter of more than 1 in. at about 689 and
754 FANGVD29 in borehole AW5D; from the bottom of the borehole to 758 FANGVD29 in borehole
B6R; at about 757 FANGVD29 in borehole DF1S; at
about 739 FANGVD29 in borehole DF2D; at about
731 FANGVD29 in borehole DF3; at about 755 and
790-813 FANGVD29 in borehole DF10; from the bottom of the borehole to about 719 FANGVD29 and at
810 FANGVD29 in borehole DF12; from the bottom
of the borehole to about 708 FANGVD29 in borehole
DF17; at about 782 and 752 FANGVD29 in borehole
DF20; at about 795 FANGVD29 in borehole DF21;
at about 700 FANGVD29 in borehole DF22; at about
717 FANGVD29 in borehole DF24; at about 750
FANGVD29 in borehole MW2; at about 767, 753,and
747 FANGVD29 in borehole PW3; and at about 789,
765, 745, 735, and 710 FANGVD29 at borehole SPW
(table 5). Many of these enlarged areas are likely to be
fractures or solutions openings. Fractures and solution
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openings indicated by caliper data usually also were
indicated by lithologic and borehole camera logging.
Caliper logs run in the remaining boreholes indicated
little variation in diameter, indicating largely unfractured
dolomite (U.S. Environmental Protection Agency, 1994).

Natural Gamma
Natural-gamma logs run in boreholes MW2, MW20,
DF4D (fig. Bl), DF11, and AW1D were compared to the
stratigraphic descriptions for these boreholes obtained
from analysis of the cores so the natural-garnma signal
of the formations could be identified. Natural-gamma
logs from these boreholes then were compared with
natural-gamma logs from other boreholes so the stratigraphy across the Byron site could be determined. Comparison of the natural-gamma response with stratigraphy
for each of the boreholes indicates that the Guttenberg
Formation is approximately 5 ft thick beneath much of
the southeastern part of the Byron site, but is reduced in
thickness or absent in the western part of the BSY and
the eastern part of the DFP, presumably because of erosion during the Ordovician system. Comparison of natural-gamma logs with stratigraphic delineation between
boreholes indicates that the Galena-Platteville deposits
dip to the south beneath the Byron site (figs. 9, 10).
Although the natural-gamma response typically
shows a clear correlation with stratigraphy, anomalous
responses were observed in some boreholes. Atypically
high counts per second readings were detected at elevations of about 710 and 738 FANGVD29 in borehole
SPW (fig. B2), 749 FANGVD29 in borehole B6R, and
709 FANGVD29 in borehole DF12 (fig. B3), which do
not reflect the original bedrock stratigraphy. Anomalous
responses on the natural-gamma logs correspond to areas
where the borehole camera and caliper logs indicated the
borehole was enlarged, indicating that these might be
locations where fractures have been infilled with clays.

Spectral Gamma
Spectral-gamma logging in borehole SPW indicated
amounts of uranium and thorium above background at
710 and 738 FANGVD29, whereas potassium was the
dominant source of gamma radiation in other parts of
the borehole (Frederick Paillet, U.S. Geological Survey,
written commun., 1991). The difference in the clay mineralogy between the dolomite and the locations of the
anomalous responses in the natural gamma logs indicates
that the anomalous responses are caused by clay minerals infilling fractures (table 5).
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Spontaneous Potential
SP logs indicated a gradual increase in signal
response with depth below the top of the water surface
in boreholes DF2D, DF4D, DF5D, DF12, DF17, and
MW2, and a gradual decrease with depth in borehole
PZ1 (U.S. Environmental Protection Agency, 1994).
These logs indicated depths of alternating increasing and
decreasing signal response in boreholes DF4S, DF5S,
AW ID, and AW5D. SP logs tended to mirror naturalgamma logs, having high readings where natural-gamma
values were high and low readings where natural-gamma
values were low. Except for a large increase in signal
associated with the possible fracture identified with
the caliper logs at about 689 FANGVD29 in borehole
AW5D, and a small increase associated with the possible
fracture identified with lithologic and caliper logs near
the bottom of borehole DF17, SP logs indicated no clear
response to possible secondary-permeability features
(table 5).

Single-Point Resistance
SPR logs indicated essentially no change in signal response in boreholes DF4D and DF5D; a gradual
decrease in signal response with depth in boreholes
DF4S, DF5S, DF12, and PZ3; and a sharp decrease
near the possible fracture identified near the bottom of
borehole DF17 (U.S. Environmental Protection Agency,
1994). Depths of alternating increasing and decreasing
signal were identified in boreholes DF2D, DF4D, AW1S,
AW ID, AW5D, PZ1, and MW2. Single-point-resistance
logs tended to show an inverse relation with spontaneous-potential and natural-gamma logs, usually showing
lower readings in areas where spontaneous-potential and
natural-gamma values were higher and higher readings
where spontaneous-potential and natural-gamma values
were lower. Except for sharp decreases associated with
the possible fracture identified with the caliper logs at
about 689 FANGVD29 in borehole AW5D and near the
bottom of borehole DF17, single-point-resistance logs
indicated no clear response to areas of possible fractures
(table 5).

Neutron
Neutron logs were run in boreholes MS2, B6R,
GW16, GW42, MW10, MW11, MW16, MW18, MW20,
PC2, DPW and SPW (table 3). Comparison of neutron logs and porosity measured from core samples at
borehole MW20 indicated the expected inverse relation
between porosity and neutron counts, but the neutron
readings did not show a clear response at the depths of
secondary-permeability features identified with other
methods. This lack of identifiable response can be

135

attributed partly to the effects of the variation in the clay
mineral content of the dolomite. For example, the clay
minerals that infilled some of the fractures in borehole
SPW appear to have resulted in an increase in the counts
per second response of the neutron log. Variations in the
amount of condensate on the borehole walls above the
water table, and variations in the moisture content in the
unsaturated rock above the water table also may have
affected the response of the neutron log in such a way
as to obscure identification of secondary-permeability
features. It also is possible that the porosity associated
with many of the secondary-permeability features at the
logged boreholes is small relative to the primary porosity, and the neutron log is not sensitive to these small
porosity changes.

Acoustic Televiewer
Acoustic-televiewer logs indicate the presence of
numerous thin (typically less than 0.25 ft thick), bedding-plane partings through the entire thickness of the
Galena-Platteville aquifer below the water table. These
bedding-plane partings likely are a combination of
subhorizontal fractures related to carbonate solution
or stratigraphic changes, and shale partings that have
been removed from the borehole wall during drilling
and borehole development. The goal of this and other
investigations in the Galena-Platteville aquifer was to
characterize permeable features and no effort was made
to distinguish between subhorizontal fractures and bedding-plane partings. It is assumed, however, that bedding-plane partings are not appreciable pathways for
ground-water flow and that fractures may be.
Acoustic-televiewer logging identified inclined
fractures at various boreholes (tables 5, Bl), including boreholes SPW (fig. B2), PZ1, PZ2, PZ3, AW1S,
DF4D (table 5, fig. Bl), and DFL2 (table 4, fig. B3).
Inclined fractures were identified at about 748, 738, and
698 FANGVD29 in borehole DF5D and at about 737
FANGVD29 in borehole DF13.
The inclined fractures at borehole DF13 and boreholes SPW, PZ1, PZ2, PZ3, and AW1 S, which are
located near the center of the BS Y, have strikes that
roughly are parallel to the dominant fracture orientation
in the Galena-Platteville dolomite (N. 60° W) identified
by Sargent and Lundy Inc., and Dames and Moore, Inc.,
(1975). Various fractures in the boreholes on the BSY
are oriented parallel to the north-south and northeastsouthwest trending fracture traces on the BSY (figs.
6, 8). The strike of the inclined fractures at boreholes
DF4D and DF5D is about N 90° E, roughly parallel to
the orientation of the nearby West Ravine (figs. 6, 8).
The strike of the inclined fractures at borehole DF12 is
roughly north-south, parallel to a nearby fracture trace
(fig. 8).
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Lithologic, caliper, and borehole-camera logs indicate the largest solution openings in boreholes DF12 and
DF17 were near the bottom of the borehole. The bottom 5-10 ft of these boreholes was not logged because
of concerns over the safety of the televiewer tool. As a
consequence, solution openings were not identified with
the televiewer logs in these boreholes in table 5.

Borehole Ground-Penetrating Radar Single
Hole
Single-hole directional GPR reflection surveys were
done in eight boreholes (table 3) that were capable of
about 30-60 ft of signal penetration into the dolomite
(Niva, 199la; Lane and others, 1994). The distance of
signal penetration decreased with increasing depth, indicating increased conductivity with depth. Between three
and six reflectors were identified from the processed data
in the vicinity of the boreholes (table B1) (John Lane,
U.S. Geological Survey, written commun., 1994). The
reflectors identified at borehole AW IS are weak and
may not actually be present in the rock.
The altitude of many (but not all) of the reflectors
identified with the reflection surveys corresponded to the
approximate altitude of stratigraphic contacts or fractures
identified with other methods, indicating that many of
the reflectors represent fractures or changes in lithology.
The lithologic change is associated with the shale layer
in the Grand Detour Formation. The absence of an identified fracture or lithologic change in a borehole at the
altitude indicated by interpretation of the GPR reflection
data does not necessarily indicate that the reflector is not
present. The fracture or variation in lithology associated
with the reflector may terminate before it intersects the
borehole, its orientation may change, or the intersection
may be above or below the bottom of the borehole.
The dip of the reflectors identified with the GPR
reflection surveys ranges from about 24 to 65 degrees
(table Bl). The strike of the reflectors tends to be randomly oriented. Reflector orientation typically shows
poor agreement with the orientation of the associated
fractures determined with the acoustic-televiewer logs.
Dip values determined from the reflection surveys tend
to be substantially less than the values determined with
the acoustic-televiewer logs. Strike values determined
with the reflection surveys typically vary by more than
40 degrees from the strike values identified with the
acoustic televiewer. These differences partly may be
attributable to the differences in the amount of rock
tested with the different methods, which could combine
with variations in fracture extent and orientation in the
rock so that features identified with the GPR may not be
present, or may be present in the boreholes at different
locations and orientations.

Borehole Ground-Penetrating Radar CrossHole
Cross-hole GPR surveys done between the AW1SPZ2, PZ2-PZ3 and PZ3-SPW borehole pairs indicate an
upper zone of low velocity and high attenuation along all
three profiles at about 735-740 FANGVD29 (figs. A5,
A6). A lower zone of low velocity and high attenuation
is present at about 710 FANGVD29 at borehole SPW,
decreasing to about 690 ft near borehole PZ3 (Lane and
others, 1994). The AW IS-PZ2 and PZ2-PZ3 borehole
pairs are not deep enough to determine if the lower zone
is present in these areas. The upper zone approximately
corresponds to the argillaceous deposits in the upper part
of the Grand Detour Formation. The lower zone approximately corresponds to a clay-filled fracture at borehole
SPW (fig. B2) and a fractured parts of the Pecatonica
Formation at borehole PZ3 identified with the geophysical logs. The lower zone appears to be continuous
between boreholes SPW and PZ3.

Water-Level Measurements
Water levels were measured in monitoring wells and
test intervals isolated with a packer assembly in select
boreholes. Analysis of these measurements resulted in
an improved characterization of the Galena-Platteviile
aquifer.

Continuous Measurements
During the investigations performed at the Byron
site, water levels were measured in various wells on at
least an hourly basis for periods of days or weeks to
establish the processes affecting ambient water levels.
Water levels in wells open to the Galena-Platteviile
aquifer in and near the BSY responded to changes in
recharge from precipitation (Kay and others, 1999).
Although an exhaustive analysis was not performed,
water levels at well B3 essentially were unchanged during a period of unusually heavy precipitation in June
and July 1993, whereas water levels in most of the other
wells in the vicinity of the BSY rose between about 4
and 10 ft. Additionally, water levels in well B3 declined
by less than 0.25 ft over a 10-day span as the aquifer
recovered from the high water levels. Water levels in
wells AW3 and B5 declined by more than 1.5 ft, and
water levels in wells SPW, AW1S, AW1D, AW5D, B4,
PW3, MW8, and MW9 declined by 2.5-5.5 ft during this
10-day period. The lack of response to precipitation in
well B3 indicates that the part of the aquifer open to this
well may be in poor hydraulic connection with the rest
of the aquifer.
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Table B1. Summary of inclined fracture orientations and reflectors in select boreholes by method of detection, Byron Stiperftmd site, II
[F, reflector interpreted to be a fracture; U, cause of reflection unknown; G, reflector interpreted to be a geologic contact; NI, not identified; NA, not analyzed:
DNI, not projected to intercept borehole]

Borehole
name (fig.
7)
SPW

PZ1

' PZ2

PZ3

AW1S
:
i
1

1
Altitude or projected altitut
of intersection with borehole (feet above National
Geodetic Vertical Datum o f
1929)

Fractures identified by acoustic
televiewer

Reflectors identified by single-hole ground-penetrating
radar

Strike (degrees
from magnetic
north)

Dip (degrees
from horizontal)

Strike (degrees
from magnetic
north)

Dip (degrees
from horizontal)

Interpreted cause of
reflection

765 ,

324

87

320

24

f-

756

27JO

£3

.w

NI

1

752
745"

?$
120

9

,NI

NI

!

87

NI

737 >

288

77

liGp

P
37

F

'

720

M

NI

53

u

j

711

m

77

44*

P

703

135

m

1

764

NI

NI

120

61

750

108

39

NI

NI

749

108

22

NI

NI

746

126

31

NI

NI

740

270

45

NI

NI

735

171

72

210

32

F

718

NI

NI

70

51

F

708

NI

NI

190

27

F

NI

NI

250
'NI
mum

NI ^^ j

^^

u

688

198

31

:787

NI

NI

37

G

775;

216;

; 85

2S|OJ

.44

F

763

3 is

NI

NI

715

288

86
73;

40

46

784

NI

NI

200

46

768

0

11

NI

NI

744

0

31

90

44

741

315

54

NI

NI

737

315

58

NI

NI

719

306

77

NI

NI

716

153

84

NI

NI

709

333

67

NI

NI

702

153

78

NI

NI

694

153

80

NI

NI

681

NI

NI

250

58

U

677

NI

NI

280

33

G

643

NI
Ml

NI

170

NI;

^^masunt

!77l

18

63

NI

m

*776

117

76

NA

34
;42
89'

787

766

27

8tt

m

DM,

NI

NJ;

11Q

65
^mum

jw-n-

G
U
F

-anwnr^

G
F
U

138

A Cross-Site Comparison of Methods Used For Hydrogeologic Characterization of the Galena-Platteville Aquifer in Illinois and Wisconsin

Water levels in wells open to the Galena-Platteville
aquifer in and near the BSY also responded to changes
in barometric pressure (U.S. Environmental Protection
Agency, 1994; Kay and others, 1999). Water levels
in well AW5I indicated instantaneous fluctuations in
response to changes in barometric pressure during monitoring in July 1993 (fig. A7). The barometric efficiency
of well AW5I varied substantially depending on which
data measurements used, but averaged 107 percent.
Wells B3, B5, AW3, AW6, MW8, and MW9 indicated
less response to barometric changes. Additional monitoring of barometric pressure and water levels over a
3-day period in October 1989 indicates that water levels
in well AW IS show a substantial response to variations
in barometric pressure, well B3 less so, and well AW1D
appears to be unaffected by the 15 millibar change in
barometric pressure. The barometric efficiency of a
well is inversely related to its storage coefficient (Jacob,
1940), which is affected by whether the aquifer is confined or unconfined (Rasmussen and Crawford, 1996).
Therefore, the response to barometric pressure indicates
the storage coefficient of the Galena-Platteville aquifer
is low at well AW5I, which is indicative of a confined
part of the aquifer. The moderate response to barometric
pressure indicates the storage coefficient of the GalenaPlatteville aquifer is intermediate at water-table wells
AW1S, B5, AW3, AW6, MW9, and B3, and deep well
MW8, indicating that the aquifer may be unconfined
at the screened interval of these wells. The response to
barometric pressure indicates the storage coefficient of
the Galena-Platteville aquifer is high at well AW1D,
indicating unconfined conditions. However, other data
indicate that the aquifer is confined at well AW1D and
the lack of water-level response to barometric pressure at
this well may be because of well storage, skin effects, or
low aquifer permeability.

Periodic Measurements
Water levels were collected periodically from the
available wells from 1985 to 1999. The most frequent
monitoring occurred during 1985-92. With the exception of wells B3 and MSI, water levels in the wells
with a period of record prior to 1990 varied by 10-20 ft.
Water levels in wells B3 and MSI varied by less than 10
ft from 1985 to 1999, whereas annual variations typically were about 10 ft for the remaining wells (fig. B4).
The data are insufficient to clearly evaluate seasonal
trends or the relation between water levels and precipitation. The small fluctuation in water levels at well MSI
may be related to its position in the downgradient part
of the Galena-Platteville aquifer at the Byron site. The
small fluctuation in water levels at well B3 indicates that
this well may monitor an area in poor hydraulic connection with the rest of the aquifer.

Water levels at well clusters open to the water table
and the middle or base of the Galena-Platteville aquifer
typically increased and decreased at the same time and
typically by similar amounts (fig. B4). These patterns
indicate that the Galena-Platteville aquifer has sufficient
hydraulic interconnection to respond to hydraulic effects
as a single aquifer.
Water levels from most of the periods of measurement were used to construct the water-table configuration and the potentiometric surface at the bottom of the
Galena-Platteville aquifer so that a three-dimensional
representation of flow directions could be obtained.
Water-level data collected on May 11 and 12, 1992 (figs.
13, 14), are representative of typical hydraulic conditions
and are used to illustrate ground-water-flow directions
and gradients.
The water-table configuration in the Galena-Platteville aquifer generally mirrors surface topography.
The overall direction of flow is toward the Rock River,
with components of flow toward the topographic lows at
Woodland Creek and the West Ravine (fig. 13). Waterlevel data indicate that a ground-water divide is present along the topographic ridge, a ground-water sink
is present at the topographic lows at Woodland Creek
and the West Ravine, and the Rock River is the point of
discharge. Based on the water-table configuration, the
Galena-Platteville aquifer underlying the southeastern
part of the Byron site can be divided into four zones on
the basis of the altitude and configuration of the water
table (fig. 13). Transitional areas are present between
zones.
Zone 1 corresponds primarily to the part of the
aquifer where the water table is above 770 FANGVD29
beneath much of southeastern part of the Byron site (fig.
13). Zone 2 is characterized by a flat part of the water
table from about 745 to 770 FANGVD29. Zone 2 is
located northwest of zone 1 and intersects with zone 1
in the southwestern part of the BSY. Zone 3 is a subset
of zone 2, and consists of a small area northwest of the
BSY, where water levels virtually are identical. Zone 4
is defined by water-level altitudes typically less than 750
FANGVD29 near Woodland Creek and less than 730
FANGVD29 near the West Ravine. Zone 4 is an area of
lower land-surface altitude.
Variations in the water-table altitude in fracturedrock aquifers reflect variations in the permeability
distribution and topography (LeGrand and Stringfield,
1971). The high water table at zone 1 indicates that this
is a zone of low permeability and a low degree of fracture interconnection, requiring high hydraulic gradients
to move water. This interpretation is consistent with
the results of geophysical and lithologic logging, which
indicate that the Galena-Platteville aquifer is composed
of generally competent dolomite in this zone, particularly in the upper part of the aquifer, although permeable features are present locally. Geophysical logs and
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Single Measurements-Packers
Test intervals isolated with the packer assembly
sampled most or all of the saturated thickness of the
aquifer at boreholes DF5D, DF12, DF13, SPW, AW IS,
and PZ1. Water levels did not equilibrate during testing
in various intervals from boreholes DF2D, DF4D, DF6,
and DF14D because of slow recovery rates and data
from these boreholes could not be used. Slow recovery
rates in these boreholes indicate low aquifer permeability.
Water levels measured above, within, and below the
test intervals indicate the potential for downward flow
within the aquifer at boreholes DF5D, DF12, DF13,
SPW, AW1S, and PZ1 and the potential for upward flow
near borehole DF17 (table B2). Water levels above and
below the test intervals typically differed by more than
20 ft in at least one test interval in boreholes DF5D,
AW IS, and PZ1. Water levels above and below the test
intervals differed by about 2 ft in the one test interval
from borehole DF17 and by at least 0.40 ft at borehole
DF12. Water levels above and below the test intervals
typically differed by less than 0.15 ft in all of the test
intervals in boreholes DF13 and SPW.
Water levels measured in some boreholes differed
substantially from the water levels measured in test intervals isolated with a packer assembly. Borehole AW IS is
open to the aquifer from 826 to 750 FANGVD29. The
water level in this borehole was 780.99 FANGVD29
prior to insertion of a packer assembly. When test interval A (from 765 to 750 FANG VD29) was isolated, the
water level in the test interval fell about 13 ft to 767.63
FANGVD29, whereas the water level above the test
interval rose about 23 ft to 803.93 FANGVD29 (table
B2). These data indicate that the water level in borehole
AW IS is lower than the actual water-table altitude. It
is probable that water levels in wells MW3, AW2, and
MW1 also do not accurately reflect the actual water
table.
Borehole DF5D is open to the Galena-Platteville
aquifer from about 690 to 830 FANGVD29. Water levels in the borehole and in that part of the aquifer above
the test interval were about 756 FANGVD29, when the
test intervals below about 739 FANGVD29 were isolated (test intervals A-D) (table B2). This water level
(756 FANGVD29) is similar to the water level within
the test interval when the test intervals included that
part of the borehole between 726 and 739 FANGVD29
(test intervals E-G). The water level above (for interval
G) or within (for intervals H and I) the test intervals
increased to over 767 FANGVD29 when that part of the
aquifer above 739 FANGVD29 was isolated. Similar
results were observed in the packed intervals above 742
FANGVD29 at borehole PZ1.
Because the water level in an open borehole is
affected by the vertical distribution of water levels and

Kh in the aquifer along the open interval of the borehole (Sokol, 1963), water-level data from test intervals
isolated with a packer assembly can provide insight into
the secondary-permeability network at a site. The high
vertical-hydraulic gradients in the upper part of the aquifer at boreholes AW IS, DF5D, and PZ1 indicate parts of
the aquifer with low vertical hydraulic conductivity and
the presence of few secondary-permeability features with
minimal vertical interconnection. The effect of secondary-permeability features at 726-739 FANGVD29 in
borehole DF5D and at 742 FANGVD29 in borehole PZ1
on the water level in these boreholes indicates that these
are the most permeable features at these boreholes, and
that these features are in poor hydraulic connection with
the overlying parts of the aquifer (table B2). The low
(less than 0.10 ft/ft) vertical hydraulic gradients observed
during packer testing at boreholes DF12, DF13, DF17,
and SPW (table B2) indicate that the Galena-Platteville
aquifer has good vertical hydraulic connection at these
boreholes. These conclusions are consistent with the
analysis of the periodic water-level monitoring at the
Byron site. Boreholes PZ1 and DF5D are in that part of
the aquifer corresponding to zone 1. Boreholes DF12,
DF13, and DF17 are in zones 3, 4, or transitional areas
of the aquifer. Borehole SPW is located in zone 1; however, this borehole intercepts a vertical fracture, which
likely transmits water vertically through the aquifer.

Geophysical Logs
Geophysical logs also were run in various boreholes
to determine the presence of permeable features (fractures, vugs, solution openings) in the Galena-Platteville
aquifer beneath the Byron site (table 3).

Temperature
Water temperatures measured with the geophysical
logs indicated little variation, ranging from about 10.5 to
11.0° C in most boreholes. Water temperature in boreholes AW IS and MW2 increased gradually with depth,
but indicated no changes indicative of inflowing or
outflowing water. Water temperature indicated a slight
change in gradient at about 702 FANGVD29 and perhaps at about 674 FANGVD29 in borehole AW ID and at
about 690 FANGVD29 in borehole PZ3. These altitudes
might correspond to the location of permeable features.
Water temperature indicated an abrupt increase with
depth just below a possible fracture identified on the
caliper log at about 690 FANGVD29 in borehole AW5D,
and at about 725 FANGVD29 in borehole PZ1 (table 6),
indicating that these features are permeable.

Appendix B Byron Site Data

141

Table B2. Water-level data in select test intervals isolated with a packer assembly, Byron Superfund site, III.
(NA, not applicable; NT, not taken; >, greater than; NE, not equilibrated)

Borehole
name (fig. 7)

Test interval

Altitude of test interval
(feet above National
Geodetic Vertical Datum
of 1929)

AW1S
AW1S
DF5D
DF5D
DF5D

A
B
A
B
C

DF5D
DF5D
DF5D
DF5D
DF5D

Water-level altitude (feet above National Geodetic Vertical Datum of 1929)
Above test
interval

In test interval

Below test interval

751-766
785-804
674-691
691-701
701-711

803.93
NA
756.32
756.28
756.31

767.63
804.12
754.41
756.12
756.17

NA
NT
NA
755.14
756.14

D
E
F
G
H

711-721
721-731
731-753
731-741
745-777

756.35
756.22
NA
767.92
NA

NT
756.19
756.24
756.02
776.02

756.20
756.05
756.20
756.02
755.79

DF5D
DF12
DF12
DF12
DF12

I
A
B
C
D

770-778
702-741
731-741
741-751
751-755

NA
759.87
759.87
>760.30
NA

777.42
759.87
759.83
759.91
759.85

765.07
NA
NT
NT
NT

DF13
DF13
DF13
DF13
DF13

A
B
C
D
E

680-695
695-705
705-715
715-725
725-735

764.02
NE
763.58
763.67
NT

763.95
NE
763.54
763.64
763.60

NA
NE
763.52
763.61
763.54

DF13
DF13
DF17
DF17
DF17

F
G
A
B
C

735-745
736-766
698-715
715-725
725-733

NE
NA
736.78
736.87
NA

NE
764.80
738.73
NT
736.79

NE
764.50
NA
738.74
NT

PZ1
PZl
PZ1
PZl
PZl

A
B
C
D
E

671-687
687-697
694-704
704-714
714-724

753.85
753.91
753.93
754.31
754.39

754.00
753.81
753.83
753.86
754.04

NA
754.23
754.41
753.80
754.05

PZl
PZl
PZl
SPW
SPW

F
G
H
A
B

724-734
734-744
744-754
686-702
702-712

759.58
758.64
791.54
NT
754.13

755.03
755.09
758.84
NT
754.05

755.03
755.14
>755.51
NT
NA

SPW
SPW
SPW
SPW

C
D
E
F

712-722
722-732
732-742
742-751

753.68
753.58
NT
NA

753.58
753.56
NT
753.56

NT
NT
NT
NT

142

A Cross-Site Comparison of Methods Used For Hydrogeologic Characterization of the Galena-Platteville Aquifer in Illinois and Wisconsin

Fluid Resistivity
Fluid-resistivity values measured in boreholes
DF2D, AW1S, AW1D, AW5D, MW2, PZ1, and PZ3
typically were about 1,500 to 2,000 ji mho/cm. Resistivity values in boreholes DF2D and MW2 decreased
gradually with depth and indicated no changes indicative
of water flowing into or out of the borehole. Resistivity values indicated an increase of about 20 ^mho/em at
792 ft at borehole AW1S, and a slight change in slope
at about 727 FANGVD29 in borehole PZ1 (table 6)
and at about 796 FANGVD29 in borehole PZ3. These
depths may correspond to permeable features. Resistivity values indicated an abrupt decrease of approximately
25 \\. mho/cm with depth near a possible fracture identified on the caliper log at about 690 FANGVD29 in
borehole AW5D, indicating that the possible fracture is
permeable. Fluid-resistivity values indicated a gradual
decrease of approximately 50 \i mho/cm with depth at
about 727 FANGVD29 at borehole AW1D, increased by
about 2,000 ^mho/cm to a maximum value at about 687
ft, then decreased steadily by about 1,500 ^mho/cm to
the bottom of the borehole at 672 ft. There may be permeable features at 672-687 FANGVD29, and 687-727
FANGVD29 at borehole AW1D.

Flowmeter Logging Single Hole
Flowmeter logging under conditions of ambient
flow in borehole DF4D indicates downward flow in the
borehole with water cascading down the borehole to the
top of the water column at 766 FANGVD29 and inflow
along a subhorizontal bedding-plane parting near the
top of the Grand Detour Formation at 757 FANGVD29
(table 6)(fig. B1). Outflow was detected through a series
of bedding-plane partings, inclined fractures, and vugs in
the upper to middle parts of the Grand Detour Formation
between about 753 and 728 FANGVD29 and the middle
part of the Pecatonica Formation below about 700 and
690 FANGVD29.
Flowmeter logging under ambient-flow conditions
in borehole DF5D indicates downward flow in the borehole with water draining down the borehole to the top
of the water column at 762 FANGVD29 and, possibly,
inflow from one or more bedding-plane partings between
762 and 759 FANGVD29. Outflow was detected through
a series of bedding-plane partings, inclined fractures, and
vugs in the lower half of the Grand Detour Formation
between about 739 and 729 FANGVD29. No flow was
detected below 729 FANGVD29.
Flowmeter logging under ambient-flow conditions
in borehole DF12 indicates downward flow in the borehole with inflow through vugs and fractures in the lower
part of the Grand Detour Formation from about 741
through 728 FANGVD29 (table 6)(fig. B3). Concerns

over equipment safety prevented obtaining a flowmeter
measurement below 723 FANGVD29 in this borehole,
but in order for inflow to be present in the upper part of
the borehole, outflow must have been present below 723
FANGVD29.
Vertical flow was not detected under ambient-flow
conditions in borehole DF13. Water-level data collected
during packer testing identified less than 0.10 ft difference in water levels between the upper and lower parts
of this borehole (table B2), indicating that the lack of
ambient flow results from an absence of vertical hydraulic gradient within the borehole. Flowmeter logging
done in conjunction with pumping from borehole DF13
identified flow associated with bedding-plane partings
in the Grand Detour Formation at 759 and 734-732
FANGVD29, a vuggy part of the Grand Detour Formation at 747 FANGVD29, and bedding-plane partings in
the Pecatonica Formation at about 702 FANGVD29.
Flowmeter logging under ambient-flow conditions
in borehole DF17 indicates upward flow in the borehole with inflow through permeable fractures or solution openings in the Pecatonica Formation below 710
FANGVD29. Outflow is through bedding-plane partings
in the Grand Detour Formation at about 730 and 735
FANGVD29 (table 6).
Vertical flow was not detected under ambient-flow
conditions in borehole SPW (fig. B2). Water-level data
collected during packer testing identified less than 0.11
ft difference in water levels between the upper and lower
parts of this borehole (table B2), indicating that the
lack of ambient flow results from an absence of enough
vertical variation in water level within the borehole
to drive flow. The lack of vertical variation in water
level at borehole SPW may be attributed to good vertical hydraulic connection within the inclined fractures
that intercept the borehole. Flowmeter logging done
in conjunction with pumping in borehole SPW identified measurable flow through the inclined fractures in
the Grand Detour Formation above 736 FANGVD29
and through the inclined fracture in the Mifflin Formation at about 711 FANGVD29 (Frederick Paillet, U.S.
Geological Survey, written comrnun., 1993). About 0.03
gal/min of flow occurred through one or more beddingplane partings in the Pecatonica Formation at about 698
FANGVD29. Single-hole reflection surveys identified a
reflector at about 711 FANGVD29 in borehole SPW, but
no reflectors were identified near the other permeable
intervals. The interval at 711 FANGVD29 approximately
corresponds to the depth of the lower zone identified at
borehole SPW on the cross-hole tomograms. This result
indicates the lower zone is a permeable subhorizontal
fracture and that it may extend from boreholes PZ3 and
SPW to borehole PZ1. This fracture shows no clear relation to changes in lithology.
Flowmeter logging under ambient-flow conditions
in borehole PZ1 indicates downward flow, with water

Appendix B Byron Site Data

cascading down the borehole to the top of the water column and, possibly, inflow from fractures at or near the
highest point of flow measurement at 748 FANGVD29
(Frederick Paillet, U.S. Geological Survey, written
commun., 1993, 1997)(table 6). Outflow was through a
vuggy, fractured part of the aquifer in the Mifflin Formation (fig. 11) at an altitude of about 708 FANGVD29.
The altitude of the outflow interval corresponds to one of
the reflectors identified from the single-hole radar survey
(table Bl). The altitude of the outflow interval also is
consistent with the altitude of the lower zone identified
at borehole SPW on the cross-hole tomosrams (figs. A5,
A6; table 5).
Flowmeter logging under ambient-flow conditions in borehole PZ2 indicates downward flow, with
water draining down the borehole to the top of the
water column and, possibly, inflow from a series of
fractures above the highest point of measurement at 784
FANGVD29. Outflow was through inclined or horizontal fractures in the Nachusa Formation at an altitude of
about 761 FANGVD29, one or more horizontal fractures
in the Grand Detour Formation between 748 and 754
FANGVD29, and a fracture at about 723 FANGVD29.
Single-hole reflection data identified a reflector at 787
FANGVD29 in this borehole but no reflectors were identified at the other depths of flow (table B1).
Flowmeter logging under ambient-flow conditions
in borehole PZ3 indicates downward flow, with water
draining down the borehole to the top of the water column and, possibly, inflow from some of the horizontal
fractures near 764 FANGVD29. Inflow was through
a horizontal fracture in the Grand Detour Formation at
750 FANGVD29. Outflow was through horizontal and
inclined fractures in the Pecatonica Formation at about
694 FANGVD29. Single-hole reflection data identified a reflector at 746 FANGVD29 in this borehole, but
no reflectors were identified that clearly correspond to
depths of measurable flow. The outflow interval near
694 FANGVD29 approximately corresponds to the altitude of the lower zone identified at borehole PZ3 on the
cross-hole tomograms.
Flowmeter logging under ambient-flow conditions
in borehole AW IS gave inconsistent readings between
multiple measurements at the same depth and at different depths in the borehole, but indicated less than 0.10
gal/min of downflow in the borehole. The small amount
of flow coupled with the lack of consistent readings
precludes identification of specific depths of flow into or
out of this borehole. The large water-level differences
measured during packer testing in this borehole indicate
that the small amount of flow measured is the result of
uniformly low aquifer permeability at this borehole.
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Flowmeter Logging Cross-hole
Flowmeter logging in boreholes PZ1, PZ2, and
AW1S was done in conjunction with pumping in borehole SPW at 22 gaVmin, and in borehole PZ3 at 32
gal/min (Frederick Paillet, U.S. Geological Survey,
written commun., 1993). Analysis of changes in flow
in response to pumping resulted in identification of flow
pathways between boreholes.
Analysis of changes in the flow in borehole PZ1
during pumping in borehole SPW indicates hydraulic
connection between the permeable feature at about 708
FANGVD29 in borehole PZ1 and one or more fractures
supplying the water pumped from borehole SPW (table
6). Analysis of flow in borehole PZ2 during pumping in
borehole SPW indicates hydraulic connection between
the fractures from 748 to 754 FANGVD29 and, possibly, the horizontal or inclined fracture at about 761
FANGVD29 in boreholes PZ2 and SPW. Analysis of
changes in flow in borehole PZ3 during pumping in
borehole SPW indicates hydraulic connection between
the fractures at about 764, 750, and 694 FANGVD29 at
borehole PZ3 and one or more fractures supplying water
to borehole SPW. No changes in flow were observed in
borehole AW IS during pumping in borehole SPW.
Analysis of changes in the flow in borehole PZ2
during pumping in borehole PZ3 indicate hydraulic
connection between the horizontal fractures above 784
FANGVD29, and at 748-754 FANGVD29 in borehole
PZ2 and one or more fractures supplying the water
pumped from borehole PZ3. No changes in flow were
observed in borehole AW IS, SPW, and PZl during
pumping in borehole PZ3.
Flowmeter, acoustic televiewer, and boreholeradar data in the vicinity of boreholes SPW, PZl, PZ2,
PZ3, and AW IS indicate inclined fractures that intercept the borehole above 736 FANGVD29 and at 711
FANGVD29 supply most of the water to borehole SPW.
These fractures are connected hydraulically to an upper
flow pathway at about 750 FANGVD29 and a lower flow
pathway below 711 FANGVD29 (figs. A5, A6). The
upper flow pathway appears to correspond to a number
of horizontal fractures in the upper part of the Grand
Detour Formation. These fractures are above the argillaceous deposits of the Grand Detour Formation identified
as the upper zone by the cross-borehole tomography and
are overlain by a low-permeability interval. The upper
flow pathway may be absent near borehole AW1S. The
lower flow pathway appears to correspond to a fractured interval that extends between boreholes SPW and
PZl, between 711 and 708 FANGVD29, and between
boreholes SPW and PZ3, between 711 and about 694
FANGVD29. The lower flow pathway appears to correspond to the lower permeable zone identified with the
cross-hole logging and corresponds to the Mifflin and
Pecatonica Formations.
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Flowmeter logging was done in boreholes DF13 and
DF5D during pumping in borehole DF4D at 6.5 gal/min.
Borehole DF13 had a slight increase in flow between
742 and 721 FANGVD29, indicating flow between the
permeable features supplying water to borehole DF4D
and permeable features in the lower portion of the Grand
Detour Formation at borehole DF13. Borehole DF5D
did not respond to pumping in borehole DF4D.

Hydrophysical Logging
Hydrophysical logging under ambient-flow conditions in borehole DF4D indicated flow down the borehole wall to the top of the water column, flow into the
borehole through subhorizontal bedding-plane partings
at about 754, 739-743, 729, and 694-698 FANGVD29
(GZA Geoenvironmental, Inc., 1991)(table 6). Hydrophysical logging indicates the specific conductance of
the permeable features above 729 ft was about 840 uS/
cm, whereas the specific conductance of the permeable
feature from 694 to 698 ft was about 600 uS/cm. This
interpretation is consistent with that made from analysis of the single-borehole GPR survey, which indicated
decreased fluid conductivity with depth at this borehole.
Hydrophysical logging under ambient-flow conditions in borehole DF12 identified inflow through
the fractures and solution openings below about 713
FANGVD29 (table 6). Hydrophysical logging under
conditions of ambient flow in borehole SPW did not
detect vertical flow, presumably because of a lack of vertical variation in water level within the aquifer. Hydrophysical logging, done in conjunction with simultaneous
pumping and fluid injection in borehole SPW, identified
inflow through inclined fractures at about 711 and 744
FANGVD29 (table 6). Hydrophysical logging indicates
the specific conductance of the permeable feature at
711 FANGVD29 was about 1,035 uS/cm, whereas the
specific conductance of the permeable feature at 744
FANGVD29 was about 725 uS/cm. This interpretation
is different from that made from analysis of the singleborehole GPR survey that indicated decreased fluid
conductivity with depth at this borehole.

Aquifer Tests
Slug tests, specific-capacity tests, step-drawdown
tests, multiple-well tests, and tracer tests were performed
at the Byron site (table 3). The results of these tests
confirm and expand upon interpretations of hydrogeologic conditions determined with the application of other
methods.

Slug Tests
Kh values were obtained from slug tests in 55 monitoring wells open to the Galena-Platteville aquifer at the
Byron site and in 55 test intervals isolated with a packer
assembly that sampled most of the aquifer thickness at
wells AWIS, DF2D, DF4D, DF5D, DF6, DF12, DF13,
DF14D, PZ1, and SPW. Kh values ranged from a high
of 11,000 ft/d in test interval B of borehole DF12 to a
low of 0.0034 ft/d in test interval A of borehole DF14D.
The large variation in Kh supports the conclusion that
the Galena-Platteville aquifer is highly heterogeneous.
The geometric mean of the Kh values was calculated
for each of the four zones in the Galena-Platteville aquifer identified from analysis of the water-table configuration (fig. 13). The mean Kh in zones 1,2,3, and 4 was
0.31, 5.2, 240, and 8.0 ft/d, respectively. The median
Kh in the upper part of zone I is 0.11 ft/d, slightly lower
than the mean Kh in the lower and middle parts of zone
1 (0.48 ft/d). These conclusions are consistent with
those drawn from analysis of the lithologic and flowmeter logs, water levels in test intervals isolated with a
packer assembly, and the water-table configuration.
Kh values obtained from the slug tests in the intervals isolated with a packer assembly in a borehole or
in the finished monitoring wells were compared to the
stratigraphic unit to which the well or test interval was
open. The geometric mean of the Kh for the Galena
Group is 0.12 ft/d (fig. 12). The geometric mean of the
Kh for the Pecatonica, Nachusa, and Quimbys Mill
Formations varied from 0.23 to 0.62 ft/d. The geometric mean of the Kh for the Mifflin and Grand Detour
Formations is 1.3 and 2.7 ft/d, respectively. If the values
determined for wells DF12 and MW16 northwest of the
BSY are excluded, the mean Kh of the Mifflin Formation is calculated to be 0.71 ft/d, indicating the Kh of the
Mifflin Formation is not appreciably higher than that of
the Pecatonica, Nachusa, and Quimbys Mill Formations
beneath most of the Byron site. The higher mean Kh
of the Grand Detour Formation across the Byron site is
consistent with the presence of collapse features in this
formation observed at the Benesh Quarry.
Comparison of Kh values for test intervals obtained
by use of the packers with the elevation of permeable
features identified from the flowmeter logs generally
show good to moderate correlation (table 6)(figs. B1,
B2, B3). The correlation was more consistent between
intervals of low permeability identified from the slug
tests and the flowmeter logs. For example, Kh values in
borehole AWIS are less than 0.05 ft/d, and no permeable
intervals were identified with the flowmeter logs.
Flowmeter logs and slug-test values show generally
good agreement at borehole DF5D, where flowmeter
logs indicate the presence of permeable features between
about 739 and 729 FANGVD29 and, perhaps, 762
and 759 FANGVD29. A Kh of 18 ft/d was calculated
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between 721 and 731 FANGVD29, and a value of 3.2
ft/d was calculated between 731 and 741 FANGVD29.
Kh values for the remaining test intervals were less than
0.10 ft/d, including the test interval corresponding to the
possible permeable feature at about 762 FANGVD29.
The differences in interpretation in aquifer permeability
at about 762 FANGVD29 can be attributed to the flowmeter log measuring inflow of water cascading down the
borehole to the top of the water column, not inflow from
a permeable fracture in this interval.
Flowmeter logs indicate the presence of permeable
features at borehole DF4D at 690-700, 728-753, and
757 FANGVD29 (table 6)(fig. Bl). Kh values greater
than 1.5 ft/d were calculated between 721 and 741
FANGVD29, whereas Kh values less than 0.90 ft/d were
calculated in the 683-698 interval, and Kh values less
than 0.50 ft/d were calculated in all of the remaining test
intervals, including the 751-762 interval. The presence
of measureable flow in intervals of comparatively low
Kh near the top and the bottom of borehole DF4D may
be a reflection of the large variation in water level over
the length of the borehole.
Although the saturated thickness of the GalenaPlatteville aquifer at borehole DF12 was about 12 ft
less during slug testing than during flowmeter logging,
analysis of slug tests and flowmeter logs both indicate
the presence of permeable features from approximately
728-741 FANGVD29 and between the bottom of the
borehole at 703 FANGVD29 and the lowest flowmeter
measurement at 723 FANGVD29 (fig. B3). Slug-test
results indicate high (greater than 4.0 ft/d) Kh above 741
FANGVD29, whereas a change in flow in this interval
was not detected by the flowmeter log. This discrepancy
is most likely because the Kh of the aquifer above 741
FANGVD29 is more than two orders of magnitude less
than it is from 731 to 741 FANGVD29 (11,000 ft/d),
precluding effective measurement of changes in flow.
Additionally, the Kh at the 703-740 FANGVD29 interval
is approximately an order of magnitude less than that
at the 730-740 FANGVD29 interval, indicating that the
aquifer at 703-730 FANGVD29 is less permeable than at
730-740 FANGVD29.
Kh values exceeded 2.0 ft/d in the interval from 727
to 747 FANGVD29 at borehole DF13, even though the
flowmeter log failed to detect flow, and, thereby, identify permeable intervals, under ambient-flow conditions
because of the low vertical hydraulic gradient within the
borehole. Areas of elevated permeability were identified at 702, 732-734, 747, and 759 FANGVD29 during
flowmeter logging done in conjunction with pumping. The permeable features identified at 702 and 759
FANGVD29 correspond to areas where the Kh was
calculated to be less than 0.50 ft/d. The low Kh calculated for the permeable feature at 759 FANGVD29 can
be explained, at least partially, by the atypically long
(20 ft) packer-test interval at this depth. Flowmeter
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measurements typically were collected at intervals of
5 ft or less, whereas slug tests were done at intervals
of 10 ft or more. Because it is assumed in the slug-test
analysis that the tested part of the aquifer is homogenous, the response of the thick low-permeability matrix
is combined with the response of the high-permeability
fractures and solution openings, resulting in low-permeability estimates for the entire interval. Flowmeter measurements allow for the characterization of permeable
features at numerous discrete points within the aquifer,
permitting the assembly of a more detailed permeability
profile than is possible with a 10-ft packer assembly.
Kh values from test intervals B, C, E, and F in borehole SPW (at 700-720 and about 730-755 FANGVD29)
were 1.0 ft/d or greater (fig. B2). Each of these zones is
either in or near permeable intervals identified with the
flowmeter logs done in conjunction with pumping from
the borehole (table 6). Kh values from test intervals
D, F and G in borehole PZ1 (at 703-713 and 723-743
FANGVD29) were greater than 0.90 ft/d. Only the 703713 FANGVD29 interval in this borehole corresponds
to a permeable feature identified with the flowmeter log
(table 6).

Specific-Capacity Tests
Borehole DF12 was pumped at 13, 33, and 71
gal/min on three different occasions in an attempt to
determine the feasibility of a multiple-well, constantdischarge aquifer test. After pumping the borehole at
71 gal/min for 112 minutes, 0.14 ft of drawdown was
measured in borehole DF12 and no drawdown was measured in nearby wells PW3, DF10, or MW39. A multiple-well aquifer test was determined to be infeasible
for this borehole, leaving a specific-capacity test the only
method available for estimation of hydraulic properties
for the aquifer at this borehole. The transmissivity of the
aquifer at borehole DF-12 was estimated to be 1.30 X
105 ft2/d. This value is consistent with the results of the
slug testing from this borehole.
Borehole PZ3 was pumped at 33 gal/min in an
attempt to perform a multiple-well, constant-discharge
aquifer test. After pumping borehole PZ3 for 100
minutes, about 22 ft of drawdown was measured the
borehole, but no drawdown measured in nearby wells
AW1S, AW1D, AW3, SPW, B3, PZ1, and PZ2 (fig. 7).
The transmissivity of the aquifer at borehole PZ3 was
estimated to be 130 ft2/d.

Multiple-Well Aquifer Tests
Multiple-well aquifer tests were done in the vicinity
of borehole SPW and borehole DF4D (table 3). These
test provided substantial insight into the flow pathways
within the aquifer.
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Borehole SPW
A multiple-well, constant-discharge aquifer test was
done in June 1987 by pumping 20 gal/min from borehole
SPW over a period of 3,140 minutes. Borehole PZ1
was 115 ft deep when this test was done and boreholes
PZ3, AW1S, AW1D, and AW3 had not yet been drilled.
The data from this test indicate that the Galena-Platteville aquifer is anisotropic and unconfined in this area
and acts as a double-porosity medium (Kay and others,
1989). Drawdown preferentially was oriented N. 60° W.
from borehole SPW, parallel to the dominant regional
fracture orientation and the orientation of inclined
fractures identified in borehole SPW (fig. B5). Aquifer
transmissivity was at a maximum of 670 ft2/d directed
N. 60° W. from borehole SPW and at a minimum of 490
ft2/d perpendicular to the N. 60° W. direction. Kh values
ranged from 5.8 to 8.0 ft/d, and the specific yield ranged
from 0.017 to 0.148. After initially dropping, water
levels in observation wells B3, B5 and PZ2 began to rise
about 1,000 minutes into the test and were about 0.10
to 0.60 ft higher at the end of the test (3,140 minutes)
than at about 1,000 minutes. Water levels in observation
wells PW3, MW8, MW9, PZ1, and B4 dropped during
the entire test. The increase in water levels in wells B3,
B5, and PZ2 could not be correlated with background
water-level fluctuations, indicating that the upper part
of the aquifer in the vicinity of wells B3, B5, and PZ2
may have become hydraulically isolated from the fractures supplying water to borehole SPW during the test,
presumably due to localized desaturation of the upper
fractured zone identified by the cross-hole GPR surveys.
Wells B5 and PZ2 are located in zone 1, a part of the
aquifer characterized by low permeability, especially in
the upper part of the aquifer and low vertical hydraulic
interconnection. Well B3 is located in a part of the aquifer that appears to be in poor hydraulic connection with
the rest of the aquifer. It is presumed that the water level
did not increase in borehole PZ1 because the part of the
aquifer monitored by borehole PZ1 remained hydraulically connected to borehole SPW by flow through vertical fractures connected to the lower fractured zone (figs.
A5, A6).

Borehole DF4D
A multiple-well, constant-discharge aquifer test
was done in February 1992 by pumping 8 gal/min from
borehole DF4D for 1,440 minutes. Borehole DF4D was
open to the entire thickness of the Galena-Platteville
aquifer during the test. Observation wells DF5D, DF6,
DF13, and DF14D were screened in the most permeable
parts of the aquifer identified from the slug testing and
the flowmeter logging.

The data from this test indicate that the GalenaPlatteville aquifer is heterogeneous and anisotropic in
this area. Drawdown preferentially was oriented N 90°
E from borehole DF4D, parallel to the orientation of
inclined fractures identified with the televiewer logs
in boreholes DF4D and DF5D and roughly parallel
to the orientation of the West Ravine in this area (fig.
A9). Drawdown also was greater in the middle of the
aquifer than at the water table (fig. A9), indicating that
the zone of elevated permeability between 730 and 760
FANGVD29 identified with the slug testing and flowmeter logging is the primary pathway for horizontal
ground-water flow (Kay and others, 1997)(table 6). A
large amount of drawdown was measured at the bottom
of the Galena-Platteville aquifer at well MW36, indicating the presence of hydraulically connected secondarypermeability features, most likely inclined fractures, in
the lower part of the aquifer in this area. Measurable
drawdown in the shallow part of the Galena-Platteville
aquifer at well PC3B indicates that the aquifer has some
vertical hydraulic connection in upper part of the aquifer
in this area, possibly because of the presence of inclined
fractures. The absence of drawdown in the shallow part
of the Galena-Platteville aquifer at well DF5S indicates
that there are few, if any, permeable inclined fractures in
the upper part of the aquifer in this area. These results
are consistent with the interpretations made from the
water-level data that indicated high vertical hydraulic
gradients in the aquifer near wells DF4S/4D and DF5S/
5D, and lower gradients at wells PC3B/DF6 (tables 4,
B2).
Transmissivity values calculated from the constantdischarge aquifer-test data for wells MW36 and DF6D,
located along or nearest the direction of maximum drawdown in the aquifer, were about 90 ft2/d. These values
are approximately an order of magnitude lower than
transmissivity values of about 725 ft2/d calculated for
wells DF5D and DF13 located furthest from the direction of maximum drawdown in the aquifer. The specific-yield values indicated no clear spatial patterns. The
distribution of transmissivity values is contrary to what
would be expected for an anisotropic aquifer, where the
wells closest to the direction of maximum drawdown
have the highest transmissivity, whereas the wells closest
to the direction of minimum drawdown have the lowest
transmissivity. No curve match could be made for the
data from wells DF4S and PC3B. Attempts to calculate
a transmissivity tensor using the Papadopulos (1965)
method and the method of Hsieh and others (1985)
yielded a negative value, indicating that the aquifer is
heterogeneous in this area. Aquifer heterogeneity in the
vicinity of well DF4D is consistent with the interpretations about aquifer heterogeneity in this area resulting
from the analysis of the water-level data. The waterlevel data indicate borehole DF4D is located in zone 1
but also near transitional areas and zone 2.
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Tracer Testing
A constant-discharge aquifer test was conducted
as part of a tracer test done in borehole SPW in June
and July 1993 (Kay and others, 1999). The tracer test
was done to characterize the hydraulic properties of the
aquifer in the vicinity of borehole SPW, with specific
emphasis on the lower flow pathway identified with the
cross-borehole tomography, slug testing, and flowmeter
logging done in this area.
Hydrologic conditions for data collection differed
between the 1987 and 1993 tests in borehole SPW.
Boreholes PZ3, AW1S, AW1D, and AW3 were not present in 1987, but were available for the 1993 test (fig. 7).
Borehole PZ1 had been deepened from 115 to 167 ft for

the 1993 test. Packers were installed in boreholes PZ1
and PZ3 to provide a more detailed depiction of aquifer response. As a result of abnormally high amounts
of precipitation immediately prior to the tracer test, the
saturated thickness of the aquifer was about 16 ft higher
during the 1993 tracer test than during the 1987 aquifer
test.
Borehole SPW was pumped at a constant rate of 20
gal/min for 3,068 minutes while monitoring water levels
in observation wells (wells expected to have detectable
drawdown) and background wells (wells not expected
to respond to pumping stresses). This pumping rate was
selected to duplicate conditions during the 1987 aquifer test. The discharge rate was increased to 28 gal/min
after 3,068 minutes of pumping and gradually decreased
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Figure B5. Drawdown of the water table after pumping borehole SPW for 1,000 minutes, Byron site, III., June 1987.

148

A Cross-Site Comparison of Methods Used For Hydrogeologic Characterization of the Galena-Platteville Aquifer in Illinois and Wisconsin

to about 25 gal/min by 4,365 minutes. Pumping from
borehole SPW stopped after 4,365 minutes. The tracerinjection phase of the test began 150 minutes after the
initiation of pumping from borehole SPW when 7.5 gal
of tracer water with a concentration of about 20,000
mg/L of bromide was injected into the packed interval
in borehole PZ1 (PZ1P) open to the aquifer from 708 to
718FANGVD29.
Background declines in water levels caused by fluctuations in barometric pressure and recovery from the
abnormally high water levels present in the aquifer were
more than 2 ft in most of the wells during the tracer test.
These background declines in water level were so high
that drawdown could not be reliably quantified in the
observation wells. Therefore, transmissivity and storativity values were not calculated. The data were analyzed
qualitatively to obtain a general understanding of the
flow pathways in the vicinity of the tracer test.
Comparison of the trends in water levels with
pumping changes clearly indicate that drawdown was
observed in boreholes PZ2 and AW ID, and in the
packed intervals in boreholes PZ1 and PZ3. These boreholes are close to the pumped borehole and the timing
and magnitude of drawdown in these boreholes could be
separated easily from background fluctuations for short
time periods. Drawdown may have been observed in
wells DF21, PW3, B4, AW5D, and AW6, however, the
water-level changes were difficult to pick out from the
background water-level declines and amount of drawdown, if present, could not be accurately determined at
these boreholes over even short time spans. Drawdown
was not indicated in the remaining wells, including wells
(MW8, MW9, B3) that contained measurable drawdown
during the 1987 aquifer test.
Flowmeter and borehole-radar data indicate that
water flows to the inclined fracture at borehole SPW
primarily through the upper flow pathway around 750
FANGVD29 and the lower flow pathway at about 7I1
FANGVD29. Because most of the flow is through these
pathways, it can be assumed that wells in good hydraulic connection with these pathways will have the largest
drawdown, whereas observation wells in poor hydraulic
connection with these pathways will have the smallest
drawdown. More than 0.90 ft of drawdown was measured at intervals PZ1A (1.35 ft), PZ1P (0.95 ft), and
PZ3A (1.15 ft) 100 minutes after the start of pumping.
All of these intervals are in good hydraulic connection
with the flow pathways supplying; water to in borehole
SPW. Intervals PZ3P (0.07 ft), PZ3B (0.10 ft), PZ1B
(0.32 ft), and wells AW1D (0.08 ft) and PZ2 (0.06 ft)
appear to be have moderate hydraulic connection with
the flow pathways. Drawdown may have resulted 100
minutes after the start of pumping at wells DF21, PW3
(0.05 ft), and AW5D (0.07 ft). The aquifer in the vicinity of these wells may be hydraulically connected to the
flow pathways supplying water to borehole SPW. The

absence of detectable drawdown in wells B5 and AW IS,
located in the upper part of the aquifer clustered with
deeper wells (AW5D and AW ID) that may have had
measurable drawdown, indicates that the upper part of
the aquifer is not in hydraulic connection with borehole
SPW in these areas.
The maximum amount of drawdown measured in
boreholes PZ1 (1.35 ft) and PZ3 (1.15 ft) 100 minutes
after the start of pumping was above the packed interval,
which monitored the upper flow pathway. Drawdown in
the test intervals in borehole PZ1 was greater than in the
test intervals in borehole PZ3. Because borehole PZ3 is
about 10 ft closer to the pumped borehole than borehole
PZl, the larger drawdown in borehole PZ1 indicates that
flow is preferential along the orientation of the inclined
fractures (N. 60° W.) from borehole SPW to borehole
PZl.
Measurable drawdown in the various packed intervals in borehole PZ3 100 minutes after the start of pumping in borehole SPW during the tracer test contrasts
with the absence of hydraulic connection identified at
borehole SPW 100 minutes after the start of pumping in
borehole PZ3 during the flowmeter logging. The dissimilarity in the response to pumping in this borehole pair,
although borehole PZ3 was pumped at a substantially
greater rate (33 gal/min as opposed to 20 gal/min), indicates that boreholes PZ3 and SPW are supplied, at least
in part, by different secondary-permeability features.
The presence of separate permeable features supplying
water to boreholes in different parts of the Byron site
indicates that the Galena-Platteville aquifer is heterogeneous. The most likely pathway for flow to borehole
PZ3 that does not appear to contribute substantial flow
to borehole SPW is the vertical fracture between boreholes AW3 and PZl outlined by the fracture trace shown
in figure 8. However, boreholes AW3 and PZl did not
clearly show hydraulic connection to borehole PZ3 when
it was pumped, so the importance of this fracture on flow
cannot be determined.
Monitoring of the concentration of bromide ion
with time in the water pumped from borehole SPW (fig.
A10) indicated the velocity of the tracer through the
lower flow pathway between boreholes PZl and SPW
under the hydraulic gradient imposed by the pumping was about 152 ft/d. Solution of the Darcy velocity
equation results in a calculated effective porosity for the
lower flow pathway from 2.6 to 3.5 percent. Combining the effective porosity determined from the tracer
test with the water-level and Kh data obtained by use of
the packer assembly, solution of the Darcy equation (4)
yielded an average ground-water velocity through the
lower flow pathway of about 15.4 ft/d under hydrostatic
conditions.
The effective porosity of the lower flow pathway is
lower than the median primary porosity of the GalenaPlatteville deposits of about 10 percent (fig. 11) and
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exceeds typical effective porosity values for fractures
of less than 1 percent. An effective porosity value for
the lower flow pathway that is higher than those typical
of fractures and lower than those typical of the aquifer
matrix indicates that the fractures and matrix in the
Galena-Platteville aquifer in this area are connected
hydraulically. Hydraulic connection between fractures
and matrix is expected for a double-porosity medium
such as the Galena-Platteville aquifer.

Location of Contaminants
The concentration and distribution of cyanide and
VOC's in the ground water beneath the Byron site was
determined by sampling in test intervals isolated with a
packer assembly and from completed monitoring wells.
As these compounds are not present in nature, their distribution was used as a tracer to define migration pathways through the Galena-Platteville aquifer.
Concentrations of VOC's in the test intervals isolated with a packer assembly in boreholes DF4D (fig.
Bl), DF5D, DF12 (fig. B3), DF13, and DF17 tended to
be higher in the more permeable parts of the aquifer than
in the less permeable parts of the aquifer. These patterns
indicate preferential flow through the secondary-permeability features in the aquifer and smaller amounts of flow
through the less permeable parts of the aquifer.
The distribution of VOCs and cyanide in monitoring wells at the Byron site shows two general areas of
VOC's, one at the BSY and downgradient, and another
derived from two areas on the DFP (fig. 15). The types
of contaminants were variable spatially within the
aquifer, making their distribution useful for tracking the
movement of water in different parts of the aquifer.
The plume emanating from the BSY is composed
primarily of trichloroethene, which migrates northwest
to the Rock River along the direction of ground-water
flow in this area, and also along the dominant vertical
fracture orientation in the dolomite. The plume emanating from the BSY also contains cyanide; however,
cyanide largely is confined to the fracture traces in the
eastern part of the BSY and Woodland Creek, as well as
at Meyer's Spring (fig. 15). Woodland Creek appears
to define the extent of contamination in the northeastern
part of the Byron site, and appears to be a ground-water
sink.
The presence of VOC's in water at monitoring well
AW5I in the southeast corner of the BSY upgradient of
the source areas is difficult to explain (U.S. Environmental Protection Agency, 1994)(fig. 7). Well AW5I
is open to the middle of the Galena-Platteville aquifer
immediately above the shaley layer near the top of the
Grand Detour Formation, and the well is hydraulically
upgradient of disposal areas on the BSY. Wells B5, open
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to the water table, and AW5D, open to the base of the
Galena-Platteville aquifer, are clustered with well AW5I,
and do not contain VOC's. The presence of contaminant
in the middle of the aquifer hydraulically upgradient of
the defined disposal areas indicates one of two possibilities. There may be components of flow in the aquifer
opposite to the northerly direction of flow indicated by
the water-level data. Alternatively, contaminants (presumably in the form of a dense nonaqueous phase liquid)
may have migrated at depth from the disposal areas to
the area of well AW5I, presumably along the top of the
shaley layer at the top of the Grand Detour Formation.
The shale layer dips to the south in this area (fig. 10).
Two plumes are present in separate areas on the
southern part of the DFP (fig. 15). The first is composed
primarily of trichloroethene (TCE) and trichloroethane
(TCA). The second is composed of TCA and chloroform. Both plumes migrate southwest to the Rock River
along the West Ravine and approximately along the
direction of the secondary vertical fracture orientation
identified in the dolomite. Although water-level and
water-quality data are not available in much of the area
south of the DFP water-level data indicate that flow is
from the area south of the DFP is northward toward the
West Ravine. The presence of VOC's in the GalenaPlatteville aquifer south of the DFP indicates flow opposite to the direction indicated by the water-level data.
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Topographic Maps

The hydrogeologic characterization of the Tipton
Farm site is based on data collected and interpreted by
the USGS and USEPA (Robinson and Yeskis, 1998).
In addition, a substantial amount of data obtained by
previous investigators (Ecology and Environment, 1985,
1986, 1990) also was summarized and subjected to
analysis by the USGS and USEPA for this investigation.
A total of 10 investigative methods were used to develop
the hydrogeologic framework for the Tipton Farm site
(table 7). Most of these methods contributed to the characterization.

Analysis of land-surface topography during site
visits and from topographic maps (fig. 17) did not clearly
indicate the presence of fracture traces or sinkholes at
the Tipton Farm site. Comparison of surface topography with bedrock topography from lithologic logs
obtained during previous investigations did indicate that
topographic highs corresponded to locations where the
bedrock surface is elevated in comparison to the rest of
the site (fig. 18).

Lithologic logs
Previous Studies
In 1985 and 1986, Ecology and Environment
installed five monitoring wells (Tl - T5)(fig. 16) around
the landfill area, collected ground-water-level measurements, performed a SAR survey, and sampled ground
water. Ground-water-level data collected as part of
this investigation indicated a northwestern direction
of flow around the landfill area, with a more northerly
component during periods of low water levels. A number of high and low resistivity anamolies were detected
with the SAR survey, which could indicate the presence of unsaturated caverns/fractures (high resistivity)
or saturated caverns/fractures (low resistivity). Four
of the five wells were installed in areas with suspected
karst features based on the SAR survey, however, only
one small fracture was found in one well (Ecology and
Environment, 1985). Analysis of water samples from
the five wells indicated 24 parts per billion (ppb) of 2,4dimethylphenol in the sample from well Tl and 5 ppb
of trans-l,2-dichloroethene in the samples from well T5.
Water from both wells contained phenolic compounds
(Ecology and Environment, 1985, 1986).
A follow-up to the previous investigation by Ecology and Environment (1990), included the installation
of 11 monitoring wells (DS1 - DS9, T6S, T6D)(fig.
16), ground-water-level measurements, soil sampling
and ground-water-quality sampling. The investigation
indicated that the ground-water flow generally mirrors
surface topography (fig. 17). The major component
of ground-water flow was to the west-northwest with
seasonal variations and possible local variations because
of fractures. Ground-water-quality samples collected in
December 1987 and April 1988 indicated the presence
of phenolic compounds and other organic compounds in
water from wells Tl and T5 (Ecology and Environment,
1990).

Because all of the wells were drilled during previous
investigations, USGS analysis of the lithologic logs was
restricted to the information on the logs, which was limited to identification of lithology. This analysis indicated
the Galena-Platteville dolomite is overlain by 10-15 ft of
unconsolidated material near the drum-storage area (figs.
17, 18) and less than 5 ft of unconsolidated material near
the landfill.

Core Analysis
Core samples of the bedrock from wells DS8 and
T6D were inspected by personnel from the ISGS (Mike
Sargent and Steve Lasemi, Illinois State Geological Survey, written commun., 1992). Wells at the Tipton Farm
site appear to penetrate the St. James, Beecher, Eagle
Point, and Fairplay Members of the Dunleith Formation
(fig. 18). These deposits, or at least the Eagle Point and
Fairplay Members, appear to vary in thickness beneath
the Tipton Farm site. Horizontal and healed vertical
fractures were noted at about 814-816, 829, and 841
FANGVD29 in well T6D, and at about 819, 835-837,
842, 847, 849, 856-859, 867, and 869 FANGVD29 in
well DS8.
Porosity values for three samples of the Fairplay
Member ranged from 18 to 24 percent. Porosity values
for four samples of the Eagle Point Member ranged from
9 to 31 percent. Porosity values for two samples of the
Beecher Member ranged from 16 to 18 percent. Porosity
values for two samples of the St. James Member ranged
from 14 to 18 percent (Robinson and Yeskis, 1998).

Geophysical Logs
Caliper, natural gamma, and SPR logs were used for
geologic characterization at the Tipton Farm site (table
7).
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Caliper
Three-arm caliper logs indicate numerous small
increases in diameter in each of the boreholes, most of
which are above the water level. Large (greater than 1
in.) increases in diameter indicative of fractures were not
detected. Increases in borehole diameter tend to correspond to fractured areas identified by the core analysis.

Natural Gamma
The natural-gamma log for well T5 shows
a decrease in gamma activity below about 827
FANGVD29. This activity decrease may represent the
location of the top of the Eagle Point Member at this
location. The small interval of this well available for
logging limits the utility of the log.

Single-Point Resistance
The SPR log resistance values from well T5
decreased slightly with depth. This log provided no
conclusive information on site geology or the location of
secondary-permeability features.

Water-Level Measurements
Water-level measurements were made in April
1990, November 1992, March 1993, and December 1994
(table 8). Water-level data indicate that the water-table
configuration generally mirrors surface topography (fig.
19). Ground-water flow is from a ground-water divide
near the drum-storage area toward low points west and
northwest of the drum-storage area and the topographic
low at the intermittent stream south of the landfill area
(fig. 19). North of the intermittent stream, ground-water
flow typically is west-southwest, although the direction
of ground-water flow around the landfill is affected by
seasonal changes in precipitation and also can be to the
north and south.
Vertical hydraulic gradients at the DS4/DS8, DS6/
DS7, and T6S/T6D well clusters indicate the potential
for downward flow in the Galena-Platteville aquifer.
Vertical gradients at the DS6/DS7 and T6S/T6D well
clusters typically were about 0.05 ft/ft. These wells are
located in the northern part of the site where the altitude
of the bedrock surface is low in comparison to the rest
of the site. Vertical hydraulic gradients at the DS4/DS8
cluster typically were about 0.2 ft/ft. The DS4/DS8 cluster is located in the southern part of the site where the
bedrock surface is high. These gradients may indicate
that the vertical hydraulic conductivity of the upper part
of the Galena-Platteville aquifer is higher in the southern

part of the site near the bedrock ridge than in the northern part of the site near the bedrock lows.
Vertical hydraulic gradients for well nest DS4/DS8
are fairly consistent over time. From 1990 to 1994, the
average vertical gradient of 0.194 for well nest DS4/DS8
is near the 0.216 ft/ft average measured in 1987 and
1988 (Ecology and Environment, 1990). From 1990 to
1994, vertical hydraulic gradients for well nest T6S/T6D
are larger during periods of lower water levels with the
largest gradient (0.220 ft/ft) occurring in 1990 (Robinson
andYeskis, 1998).
Horizontal hydraulic gradients typically were about
0.03 ft/ft throughout the site. Horizontal hydraulic gradients were about 0.008 ft/ft near the landfill, indicating
that the aquifer is this area may be more permeable than
the rest of the site.

Geophysical Logging
SP logs were analyzed in an attempt to provide
insight into the location of permeable features. The
SP readings in wells T2, T4, and T5 indicated a large
decrease in about the upper 8 ft of the water column,
then decreased slightly with depth. The interval of large
signal response may correspond to a permeable feature,
but more likely was caused by the tool acclimating to
water.

Aquifer Tests
Slug tests were performed on wells DS1, DS2, DS5,
DS6, DS7, DS9, T6S, T6D, T4 and T5 in 1988 and 1990
(table C1). Slug tests were performed by the USGS on
wells DS1 through DS9 in 1994. Water levels in 1988
and 1990 were from 7.1 to 15.5 ft lower than water
levels in 1994 (Robinson and Yeskis, 1998). Kh values
calculated from the slug tests ranges from 0.01 to 1.00
ft/d (tabled).
Those wells around the landfill area (T6S, T6D, T4,
T5) typically had the lowest Kh values, indicating few
saturated fractures during testing in 1990. Comparison
of Kh values from wells tested in 1988 or 1990, and
again in 1994, show that five wells had similar Kh and
two wells had higher Kh values during 1994, when water
levels were higher. The higher Kh at these wells might
be due to higher water levels in 1994 resulting in saturated fractures being intercepted by the well that were
not within the water column in 1988 or 1990 (Robinson
and Yeskis, 1998).

Appendix C Tipton Farm Site Data
Table C1. Horizontal hydraulic conductivity values and date of
testing, Tipton Farm site, III.

Well name
(fig. 16)

Date of test
(month and
year)

Height of
static water
column (feet)

Horizontal hydraulic conductivity
value
(feet per day)

DS1

Apr-90

4.11

0.10

Dec-94

19.58

1.00

DS2

Apr-90
Dec-94

6.56
20.96

.60
.50

DS3

Dec-94

10.00

.40

DS4

Dec-94

22.54

.70

DS5

Apr-90
Dec-94

6.58
17.00

.50
.50

DS6

Mar-88
Dec-94

20.13
20.38

.50
.40

DS7

Mar-88
Mar-88
Dec-94
Dec-94

55.38
55.38
55.63
55.63

.30
.30
.30
.30

DS8

Dec-94
Dec-94
Dec-94

53.94
53.94
53.94

.50
.50
.50

DS9

Apr-90
Dec-94

4.11
13.20

.30
1.00

T6S

Jan-90

9.67

.10

T6D

Jan-90

33.27

.40

T4

Jan-90

7.44

.01

T5

Jan-90

12.72

.10
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Appendix D ACME Solvents and
Winnebago Reclamation Landfill Sites
Data
The ACME Solvents and Winnebago Reclamation
Landfill sites (the ACME/WRL site) were the location
of a series of environmental investigations between 1982
and 1990, with collection of data for routine monitoring
ongoing. The investigations of concern for this discussion were conducted from 1988 through 1990 by Warzyn
Engineering, Inc., and Harding-Lawson Associates.
The USGS provided field oversight and an independent
analysis of the data for the USEPA. Results of these
investigations are presented in Warzyn Engineering,
Inc, 1990; Harding-Lawson Associates, 1990; and Kay,
1991. These reports provide a detailed discussion of the
hydrogeologic investigations at the ACME/WRL site. A
total of 13 investigative methods were used to develop
the hydrogeologic framework for the ACME/WRL site
(table 9). Most of these methods contributed to the characterization.

Topographic and Aerial Photographic
Analysis
Analysis of land-surface topography during site
visits, and from topographic maps and aerial photographs, did not indicate the presence of fracture traces
or sinkholes at the ACME/WRL site. It is presumed
that these features were not identified because they are
absent within the area of investigation, though the thick
(more than 20 ft) unconsolidated deposits in parts of the
ACME/WRL site may be masking their presence. Comparison of surface topography with bedrock topography
indicated that topographic highs (not associated with the
landfill) corresponded to areas where the bedrock is near
the land surface.

Quarry Visits
The Dunleith Formation of the Galena Group is the
only bedrock deposit exposed at the quarry north of the
ACME Solvents site (fig. 21). Solution features were
not observed, but vertical fractures were present. The
strike of these vertical fractures ranged from N. 53° W. to
N. 67° W., with a second set oriented between N. 18° E.
to N. 44° E.
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Lithologic Logs
Lithologic logs were done for all of the boreholes
drilled during environmental investigations at the
ACME/WRL site (tables 9, 10). The STI well series at
the ACME site and the G well series at the WRL site
were drilled for these investigations. The other wells
were drilled as part of previous investigations. The only
lithologic logs of use for characterization of secondary-permeability features were those for the STI series
of wells drilled for the investigation at the ACME site,
which were drilled using an air hammer. The remaining
wells were drilled using a tricone roller, which tended to
obscure the presence of permeable features because of its
slow drilling rate in comparison to other drilling methods. It is impractical to recount the particulars of the
logs for each well, but the logs indicate that the GalenaPlatteville deposits primarily were competent dolomite
yielding small amounts of water interspersed with occasional permeable zones indicative of fractures and vugs.
The lithologic log for well STI-ID indicated fractures at
598, 665, and 690 FANGVD29 (table 11). The lithologic log for well STI-3D indicated fractures at about
633 and 713 FANGVD29. The lithologic log for well
STI-4D indicated fractures at 666 and 700 FANGVD29.
A dramatic decrease in the amount of rock return was
observed below about 731 FANGVD29 at wells STI5I
and 5D, with a complete loss of water and rock return at
641 FANGVD29, indicating the presence of a large fracture or solution opening near 731 FANGVD29. Vugs
or fractures also were indicated at 707 FANGVD29 in
well STI-5D. Secondary-permeability features were not
identified from the remaining lithologic logs.

The entire thickness of the Galena-Platteville
dolomite (519-679 FANGVD29) was cored at a location
about 50 ft east of well STI-SP2 (fig. 21). In addition,
20-ft sections of core were collected at the completion
intervals for each of the STI-I and STI-D series of wells
(table 9). Stratigraphic analysis of these cores (HardingLawson Associates, 1990; Michael Sargent, Illinois State
Geological Survey, written comun., 1998) indicates that
the Platteville and Galena Groups beneath the ACME/
WRL site are composed of the Pecatonica (about from
519 to 543 FANGVD29 at well STI-SP2), Mifflin (about
from 543 to 564 FANGVD29), Grand Detour (about
from 564 to 603 FANGVD29), and Dunleith Formations (603 FANGVD29 to the bedrock surface)(figs. Dl
and D2). The Nachusa, Quimbys Mill and Guttenberg
Formations are not described in any of these cores,
indicating the presence of an unconformity at about 603
FANGVD29 at well STI-SP2.
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Description of the core taken near well STI-SP2
indicates that the Galena-Platteville dolomite contains vertical and horizontal fractures at about 576-583
FANGVD29 (Grand Detour Formation), 625-634,
657-684, and 697-710 FANGVD29 (Dunleith Formation) with vuggy intervals at 625-634, 657-684, and
697-710 FANGVD29 (Dunleith Formation)(fig. Dl).
Comparatively competent dolomite was indicated for the
uppermost 30 (Dunleith Formation) and lowermost 60 ft
(Pecatonica and Mifflin Formations) of the Galena-Platteville dolomite.
Although not part of this investigation, a core was
drilled in the quarry north of the ACME Solvents site
and analyzed for stratigraphy by the quarry operator
(Rockford Sand and Gravel, written commun., 2000).
The reference altitude of this core was not provided, so
the altitude of the features cannot be determined. The
Dunleith Formation is about 150 ft thick at the quarry
and is described as being underlain by about 4 ft of Guttenberg Formation, and by about 4 ft of the Quimbys
Mill Formation. The Quimbys Mill Formation is underlain by the Grand Detour Formation. It is unclear if the
discrepancy regarding the presence or absence of the
Quimbys Mill and Guttenberg Formations at the quarry
and at well STI-SP2 is related to the actual presence
or absence of these formations in different parts of the
ACME/WRL site, or differences between the interpretation of the persons doing the descriptions. However,
lithologic logs from well STI-3D in the quarry indicate
the presence of shale beds at about 603, 613, and 653
FANGVD29, which were not described in the other STI
wells. The two deeper shale beds are about 165 and 155
ft below land surface, which is consistent with the depths
described from the quarry core.

Caliper
Single-arm caliper logs show enlargements in well
diameter at about 667, 684, and 734 FANGVD29 in well
STI-ID (table 11), at 732 FANGVD29 in well STI-4D,
and at 729 FANGVD29 at well STI-5D. Single-arm caliper logs in well STI-3D tended to show general areas of
enlarged wellbore diameter from 583 to 593, 664 to 676,
at 719, and from 730 to 740 FANGVD29, as opposed to
distinct, individual features. Single-arm caliper logs in
wells STI-2D tended to show areas of enlarged wellbore diameter from 583 to 593, 664 to 676 , at about
719, and from 730 to 740 FANGVD29. Many of these
enlarged areas may be fractures or solution openings, but
it is more likely that these areas were enlarged during
drilling (wash outs) and are not representative of secondary-permeability features. Areas where caliper data
indicate potential fractures in a well usually are the same
locations where lithologic logs indicate the presence of
permeable features (table 11). Caliper logs run in the
remaining logged wells showed little variation in diameter, indicating competent, unfractured, dolomite.

Natural gamma

Geophysical logs were run primarily at the deep
well in the STI clusters at the ACME/WRL site (table
9). These logs expanded the geologic framework of the
ACME/WRL site and provided part of the foundation for
the hydraulic framework.

Natural-gamma logs run in well STI-SP2 were compared to the stratigraphic description from the nearby
core so the natural-gamma signal of the formations could
be identified (fig. Dl). Natural-gamma logs from wells
STI-ID, 2D, 3D, 4D, 5D, and SP1 then were compared
with natural-gamma logs from well STT-SP2 so the
stratigraphy across the ACME/WRL site could be determined (fig. D2). Comparison of the natural-gamma signal with the stratigraphic interpretations for each of the
wells indicates that the altitude of the contacts between
the various formations in the Galena and Platteville
Groups is variable. The contact between the Glenwood
and Pecatonica Formations is at about 543 FANGVD29
at wells STI-SP1 and STI-3D, but decreases to about 505
FANGVD29 at well STI-SP2. The natural-gamma log
from well STI-3D does not indicate that the Guttenberg
and Quimbys Mills Formations are present near this
well.

Borehole Camera

Neutron

Borehole-camera logging in well B6PW generally
showed competent rock with clearly identifiable subhorizontal fractures at about 609 and 677 FANGVD29 (table
11). Smaller, less distinctive fractures or bedding-plane
partings were present between 668 and 679 FANGVD29
and between 700 and 720 FANGVD29. An inclined
fracture was identified at about 650 FANGVD29.

The neutron log run in the borehole for well STISP1 prior to well installation shows an overall increase
in counts per second (cps) from the top to the bottom of
the Dunleith Formation, a slight decrease from the top
to the bottom of the Grand Detour Formation, generally consistent response throughout the Mifflin Formation, decreasing cps in the upper part of the Pecatonica
Formation, and similar cps in the lower part of the
Pecatonica Formation. Neutron logs run in the borehole

Geophysical Logs
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for well STI-SP2 (fig. Dl) also show an overall increase
in cps from the top to the bottom of the Dunleith Formation, a slight increase from the top to the bottom of the
Grand Detour Formation, consistent response throughout
the Mifflin Formation, and a small decrease in cps with
depth in the Pecatonica Formation. Neutron logs run
in the borehole for well STI-1D show a slight overall
increase in cps from the top to the bottom of the Dunleith Formation, but generally were unchanged from the
bottom part of the Dunleith Formation through the end
of the log near the top of the Mifflin Formation. Neutron
logs run in the borehole for well STI-2D also show little
change from the lower part of the Dunleith Formation
(the upper part is eroded in this area) through the Grand
Detour Formation, then a slight decrease toward the Mifflin Formation near the bottom of the borehole. Neutron
logs run in the borehole for well STI-3D show little
change in the upper part of the Dunleith Formation, were
elevated in the lower 20 ft of this formation, decreased
with depth in the Grand Detour Formation, and generally
were unchanged with depth in the Mifflin Formation at
the end of the log. Neutron logs run in the borehole for
well STI-4D show little change in the Dunleith Formation and increased slightly with depth through the Grand
Detour Formation to the top of the Mifflin Formation
at the bottom of the borehole. Neutron logs run in the
borehole for well STI-5D show little change in the upper
part of the Dunleith Formation, increase slightly in the
lower 30 ft of this formation, and decrease slightly with
depth in the Grand Detour Formation and the top of the
Mifflin Formation at the end of the log.
Neutron logs at the ACME/WRL site showed no
large, abrupt changes in cps readings that could be attributed clearly to fractures identified with the caliper or
lithologic logs. Neutron logs showed some correlation
with natural-gamma response, but this response was not
evident in all of the wells, or at all depths within a given
well. This lack of identifiable response to secondarypermeability features probably can be attributed to the
effects of the variation in the clay mineral content of the
dolomite and a lack of secondary-permeability features
containing enough water to be detected over the ambient
response.

Water-Level Measurements
Water levels were measured on a periodic basis.
These measurements resulted in an improved understanding of the hydrology of the Galena-Platteville
aquifer.
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Periodic Measurements
Water levels were collected periodically from
December 1984 through April 1990, with the most
intensive effort from October 1988 through August
1989. Water levels were used to construct the watertable configuration and to determine the horizontal and
vertical-hydraulic gradients within the Galena-Platteville
aquifer so that a three-dimensional depiction of flow
directions could be obtained. A major drought occurred
in 1988-89 affecting water-table configuration from May
1989 through February 1990.
Water levels varied by less than 5 ft from April 1988
through April 1990. The largest variation (4.47 ft) was
measured at well STI-3S. The smallest variation (1.79
ft) was measured at well B6D.
Water levels in wells open to the water table, the
middle, and the base of the Galena-Platteville aquifer typically increased and decreased at the same time
and typically by similar amounts during the period of
measurement (fig. D3). These patterns indicate that the
Galena-Platteville aquifer has sufficient vertical hydraulic interconnection to respond to ambient hydraulic
effects as a single aquifer.
During typical (non-drought) conditions, such as
were present at the site in November 1988, the watertable configuration indicates the direction of flow in the
Galena-Platteville aquifer generally is from east to west
toward Killbuck Creek, with a component of flow to the
southwest (fig. 24). A ground-water divide is located
north of the ACME Solvents site trending to the southeastern corner of the WRL. This divide corresponds to
the location of the bedrock ridge (fig. 22).
During drought conditions, ground-water flow
generally was from east to west toward Killbuck Creek
(fig. 24), but the ground-water divide shifted south of
the ACME site. This shift in the location of the groundwater divide appears to be in response to the comparatively large decline in water level north of the ACME
Solvents site near well STI-3S, and the comparatively
small decline south of the ACME Solvents site as indicated by the smaller change in water levels near well
B6S. These differences in the amount of water-level
decline may indicate that aquifer permeability north of
the ACME Solvents site is higher than the aquifer permeability south of the site.
Examination of the water-table configuration for
November 1988 (fig. 23) indicates that the horizontal hydraulic gradients, where the water table is in the
Galena-Platteville aquifer, tend to be highest between
the ACME Solvents and WRL sites (about 1 X 10'2 ft/ft)
and lowest in the eastern part of the ACME Solvents site
(about 6.5 X 10'4 ft/ft). These patterns in the horizontal
hydraulic gradients indicate that the Galena-Platteville
aquifer may be less permeable, and contain fewer inter-
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connected secondary-permeability features in the area
between the two sites than in the surrounding area.
Vertical differences in water level between the water
table and the middle of the Galena-Platteville aquifer and
between the middle and base of the Galena-Platteville
aquifer typically are less than 10 ft. Vertical flow directions vary with depth and location, but flow is directed
downward from the water table to the base of the aquifer
beneath most of the area near the ACME Solvents site
and beneath the southeastern part of the WRL. Flow is
directed upward from the base of the aquifer to the water
table south of the ACME Solvents site and northeast of
the WRL. Not considering direction, vertical hydraulic
gradients between the water table and the middle of the
Galena-Platteville aquifer ranged from -8.1 X 10~4 to
2.4 X ID'2 ft/ft (table Dl). Vertical-hydraulic gradients
between the middle and base of the Galena-Platteville
aquifer ranged from -1.4 X lO'4 to -1.3 X 10'2 ft/ft.
Vertical-hydraulic gradients in the Galena-Platteville
aquifer at the ACME/WRL generally are low, which
tends to indicate high vertical hydraulic conductivity
within the aquifer. Analysis of these limited data does
not indicate a substantial systematic variation in vertical
hydraulic gradient with location or depth in the aquifer,
indicating that the secondary-permeability network in
this area does not vary substantially.

Aquifer tests
Slug tests and multiple-well constant-discharge
aquifer tests were performed at the ACME/WRL site

(table 9). Analysis of these tests provided the primary
hydrogeologic insight into the nature of the secondarypermeability network at the site.

Slug tests
Kh values were obtained from slug tests performed
in 33 monitoring wells open to the Galena-Platteville
aquifer (table D2). Kh values obtained from the monitoring wells ranged from 0.024 ft/d in well STI-5D to 68
ft/d in well Gil 1, with a geometric mean value of 0.72
ft/d. This range indicates that the Galena-Platteville
aquifer is heterogeneous at the ACME/WRL site.
Kh values in the area defined approximately by well
G114 and the B6, STI-5, and Gil3 well clusters (fig.
21) have a lower geometric mean value (0.15 ft/d) than
the rest of the Galena-Platteville aquifer (2.1 ft/d). This
area, hereafter referred to as the Low Permeability Area,
is associated with a part of the bedrock ridge (fig. 22)
and is likely to have a small number of interconnected
secondary-permeability features in comparison to the
remainder of the ACME/WRL site. This conclusion is
consistent with the analysis of the spatial distribution of
horizontal hydraulic gradients at the site.
Kh values determined from slug tests in 13 test
intervals in boreholes open to the Galena-Platteville
aquifer and isolated with a packer assembly ranged
from 0.00022 to 26 ft/d, with a geometric mean value
of 0.057 ft/d (table D3). The geometric mean and range
of values from the test intervals isolated with a packer
assembly are both substantially lower than the Kh values
determined from the slug tests in the monitoring wells.
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734
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WellMW105

732
730
728
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718
11/14/1984
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12/23/1988
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DATE

Figure D3. Hydrograph for wells B6S, B6D, and MW105, ACME Solvents/Winnebago Reclamation Landfill sites, III., November 14,1984May7,1990.
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Table D1. Vertical hydraulic gradients, ACME Solvents and Winnebago Reclamation Landfill sites, III., November 1988.
[-, denotes potential for downward flow: ft/ft, foot per foot]

Calculated vertical hydraulic gradient (ft/ft)
Well cluster
STI1-S/1I

Multiple-Well, Constant Discharge Aquifer Tests
Multiple-well, constant-discharge aquifer tests were
performed in wells STI-3I and B6PW.

Well STI-31

Water-table/middle of Galena-Platteville aquifer

STI-2S/2I

-6.5 X 10 3
1.9X10-'

STI-3S/3I

-8.1 X 10-4

STI-4S/4I

-1.7 X 10-

P8/P9

3.0 X ID'3

B6S/B6D

-2.0 X 10-2

B10/B10A

2.4 X \0-2

B11/BI1A

-1.1 X 10-:

B13/P6

-1.5X10-2

B16/B16A

-2.4 X 10-3

G109/G109A

-1.8X 10-3

G113/G113A

-3.0 X 10-3

Well cluster

Middle/base of Galena-Platteville aquifer

STMI/1D
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7.2 X lO'1

STI-2I/2D

4.0 X 10-'

STI-3I/3D

-1.3X10-2

ST1-4I/4D

-1.4 x 10-'

STI-5I/5D

-1.4x 10-"

Areas of high Kh values identified from the test intervals isolated with a packer assembly indicated a lack of
correlation with potential permeable features identified
by geophysical or lithologic logs at these boreholes. For
example, the high Kh at 668-720 FANGVD29 at borehole STI-3D (table D2) is not indicated clearly with any
other method (tables 11, 12). This result indicates the
need to use methods that measure permeability directly.
This lack of correlation, and the difference between Kh
values obtained by use of a packer assembly and those
calculated from the monitoring wells, results partly
because of the comparatively large number of packer-test
intervals in the Low Permeability Area where secondarypermeability features largely are absent, partly because
some potential features (such as the potential fracture at
598 FANGVD29 at borehole STI-1D) were not subjected to aquifer testing, and partly because the long
(typically 20 ft or more) test intervals isolated with the
packer assembly may have obscured areas of elevated
Kh within the test interval.

The multiple-well, constant-discharge aquifer test
was done in well STI-31 in June 1989. Water levels were
monitored for 24 hours prior to the start of pumping in
well STI-31 and for 24 hours after the cessation of pumping. Well STI-31 was pumped for 48 hours at a rate of
about 4.9 gal/min with a water-level decline of about 60
ft. Water levels were measured in wells STI-3S, STI3D, Bl, B2, STI-1S, STI-1I, STI-1D, STI-4S, STI-4I,
STI-4D, B6S, MW201B, and STI-SP1 during all phases
of the test.
Aside from well STI-31, drawdown was not detected
in any well, including wells STI-3S and 3D. Wells
STI-3S and 3D are open to the Galena-Platteville aquifer
about 110 ft above and 37 ft below the open interval at
well STI-31, respectively. The absence of drawdown at
wells STI-3S and 3D indicates moderate to high vertical
hydraulic conductivity in the Galena-Platteville aquifer
at this well cluster, which is contrary to interpretations
drawn from analysis of vertical hydraulic gradient data.
A semi-log analysis of the water-level data from
well STI-31 (Cooper and Jacob, 1946) resulted in a calculated transmissivity of about 42 ft2/d and a Kh of 2.1
ft/d (Harding-Lawson Associates, 1990). The semi-log
plot of the drawdown data indicated that the drawdown
rate decreased during the later stages of the test. This
decrease could indicate a lessening of well loss because
of well development resulting from pumping, or the
induction of flow to the well from a permeable fracture
or vuggy zone away from the test interval.

Well B6PW
The multiple-well, constant-discharge aquifer test
was done in well B6PW in September 1989. Water
levels were monitored for 18 hours prior to the start of
pumping, and for 48 hours after the cessation of pumping. Well B6PW was pumped for 48 hours at a rate of
about 1.9 gal/min. Well B6PW was open to the GalenaPlatteville aquifer from about 589 to 722 FANGVD29.
Water levels were measured in wells B6S, B6D,
MW105, MW201A, MW201B, STI-SP1, STI-5I, STI5D, B4, B7, B9, G101, MW202, STI-3S, STI-31, and
STI-3D during all phases of the test.
Analysis of the water-level data in well B6PW
indicated about 100 ft of drawdown during pumping.
Substantial increases in the rate of drawdown were
observed when water levels in the well were about 688,
662, and 640 FANGVD29 (fig. D4). These increases are
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Table D2. Horizontal hydraulic conductivity values calculated
from slug testing in monitoring wells open to the Galena-Platteville aquifer, ACME Solvents and Winnebago Reclamation Landfill
sites, III.

Well name (fig. 21 )

Calculated horizontal hydraulic conductivity
(feet per day)

B4

1.3

B6S
B6D
B7
B9

.49
.030
1.5
1.1

BIO
B10A
Bll
BlIA
B12

.20
5.4
1.5
.32
.16

B13
B16
B16A
G101
G108

4.0
1.5
.48
40
7.9

G109
G109A
G110
Gill
Gil 3

.60
.015

Table D3. Horizontal hydraulic conductivity values calculated
from slug testing in test intervals isolated with a packer assembly,
ACME Solvents and Winnebago Reclamation Landfill sites, III.

Borehole name
(fig. 21)

Altitude of test interval
(feet above National
Geodetic Vertical Datum
of 1929)

STI-1D

675-687

0.12

616-637

.12

STI-3D

688-720

Calculated
horizontal hydraulic
conductivity (feet
per day)

26

639-660

.20

STI-4D

663-680

.12

STI-5D

661-681

.019

622-672

.0093

582-615

.45

623-665

.0081

572-597

.00022

STI-SP1

STI-SP2

640-681

.30

590-616

.0066

524-566

.026

4
68
.40

G113A
G114
MW104
MWI05
MW201B

.15
.19
2.9
.22
.058

MW202
P8
P9
STI-5S
STI-5I

1.8
5.1
1.5
.48
.039

STI-5D
STI-6S
STI-7I

.024
3.7
.037

attributed to the effects of dewatering fractures intercepting the pumped well near or above these altitudes.
The precise features that were dewatered to produce the
increase in drawdown cannot be identified from these
data. However, analysis of the borehole camera log
indicated that one or more of the subhorizontal fractures
from 700 to 720 FANGVD29, 668 to 679 FANGVD29
and an inclined fracture at about 650 FANGVD29 (tables
11, 12) may be the contributing features.
Drawdown was measured in wells B6S (1.5 ft), B6D
(1.8 ft), MW105 (5.3 ft), and MW201B (0.25 ft) during
the aquifer test. Well MW105 reached maximum drawdown about 5.7 hours into the test, then rose slightly for
the remainder of the pumping phase. Well MW105 is

open to the Galena-Platteville aquifer between 654 and
690 FANGVD29 (table 10). Well B6D is open to the
aquifer between 654 and 717 FANGVD29. Well B6S is
open to the aquifer between 706 and 719 FANGVD29.
Well MW201B is open to the base of the Galena-Platteville aquifer between 555 and 575 FANGVD29. The
drawdown pattern illustrates that most of the flow to
the well was through the fractures between 668 and
679 FANGVD29, and probably primarily through the
fracture at 677 FANGVD29 identified with the borehole
camera log at well B6PW (tables 11, 12).
The remaining observation wells, including wells
MW201 A and STI-SP1 in the B6 well cluster, did not
respond to pumping. Wells MW201 A and STI-SP1 are
open to the Glenwood Formation semiconfming unit and
the St. Peter aquifer, respectively.
Transmissivity values calculated from the timedrawdown data from wells B6S, B6D, and MW105 were
46, 61, and 10 ftVd, respectively (Harding-Lawson Associates, 1990), with a geometric mean value of 30 ftVd
using the method of Black and Kipp ( 1 98 1). Because
the well with the largest amount of drawdown, and
(presumably) the best hydraulic communication with the
fracture network had the lowest calculated transmissivity, the assumption of aquifer homogeneity for the Black
and Kipp (1981) method appears to have introduced
error to the transmissivity estimate. The geometric mean
value for the storage coefficient was 7.8 X 10~4.
The mean Kh value calculated from the well B6PW
aquifer-test data was 0.2 ft/d. This value is consistent
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Figure D4. Hydrograph of well B6PW during aquifer testing, ACME/Water Reclamation Landfill site, III., September 1989.

with the geometric mean Kh (0.15 ft/d) obtained from
the slug tests in the Low Permeability Area.
Well B6PW is within the Low Permeability Area
defined by the slug testing. The low transmissivity and
large of drawdown in response to a low pumping rate
confirms the low permeability of the aquifer in this area.
The presence of drawdown at well MW201B (open
about 15 ft below the bottom of well B6PW) indicates
some vertical hydraulic interconnection within the aquifer in this area. An analytical solution was used to simulate the time-drawdown data from well MW201B. The
model-simulated ratio of horizontal to vertical hydraulic
conductivity in the Galena-Platteville aquifer is between
5 and 100 (Harding-Lawson Associates, 1990). Coupled
with the low Kh of the area, this ratio indicates the presence of minimal vertically transmissive features in the
lower part of the aquifer near well B6PW. These results
are inconsistent with the interpretations drawn from
the water-level data, which indicate moderate to high
vertical hydraulic connection in the Galena-Platteville
aquifer.

Location of Contaminants
Water-quality data shows VOC's in ground water
from the northeastern part of the ACME Solvents site
west to Kill buck Creek (fig. 25). This movement of
VOC's is in the general direction of ground-water flow
defined with the water-level measurements. VOC's
are present at depth at the STI-2 cluster, which also is
located in the general direction of ground-water flow and
along one of the primary directions of the vertical fractures in the Galena-Platteville aquifer. The area between
the ACME Solvents site and the WRL corresponding to
a part of the Low Permeability Area tends to have lower
concentrations of VOC's near the water table and in the
upper part of the Galena-Platteville aquifer. The low
concentration of VOC's between the ACME Solvents
site and the WRL may be attributed to dilution from
periodic recharge from the intermittent stream south of
ACME Solvents and variations in aquifer permeability
resulting in preferential ground-water flow around the
Low Permeability Area.
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Appendix E Southeast Rockford Site Data

Appendix E Southeast Rockford Site
Data
The Southeast Rockford site has been the location
of environmental investigations performed in the late
1980's and early 1990's (Camp, Dresser and McKee,
Inc., 1992, 1994). The USGS investigation that forms
the basis for most of this discussion involved drilling
and testing of boreholes BH1, BH2, and BH3 in the
eastern part of the site during the winter of 1992-93
(fig. 26)(table 13). Detailed discussion of the methods
used for, and results of, the hydrogeologic investigation
performed by the USGS is presented in Kay and others (1994). Geologic and hydrologic data collected by
Camp, Dresser and McKee, Inc. (1992, 1994) also was
analyzed for this investigation. For ease of discussion,
the data collected as part of other investigations are integrated into the discussion of the specific methods, rather
than as a separate discussion of the previous investigations.

Topographic Analysis
Analysis of land-surface topography during site
visits and from topographic maps did not indicate the
presence of fracture traces or sinkholes at the Southeast
Rockford site. It is assumed that these features were
not identified because they are not present. However,
the thick (40-150 ft) unconsolidated deposits present
beneath most of the Southeast Rockford site may be
masking the presence of secondary-permeability features
in the Galena-Platteville dolomite. Comparison of surface topography with bedrock topography indicates that
topographic highs correspond to bedrock highs, whereas
topographic lows correspond to areas where the bedrock
was more extensively eroded.
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Lithologic Logs
Lithologic logs were completed for the boreholes
drilled for each of the environmental investigations
performed at the Southeast Rockford site. Lithologic
logs for boreholes BH1, BH2, and BH3 indicate that the
Galena-Platteville dolomite primarily is competent rock
interspersed with small intervals of fractures and vugs.
Each of the boreholes produced substantial quantities of
water during drilling, indicating moderate or high aquifer permeability. Lithologic logging identified various
possible fractures in each of the boreholes (table 15), but
only the feature at about 600-606 FANGVD29 in borehole BH1 (table 16) was described as being associated
with an increase in water return during drilling.

Geophysical Logs
A variety of geophysical logs were run in boreholes
BH1, BH2, and BH3. These logs improved the understanding of the geology of the Southeast Rockford site
and provided additional foundation for the hydraulic
framework.

Borehole Camera
A borehole-camera log was run in borehole BH3
(table 15). Camera logging showed competent rock with
large fractures just below the bottom of the casing at
about 650 FANGVD29. Subhorizontal bedding-plane
partings were present throughout the borehole, with
these features concentrated between 610-631 and 566587 FANGVD29. Prominent individual subhorizontal
bedding-plane partings were observed at about 580, 590,
597, 626, and 650 FANGVD29. Vuggy intervals were
observed at about 572, 581, 589, 594-610, 627, and 633638 FANGVD29.

Quarry Visits

Caliper

The Galena-Platteville dolomite is exposed about
0.75 mi south of borehole BH2 (fig. 26). About 5 ft
of the Wise Lake Formation is present at the top of the
quarry with the Dunleith Formation exposed below. The
quarry did not extend below the Dunleith Formation
at the time of this study. Vertical fractures also were
observed in the dolomite, but their orientation was not
measured.

Three-arm caliper logs show enlargements in the
borehole diameter of about 1 in. below the bottom of
the casing at about 625, 743, and 652 FANGVD29 in
boreholes BH1, BH2, and BH3, respectively. Smaller
(0.5 in. or less) but distinct enlargements in the borehole diameter also were observed at 563, 591, 603,
and 607 FANGVD29 at borehole BH1; 543, 600, and
663 FANGVD29 in borehole BH2; and at about 626
FANGVD29 in borehole BH3. The caliper log for
borehole BH3 indicates that the borehole is enlarged at
altitudes similar to those of the bedding-plane partings
identified by the borehole camera logging (table 15).
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Natural Gamma

Short-Normal Resistivity

Natural-gamma logs run in boreholes BH1, BH2,
and BH3 showed consistent response (fig. El) and indicated about 1 degree of dip toward the east. The lack of
detailed stratigraphic information at the Southeast Rockford site prevented comparison of the natural-gamma
logs with the local Galena-Platteville stratigraphy.
However, natural-gamma logs correlated with stratigraphy at the ACME/WRL site show good correlation with
the natural-gamma logs for boreholes BH1, BH2, and
BH3, allowing stratigraphy to be determined from the
natural-gamma logs from these boreholes. The natural gamma log for borehole BH2 indicates that the Dunleith
Formation is present above about 637 FANGVD29, the
Guttenberg, Specht's Ferry, Quimbys Mill, and Nachusa
Formations are very thin or absent, the Grand Detour
Formation is present at about 595-637 FANGVD29, the
Mifflin Formation is present at 572-595 FANGVD29,
and the Pecatonica Formation is present from about 542
to 572 FANGVD29.

As expected, short-normal resistivity logs typically
showed an inverse relation with the natural-gamma logs.
Short-normal resistivity logs showed no clear response
to possible secondary-permeability features identified
with lithologic, borehole camera, caliper, or acousticteleviewer logging (table 15).

Acoustic Televiewer
Acoustic-televiewer logs identified subhorizontal
bedding-plane partings through the entire thickness of
boreholes BH1, BH2, and BH3 (fig. E2). Bedding-plane
partings were identified at about 549-555, 560, 587, 597607, and 611-625 FANGVD29 in borehole BH1 (table
15). Bedding-plane partings were identified at about
537, 550, 558, 565, 589, 591-600, 617-669, 695, and
731-743 FANGVD29 in borehole BH2. Bedding-plane
partings were identified at about 569, 577, 582, 586,
592-600, 608-615, 620-630, and 638-642 FANGVD29 in
borehole BH3. Some of the partings correlate between
at least two of boreholes (fig. E2). Trends in the altitude
of many bedding-plane partings show a good correlation
with trends in the natural-gamma logs, indicating stratigraphic control on the distribution of the bedding-plan
partings (compare figures El and E2). Bedding-plane
partings correspond to areas of both high and low counts
per second on the natural-gamma logs, indicating that
many of them are not wash outs of shale partings.
Acoustic-televiewer logs identified an inclined
fracture at about 551 FANGVD29 at borehole BH2. This
feature is interpreted to be a subhorizontal fracture that
appears to be inclined on the televiewer log because of
borehole deviation.
Acoustic-televiewer logs identified vuggy intervals
in each of the boreholes. Vuggy intervals tended to concentrate in the less argillaceous parts of the dolomite.

Water-Level Measurements
Single, periodic, and continuous water-level measurements were collected as part of the investigations of
the Southeast Rockford site.

Periodic Measurements
Water levels were measured in monitoring wells
open at various depths in the Galena-Platteville aquifer
three times in 1991, once in 1993, and once in 1994
(Camp Dresser and McKee, Inc., 1992, 1994). Measurements indicate that flow in the aquifer is from east
to west, from the uplands toward the Rock River (fig.
28). Flow directions were consistent between measurements. Although horizontal hydraulic gradients were not
calculated, visual inspection of the water-level altitude
in the Galena-Platteville aquifer indicates low gradients
in the northeastern part of the Southeast Rockford site
and much of the area near borehole BH3 west of Alpine
Road. These might be areas of elevated aquifer permeability. Higher horizontal hydraulic gradients are present
in the western part of the study area defined by the 717.7
and 769.9 FANGVD29 water levels (fig. 28). There is
no clear correlation between the configuration of the
potentiometric surface of the Galena-Platteville aquifer
and the configuration of the top of the Galena-Platteville
dolomite (compare figures 27 and 28).
Water levels in the upper part of the Galena-Platteville aquifer typically exceed water levels in the middle
or deeper parts of the aquifer by less than 5 ft, indicating good vertical hydraulic interconnection between the
upper and middle parts of the aquifer beneath most of
the Southeast Rockford site. However, water levels in
the upper and middle part of the aquifer at the MW103
well cluster (fig. 29) were about 20 ft higher than water
levels at the base of the aquifer, indicating lower vertical
hydraulic conductivity in the lower part of the aquifer
at this location. Water levels at the top of the GalenaPlatteville aquifer near the MW106 well cluster (fig. 29)
were about 105 ft higher than the water level at the top
of the St. Peter Sandstone aquifer. This large difference
in water level indicates low vertical hydraulic conductivity within the Galena-Platteville aquifer or the Glen wood
semiconfining unit beneath the Southeast Rockford site.
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Figure El. Correlation of natural-gamma logs along line of section A-A' at the Southeast Rockford site, III. (line of section A-A' shown in
figure 26.)
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Single Measurements
Water levels measured in test intervals isolated with
a packer assembly sampled most of the saturated thickness of the aquifer at boreholes BH1 and BH2 (table
El). With the exception of the test interval B at borehole
BH1, water levels in the test intervals isolated with the
packer assembly indicate the potential for downward
flow within the Galena-Platteville aquifer. The upward
hydraulic gradient in test interval B likely is because
of inadequate time allowed for the water level in the
test interval to decline to its hydrostatic level, which is
indicative of low aquifer permeability at this test interval. Water levels above, within, and below the test intervals typically differed by less than 5 ft at borehole BH1,
but exceeded 20 ft for all but one of the test intervals in
borehole BH2. Borehole BH1 is located near the center
of the bedrock valley, whereas borehole BH2 is located
along the bedrock ridge near the MW103 well cluster.
The differences in water levels above, within, and below
the test intervals in borehole BH1 tended to increase
with depth, being less than 1 ft in interval F, about 2 ft in
intervals A and E, and more than 4 ft in intervals B-D.
The differences in water levels above, within, and below
the test intervals in borehole BH2 also tended to increase
with depth, being about 20 ft in intervals E and F, about
23 ft in interval D, and more than 30 ft in intervals A-C.
These patterns indicate that the vertical hydraulic conductivity of the Galena-Platteville aquifer decreases with
increasing depth in these areas.
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Comparison of water-level measurements in test
intervals and the open boreholes in borehole BH1 did not
show clear trends, indicating that no one zone is substantially more permeable than any other. Water levels
within the test intervals at zones E and F approximate
the water level in the open borehole, indicating that the
most permeable features in the borehole may be located
between 601 and617FANGVD29. Water-level measurements from open borehole BH2 were too infrequent
to allow comparison with water levels in the test intervals, but the data indicate that if one interval substantially is more permeable than any other, it is located
above the top of interval A (557 FANGVD29) and below
the bottom of interval F (732 FANGVD29).

Continuous Measurements
Water levels measured hourly in borehole BH3 during a 17-day period in December 1992 showed no clear
correlation with pumping from a Rockford Municipal
Supply well 16 (RMS16), located at the northeast corner
of Alpine and Harrison Roads (fig. 26). RMS16 is cased
through the Galena-Platteville aquifer and is open to the
underlying Cambrian-Ordovician aquifer. The lack of
water-level declines in the Galena-Platteville aquifer during pumping in the underlying aquifer indicates that the
Glenwood Formation and the lower part of the GalenaPlatteville aquifer has low vertical hydraulic conductivity

Table El. Water levels in test intervals isolated with a packer assembly, Southeast Rockford site, III.
[NA, measurement not applicable]

Water-level altitude

Borehole name
(fig. 26)
BHl

BH2

Test
interval

Altitude of test
interval
(feet above National Geodetic Vertical
Datum of 1929)

Open borehole
(feet above National
Geodetic Vertical
Datum of 1929)

Above test
interval
(feet above National Geodetic
Vertical Datum
of 1929)

Within test interval
(feet above National
Geodetic Vertical
Datum of 1929)

Below test interval
(feet above
National Geodetic
Vertical Datum of
1929)

A

544-566

715.40

715.50

715.46

NA

B

574-584

712.20

717.32

718.32

713.52
713.13

C

577-587

715.36

723.84

716.04

D

587-597

715.35

717.10

716.65

712.25

E

601-611

715.47

716.30

715.52

714.28

F

607-617

715.42

715.54

715.49

715.02

G

616-626

715.47

NA

713.72

NA

A

536-557

757.67

759.60

728.85

NA

C

582-592

NA

760.45

756.93

724.38

B

592-602

NA

767.14

747.60

726.06

D

652-662

NA

768.45

763.22

745.20

E

688-698

NA

768.60

767.67

748.10

F

732-742

763.2

NA

768.27

752.52
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and is composed of competent dolomite with few or no
secondary-permeability features.

FANGVD29 appear to be caused by the impeller getting
caught on the side of the borehole. It is unclear if this
zone is permeable. Flow was not detected below about
595 FANGVD29 in borehole BH3.

Geophysical Logs
Flowmeter logs also were run to identify the presence of permeable features in the Galena-Platteville
aquifer beneath the Southeast Rockford site.

Flowmeter Logging
Impeller flowmeter logging was done under ambient-flow conditions in boreholes BH1, BH2, and BH3
(fig. E3). Downward flow was detected in each borehole. Flow rates in these boreholes exceeded 5 gal/min,
above the range of detection for the heat-pulse flowmeter
to be used. Because the volume of flow within the borehole is affected by the both the hydraulic conductivity of
the aquifer and the vertical hydraulic gradient within the
borehole, the high flow rate measured in these boreholes
generally indicates high vertical hydraulic gradient and
(or) Kh of the Galena-Platteville aquifer. Analysis of
the water-level data indicates the high amount of flow is
likely to be related to the high vertical hydraulic gradients, which indicates high vertical hydraulic conductivity, and a poorly developed network of vertically interconnected features in the aquifer.
Flowmeter logging in borehole BH1 indicates
inflow from presumed subhorizontal fractures in the
weathered bedrock above 620 FANGVD29, and inflow
from one or more subhorizontal fractures at 601-606
FANGVD29, a subhorizontal fracture near the transition between the Grand Detour and Mifflin Formations
at about 596 FANGVD29, and fractures associated with
a shaley interval in the Mifflin Formation at about 587
FANGVD29. Outflow was through a vuggy interval and
a subhorizontal fracture in the Pecatonica Formation at
about 563-567 FANGVD29 (figs. El, E2, E3)(table 16).
Flowmeter logging in borehole BH2 indicates
inflow from a secondary-permeability feature in the
Dunleith Formation at about 720 FANGVD29. Outflow
was through a subhorizontal fracture associated with an
argillaceous bed near the bottom of the Grand Detour
Formation at about 600 FANGVD29, and through a subhorizontal fracture in the Pecatonica Formation at about
548 FANGVD29.
Flowmeter logging in borehole BH3 indicates
inflow from subhorizontal fractures in the weathered
bedrock above 650 FANGVD29. Outflow was identified
through a subhorizontal fracture associated with a shaley
bed near the transition between the Mifflin and Grand
Detour Formations at about 597 FANGVD29. Variations in the flow near a fractured and vuggy area in the
upper part of the Grand Detour Formation at about 628

Aquifer tests
Slug tests and specific-capacity tests were used to
quantify the hydraulic properties of the Galena-Platteville aquifer. Analysis of these tests also provided some
insight into variations in the permeability of the aquifer
(table 16).

Slug tests
Kh values were obtained from slug tests performed
by Camp, Dresser, and McKee (1994) in 22 monitoring wells open to the Galena-Platteville aquifer at the
Southeast Rockford site, including monitoring wells
installed at permeable intervals in boreholes BH1 and
BH2. Kh values ranged from 0.25 to 20 ft/d, with a
geometric mean value of 2.6 ft/d (Camp Dresser and
McKee, 1994). Kh values from slug tests done in monitoring wells installed at the permeable intervals identified with flowmeter logging in boreholes BHl and BH2
were between 13 and 20 ft/d and were the highest values
determined with the slug tests. These results confirm
that the flowmeter logging identified permeable parts
of the aquifer. Kh values indicate no apparent trends
with areal location or proximity to the bedrock valley or
bedrock uplands.

Specific-capacity tests
Specific-capacity tests were done in boreholes BHl,
BH2, and BH3 in conjunction with borehole development. Specific-capacity analysis resulted in calculated
transmissivity values of 6.8 X 103, 1.0 X 103, and 7.4 X
102 ftVd for boreholes BHl, BH2, and BH3, respectively.
If the transmissivity value is divided by the length of the
open interval at each borehole, the Kh of the GalenaPlatteville aquifer is estimated to be 77 ft/d at borehole
BHl, 5.3 ft/d and borehole BH2, and 8.0 ft/d at borehole BH3. Specific-capacity test results indicate that the
Galena-Platteville aquifer substantially is more permeable at borehole BHl, located near the center of the
bedrock valley, than at boreholes BH2 and BH3, which
are located in areas where the bedrock surface is higher.
However, the availability of only three data points limits
the certainty of this conclusion.

Appendix E Southeast Rockford Site Data
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Figure E3. Correlation of flowmeter logs along line of section A-A' at the Southeast Rockford site, III. (line of section A-A' shown in figure
26.)
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Location of Contaminants
The concentration and distribution of VOC's in
ground water beneath the Southeast Rockford site was
determined by sampling water quality from test intervals
isolated with a packer assembly (Kay and others, 1994)
and from monitoring wells (Camp Dresser and McKee,
1992, 1994). VOC's were detected in all but one of the
test intervals isolated with a packer assembly in boreholes BH1, BH2, and BH3 (table E2), indicating vertical
hydraulic connection within the aquifer. This interpretation is contrary to the conclusion, made from analysis of
the vertical distribution of water levels, that there is low
vertical hydraulic interconnection within the deeper part
of the aquifer. It is possible that the presence of VOC's
in the deeper parts of the aquifer results from nonaqueous phase liquids in the aquifer or vertical flow within
the boreholes transporting VOC's from the top to the
bottom of the aquifer.
Ground-water-quality data obtained from monitoring wells indicates two VOC plumes in the GalenaPlatteville aquifer emanating from separate areas at
the Southeast Rockford site (fig. 29). Both of these
plumes appear to move along the primary direction of
ground-water flow as identified with the water-level
measurements. Water-quality data collected prior to this
investigation indicated that these plumes may have been
Table E2. Results of water-quality sampling from test intervals
isolated with a packer assembly, Southeast Rockford site, III.

Borehole
name
(fig. 26)

Test
interval

Altitude of test
interval (feet above
National Geodetic
Vertical Datum of
1929)

BHl

A

571-592

2.185

B

600-610

2.173

C

604-614

208

D

613-623

2,690

BH2

BH3

Total concentration
of volatile organic
compounds
(micrograms per
liter)

E

627-637

6,510

F

633-643

2,370

G

643-653

1,798

A

536-557

414

C

582-592

2,840
1,446

B

592-602

D

652-662

1,502

E

688-698

2,780

F

732-742

3.870

B

560-577

0

A

587-597

42

D

623-633

35

C

641-651

13

absent in the Galena-Platteville aquifer and the overlying
unconsolidated aquifer in the vicinity of the MW105 and
MW107 well clusters. Borehole BH3 is located approximately midway between wells open to the Galena-Platteville aquifer at the MW105 and MW107 clusters, and
borehole BH3 is located hydraulically downgradient
from these wells. The open interval of the monitoring wells was based on their approximate location (top,
middle, bottom) within Galena-Platteville aquifer, rather
than the locations of identified permeable features. The
presence of VOC's in borehole BH3, identified by intensive characterization of the aquifer in this area, indicates
that the plumes may be connected west of Alpine Road
(fig. 29). Detection of VOC's in permeable parts of the
aquifer in an area thought not to contain VOC's based on
sampling results from the monitoring wells indicates that
ground-water-flow pathways in this area may be complex, with more flow through permeable features and
less flow through more impermeable parts of the aquifer. This interpretation appears to be confirmed by the
apparent presence of VOC's only in permeable intervals
in borehole BH3.
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Appendix F Belvidere Area Data
The USGS and USEPA began to perform detailed
investigations of the Galena-Platteville aquifer in the
Belvidere area during 1990 with the first of six investigations at the PCHSS. Prior to the studies by the
USGS and USEPA, hydrogeologic data pertaining to
the Galena-Platteville aquifer in the Belvidere area were
limited to less than 20 lithologic logs and monitoring
wells installed in the upper 30 ft of the aquifer. These
data were collected as part of lEPA-coordinated studies
of three Superfund sites. The investigations performed
at the PCHSS indicated the need for an area-wide
understanding of ground-water flow and water quality in
the bedrock aquifers, particularly the Galena-Platteville
aquifer. Therefore, investigations of hydrogeology and
water quality in the greater Belvidere area were performed. The various USGS and USEPA investigations
in the Belvidere area and at the PCHSSS were completed
by 2002.
Data that form the primary basis for this discussion
were collected throughout the Belvidere area; however,
borehole and monitoring-well data are concentrated
within the city of Belvidere, and particularly in the vicinity of the PCHSS (figs. 30, 31; tables 17, 18). Details of
the Belvidere area investigations, including investigative
methods and results, are presented in Brown and Mills
(1995), vanderPool and Yeskis (1991), Mills and others (1998, 1999b, 2002a, b), and Mills and Kay (2003).
Details of the USGS and USEPA investigations focusing
on the PCHSS are presented in Mills (I993a, b, c), Mills
and others (1994, 1998, 1999a), Kay and others (2000),
and Kay (2001).

Previous Studies and Database Search
Various hydrogeologic studies of the Galena-Platteville aquifer have been done in the Belvidere area,
including studies of three Superfund sites (Roy F.
Weston, Inc., 1988; Science Applications International
Corporation, 1992, 1996, 1998; Clayton Environmental
Consultants, 1996), an industrial facility (GZAGeoEnvironmental, Inc., 1993), one leaking underground-storage-tank site (Total Environmental Services, 1992) and
a multi-county study (Berg and others, 1984). With the
exception of the study at the industrial facility, hydrologic data from the Galena-Platteville aquifer collected
by previous investigators were sparse and limited to
the upper 30 ft of the aquifer. The previous studies
expanded the distribution of hydrologic data and provided a preliminary hydrogeologic and water-quality
framework for the Galena-Platteville aquifer.
A detailed study of the stratigraphy and lithology of
the Galena and Platteville Groups throughout their sub-
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crop area by Willman and Kolata (1978) particularly was
useful in initial characterization of these units and features of the units that possibly affect ground-water flow
and contaminant migration. Detailed studies of the distribution and orientation of orthogonally related fractures
in the Galena and Platteville Groups, where exposed in
outcrops and quarries in northern Illinois (Foote, 1982;
McGarry, 2000), were useful in initial characterization of
aquifer anisotropy and possible preferential flow paths.
These studies indicated primary and secondary orientations of the fracture sets of about N. 60-75° W. and N.
30° E., with variability in the orientation of fracture sets.
A survey was done to identify existing wells and
test borings within the Belvidere area (Brown and Mills,
1995). The survey included retrievals from the wellconstruction databases maintained by the USGS and the
ISGS and data from reports on the environmental studies
at the three Superfund sites, leaking underground-storage-tank sites, and other hazardous-waste or industrial
sites in the area. From this survey, 725 wells and borings
were identified, including 380 open exclusively to the
Galena-Platteville aquifer. Lithologic logs available for
these wells were used to determine the lithology, distribution, and thickness of the unconsolidated and bedrock
deposits in the Belvidere area. These logs rarely were
detailed enough to assist in the identification of stratigraphic subunits or permeable intervals associated with
fractures or other features.

Quarry and Outcrop Visits
Hydrogeologic features were mapped and groundwater discharges and withdrawals were identified during
inspections of the Schlicting, Irene Road, and Belstone
Quarries in the Belvidere area (table 17)(fig. 30). Limited solution was observed at fractures and beddingplane partings and water seepage was observed above
low-permeability intervals in the Galena Group at the
Irene Road Quarry. One particular interval restricting
flow was identified as the Dygerts bentonite bed in the
Wise Lake Formation. This bed was not detected in
other parts of the Belvidere area, nor was this interval
associated with ground-water flow.
Vertical-fracture orientations of a representative fracture set in the dolomite were measured at an
unnamed quarry in the northwest part of the study area
(fig. 30). The primary and secondary orientations of N.
80° W. and N. 10° E. varied by about 20° from the orientations mapped by Foote (1982) and McGarry (2000)
in nearby quarries (N. 60° W. and N. 30° E), but were
within their range of measurements.
A unit tentatively identified as belonging to the
Dubuque Formation is exposed at a natural outcrop adjacent to the Belstone Quarry (Dennis Kolata, Illinois State
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Geological Survey, oral commun., 1995). The Dubuque
and Wise Lake Formations both were identified at the
Irene Road Quarry.
Quarry inspections enhanced understanding of
the stratigraphy and lithology of the Galena-Platteville
deposits, orientation of some of the secondary-permeability features in the dolomite, and some of the hydrogeologic features that affect ground-water flow.

Surface geophysics
Azimuthal square-array direct-current resistivity
(SAR) surveys were done at the PCHSS and at two sites
located along the southernmost of the northeast-trending bedrock highs near the Irene Road Quarry and near
Stone Quarry Road (table 17, fig. 30) (Mills and others,
1998). At each site, up to nine surveys were conducted
representing increasingly larger squares (from about 14
to 223 ft), and, theoretically, detection and measurement
of orientation of increasingly deeper fractures.
The SAR survey done at the PCHSS indicated two
or more fracture orientations along each square, which
the orientations varying by as much as 60° between
squares. The primary orientation of the inclined fractures indicated by the SAR data for the smallest squares
(25, 36 and 42 ft) was N. 90° E. The primary orientation of the inclined fractures indicated by the SAR data
for the two largest squares (110 and 160 ft), those least
likely to be affected by the overburden, was N. 45°
E. with a secondary set oriented at about S. 45° E. A
secondary porosity of about 15 percent was estimated
with the SAR data from the squares less than 110 ft in
size, but could not be calculated from larger squares.
The SAR survey at the PCHSS was affected by substantial cultural interference including high-power, electrical-transmission lines, and underground metal piping.
Because of the interference, survey results were considered unusable.
Deeply penetrating high-angle fractures (interpreted
as extending to about 223 ft below land surface) tentatively were identified at the Stone Quarry Road and
Irene Road sites. The survey at the Stone Quarry Road
site indicated primary and secondary orientations of
this deep fracture set of about N. 60° E. and N. 45° W.,
respectively. The survey at the Irene Road site indicated
a primary orientation of the deep fracture set of about N.
30° W. (fig. A2). A secondary porosity of typically less
than 1 percent, and decreasing with depth, was calculated at these sites. Variability in the results indicated
the possibility of nearby electrical interference (Peter
Joesten, U.S. Geological Survey, written commun.,
1996); however, the closest identified above-ground
power lines were about 700 ft from the sites. Operations
at the quarry adjacent to the Irene Road site may account

for the difference between fracture orientations at the
Irene Road and Stone Quarry Road sites.
The SAR surveys, although providing information
on porosity and fracture orientation, are not necessarily
considered to be reliable because of the effects of cultural interference. This unreliability is indicated by differences in fracture orientations with depth at each site
and between sites, coupled with poor-to-moderate agreement with orientations determined by previous investigations, quarry visits, and borehole-geophysical methods.
The surveys appear to verify the presence of orthogonal
fracture sets in the Galena and Platteville Groups.

Lithologic Logs
Lithology and substantial changes in water return
during drilling were described for all of the boreholes
drilled by the USGS for investigations in the Belvidere
area, particularly those in the vicinity of the PCHSS
(tables 17, 18, 19). For this investigation, a BMW prefix
in the location identifier denotes a Belvidere Municipal
Well. A B or T prefix in the location identifier denotes
that the activity was performed while the location was a
borehole. A G prefix in the location identifier denotes
that the activity was performed in the monitoring well
completed in that borehole. USGS drilling logs provided
preliminary information on the location and distribution
of secondary-permeability features in the dolomite. This
information generally was confirmed and expanded upon
during subsequent data collection. Fractures were indicated at borehole T4 at the PCHSS between 734 and 739
FANGVD29 and at about 742-744 FANGVD29 in boreholes T5-T8 at the PCHSS (table 19). With the exception of an apparent fracture at about 709 FANGVD29
in boreholes Tl and T2 (table 19), fractures or solution
openings in the deeper part of the aquifer were not identified with lithologic logging.
All boreholes described here returned moderate
to large volumes of water during drilling, indicating
generally permeable rock, with that part of the boreholes
near the bedrock surface tending to be the most permeable. For example, borehole T4 at the PCHSS indicated
a loss of circulation during drilling between 734 and
739 FANGVD29, and increases in water return were
observed at about 742-744 FANGVD29 in boreholes
T5-T8, indicating the presence of a permeable feature
at these altitudes (table 20). With the exception of an
increase in water return at about 709 FANGVD29 in
boreholes Tl and T2, clear indicators of permeable features in the deeper parts of the aquifer were not readily
apparent during drilling.

Appendix F Belvidere Area Data

Core Analysis
Cores collected from overlapping altitudes in boreholes B115BD, B125B, B126BD, B127GP, B127SP, and
B128GD were described to provide a composite of the
stratigraphy in the vicinity of the PCHSS (Michael Sargent, Illinois State Geological Survey, written comun.,
1992; Mills and others, 1998)(table 17, fig. 31). These
core data are assumed to typify the Belvidere area.
The cores indicate that the Platteville and Galena
Groups are composed of the Pecatonica (about 451-478
FANGVD29), Mifflin (about 478-501 FANGVD29),
Grand Detour (about 501-547 FANGVD29), Nachusa
(about 547-556 FANGVD29), Quimbys Mill (about 556568 FANGVD29), Dunleith (568-633 FANGVD29), and
Wise Lake and Dubuque Formations (633 FANGVD29
to the top of bedrock) (fig. 35). The contact between
the Wise Lake and Dubuque Formations could not be
differentiated in the cores and the two units are not differentiated. An unconformity is present in the dolomite
between the Quimbys Mill and Dunleith Formations at
about 568 FANGVD29.
Differentiation of the formations (and to a greater
extent, members) that compose the Galena and Platteville Groups from the cores proved difficult, because traditional differentiation is made primarily on the basis of
the weathering signature of exposed units. Subsequent
use of natural-gamma logs assisted differentiation of the
units by allowing identification of variations in clay content. However, stratigraphic delineations made on this
basis of natural-gamma signatures can be inconsistent
with those made on the basis of weathering signature.
Error in the identified depths of stratigraphic transitions between some units that are similar in lithology,
particularly within the Galena Group, may be as much
+/- 25 ft. The difficulty in delineating the stratigraphy
of the Galena Group is compounded by possible erosion
or removal of bentonite marker beds during drilling. In
particular, what has been identified as the Dygerts bentonite bed (Willman and Kolata, 1978; McGarry, 2000)
at the Irene Road Quarry (fig. 30) does not seem to be
present where cores were collected.
Core analyses indicate the Galena and Platteville
Groups are composed of dolomite; no limestone was
identified during inspection. The argillaceous content of
each Group varies, with the Platteville Group being more
argillaceous than the Galena Group. The highest percentage of clays are indicated in the Mifflin Formation,
with as much as 15 percent of the 25-ft section of core
consisted of shale interbeds, most less than 2 in. thick.
Vuggy porosity generally is developed in units with
low clay content (fig. 35). Core inspection indicated
vugs are best developed in the Galena Group and in the
Nachusa Formation of the Platteville Group. Vuggy
intervals in the cores seem to be best developed at about
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550-660 FANGVD29 (at about 125-235 ft below land
surface). Visual inspection of the cores provides no indication that the vugs are highly interconnected.
Prominent inclined fractures were not identified in
the cores. Weakly developed healed fractures are present
at many intervals within the Galena Group, but virtually are absent within the Platteville Group, indicating
that the density of the inclined fractures decreases with
depth. Numerous horizontal breaks are described in the
cores, generally along shale partings. No weathering
was identified along the breaks and they are attributed to
mechanical breakage during core collection. With one
possible exception, no pronounced intervals of solution
associated with the partings or other horizontal bedding
features were detected in the cores. A gravely mud is
described as "sticking" to the core collected from borehole B128GP at an altitude of about 530 ft (depth about
250 ft) (Mills and others, 1998). The origin of the mud
is uncertain and is described as possibly (1) a potassiumbentonite clay bed, (2) a mud-filled fracture, or (3) mud
from the drill site.
The primary porosity of the Platteville and Galena
Groups determined from 57 core samples ranged from
about 4 to 25 percent with a geometric mean value of
about 9.6 percent (fig. 35)(Mills and others, 1998). The
geometric mean value for primary porosity was 5.1 percent for the Mifflin Formation, 6.6 percent for the Grand
Detour Formation, 7.4 percent for the Quimbys Mill
Formation, 8.3 percent for the Pecatonica Formation,
about 12.1 percent for the Dunleith and DubuqueAVise
Lake Formations, and 12.6 percent for the Nachusa Formation. The primary porosity of the core samples from
the Dubuque and Wise Lake Formations (the uppermost
units in the area) is consistent with the secondary porosity of about 15 percent calculated with the SAR survey at
the PCHSS.
Laboratory porosity estimates provided better understanding of the effective primary porosity of individual
stratigraphic units than visual core inspection. Intervals
of the Galena and Platteville Groups with comparatively
high porosities generally coincided with intervals identified as vuggy by acoustic-televiewer logging and, in
some cases, with flow, as measured with the flowmeter.
The core analyses provided no hydraulic information
about bedding-plane partings or fractures.
In general, analysis of cores provided useful information on lithology, stratigraphy, and matrix characteristics such as primary porosity, and, perhaps, trends in
density of fractures in the Belvidere area. Core analysis was less useful in identification and description of
fractures and solution zones. Possible error in depth
identification also may be associated with core analysis,
as the result of mechanical breakage and partial core
recoveries.
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elly mud is described in the core collected from borehole B128GP, indicating either that this is not the same
feature or that the core depth was inaccurate because of
Various geophysical logs were run in boreholes
breakage. Although no fracture was identified at this
and wells open to the Galena-Platteville aquifer in the
altitude, material suspended in the water column was
Belvidere area (table 17). The boreholes were disobserved moving out of borehole B128GP and into the
tributed across an area of about 1.5 mi2 in Belvidere,
aquifer at about 485 FANGVD29, indicating the presconcentrated in the vicinity of the PCHSS. Many of the
ence
of a permeable feature.
log types were useful in enhancing characterization of
The
660-ft parting was identified in borehole
the hydrogeologic framework of the Galena-Platteville
B436GPD
(fig. 30, table Fl). The water in this boredeposits underlying the Belvidere area.
hole was turbid at about 685 to 675 FANGVD29. The
turbidity could not be attributed to any features noted in
camera logging, however, water clarity improved at 675
Borehole Camera
FANGVD29, possibly indicating a permeable fracture at
Camera logging was done in seven boreholes and
this altitude.
one well (table 17), six with a side-looking, black-andThe 660-ft parting and an inclined fracture at an
white camera and two (BMW2, B128GP) with a color
altitude of about 630 FANGVD29 were identified in
camera using down- and side-looking lenses. Logging
municipal well BMW2 (fig. 30, table Fl). Although verwith the black-and-white camera was limited by cable
tical offset across the wall of the well was noted, the dip
length to a depth of 120 ft. Logging of borehole B305
angle was not quantified. The aperture of the fracture is
was limited to inspection of a well obstruction because
estimated at about 1 in. Camera logging indicated that
the camera could not be adequately focused in the 10-in. many of the enlargements in the well that appeared to be
diameter well; most boreholes were 6 in. in diameter.
fractures or partings in geophysical logs, were the effects
Water clarity in the boreholes typically was adequate for of drilling that is, change in the size of the drill bit or
camera logging.
off-center movement of the bit. The distinct transition
Various observations specific to individual borefrom dolomite of the Platteville Group to the sand-rich
holes were made during camera logging. Bedding-plane deposits of the underlying Glen wood Formation and St.
partings were identified at altitudes of about 660 and 525 Peter Sandstone were identified readily in the camera
FANGVD29 (referred to in previous reports as the 125-ft log.
and 260-ft partings on the basis of depth at the PCHSS
Vugs were identifiable in all of the camera-logged
and referred to as the 660-ft and 525-ft partings in this
boreholes; vuggy intervals were recorded that generally
report) in borehole B128GP (table Fl, fig. 35). On the
correlate with intervals identified in rock cores. Bedbasis of the camera log from this borehole, the aperture
ding-plane partings and inclined fractures with apertures
of the 525-ft parting is estimated at about 2 in. This
greater than about 0.5 in. generally were identifiable.
altitude is about 5 ft lower than the location of the gravMany of the smaller partings identified with camera logs
were not identified in the borehole-geophysical
logs. BedTable F1. Principal bedding-plane partings identified in the units that compose the Galena
ding-plane
partings
and fracand Platteville groups underlying Belvidere, III.
tures were identified readily in
the wells logged with the color
Approximate altitude
camera; the depths of most of
of parting
these features were greater than
(feet above National Formation where
the cable length of the blackGeodetic Vertical
parting was
and-white camera. Cavities
Datum of 1929}
identified
Borehole or well where parting was identified
immediately below the cas740
Dubuque/Wise Lake BMW2. B115BD, B124GP, B125BD, B126BD. B128GP,
ings of boreholes Bl 15BD and
B126GP,T5,T6,T7,T8
B126BD also were identified
660
Dubuque/Wise Lake Tl, T2. T3, T4, T5, T6. T7, T8, B305SP, BMW2,
readily. The cavities indicate
B124GP. B126GP, B128GR B130GP, B133GP,
that the boreholes may not have
B134GP. B136GP. B436GBD
been cased adequately into the
590
Dunleith
B305SP, BMW2, B128GP,
competent deposits below the
weathered-bedrock surface.
560
QuimbysMill
B124GP, B128GP, B130GP
Images with the best resolu525
Grand Detour
B305SP, B124GP, B126BD. B127GP, B128GP, B133GP.
tion were obtained using the
B136GP,G137GP
black-and-white camera. For
485
Mifflin
B128GP, BMW2
the color camera, images from

Geophysical Logs
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the downward-looking lens had better resolution than
images from the side-looking lens. Major changes in
lithology (such as from dolomite to sandstone), but not
particular lithologies, were identified with both cameras.
Changes in lithology were indicated by changes in the
intensity of light reflected from the borehole wall and
changes in rock color. Both cameras provided depth
measurements accurate to about +/- 1 ft. Differences in
depths measured with the cameras and other geophysical-logging tools had to be accounted for when comparing identified features; in some cases, these differences
seemed as large as 5 ft.

Caliper
Three-arm caliper logging was done in 21 boreholes
and 1 well (table 17). Caliper logs indicate increases
in borehole diameter of more than 1 in. at about 525,
563, 595, and 660 FANGVD29 in borehole B128GP
(fig. Fl, table 19); 660 FANGVD29 in borehole B436;
742 FANGVD29 in boreholes T6 (fig. F2, table 19)
and T8; at about 525 FANGVD29 in borehole B127GP
(table 19, fig. F3), and immediately below the casing at
about 747, 755, 704 and 747 FANGVD29 in boreholes
B115BD, B126BD, B137GPand B130GP, respectively.
Three-arm caliper logs also indicate more than 1 in. of
enlargement in borehole diameter between about 700
and 709 FANGVD29 in boreholes Tl (fig. A3, table
19) and T2. The caliper log from that part of borehole open to the Galena-Platteville deposits indicated
areas of enlargement at about 502, 525, 582, and 664
FANGVD29 in borehole B305 and at about 458, 625 and
660 FANGVD29 in well BMW2 (fig. 35). Caliper logs
from the remaining boreholes indicated little variation in
borehole diameter.
Altitudes of increased borehole diameter identified
with the caliper logs corresponded to the approximate
location of possible fractures described by the lithologic logging in boreholes Tl, T2, T6, and T8 (table
19). Altitudes of many intervals of increased borehole
diameter identified with the caliper logs corresponded
to the approximate location of possible fractures identified with camera logging in boreholes B128GP and well
BMW2. Enlarged areas associated with the bottom of
the casing in boreholes B115BD, B126BD, B130GP,
and B137GP likely are artifacts of the drilling process
on weathered rock rather than discrete secondary-permeability features.

Natural gamma
Natural-gamma logs run in boreholes B125BD,
B115BD, B127GP, B128GP, and B127SP in the vicinity of the PCHSS were compared to the stratigraphic
descriptions for these boreholes so the natural-gamma
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signal of the formations could be identified. Naturalgamma logs from these boreholes then were compared
with natural-gamma logs from 22 other boreholes and
wells located throughout the Belvidere area (figs. Fl -F6,
A3, 35, table 17) to provide additional understanding of
the stratigraphy in the area and the lithology that may
affect ground-water flow within the aquifer. However,
as previously indicated, inconsistencies are associated
with directly linking natural-gamma signatures with
stratigraphic descriptions of the rock cores and the
stratigraphic interpretations are subject to some degree
of uncertainty. Compounding the designation difficulties
are limitations in the resolution of depth measurements.
Because the radius of investigation only is about 1 ft and
signal sensitivity is affected by borehole diameter, errors
in measurement of bedding depth and thickness may
occur and the presence of thin beds, such as bentonite
layers, may be obscured.
The logs provided a good indication of the relative
increase in clay content from the Galena Group to the
Platteville Group and readily distinguished the approximate positions of the argillaceous Glenwood Formation
and non-argillaceous St. Peter Sandstone. Stratigraphy
determined from the natural-gamma logs indicates that
the Galena-Platteville deposits have a uniform thickness
and are subhorizontal across the Belvidere area. Peaks
in natural-gamma activity provided identification of at
least two key marker beds at altitudes of about 525 and
660 FANGVD29. The marker bed at 660 FANGVD29
was identified to varying degrees in at least eight boreholes and wells distributed over the 1.5-mi2 logging
area and was present in all of the boreholes near the
PCHSS. This marker bed appears to be either a potassium-bentonite deposit in the Wise Lake Formation or
clay infilling of a prominent bedding-plane parting. The
marker bed at 525 FANGVD29 also could be identified
in boreholes distributed over the area, and appears to be
the Stillman Member of the Grand Detour Formation.
The altitude of the marker beds vary by as little as 5 ft
indicating that the beds of the Galena and Platteville
Groups essentially are flat-lying in this area. Anomalous
features indicative of clay infilling of fractures were not
observed.

Single-point resistance
SPR logging was done in eight boreholes and one
well (table 17). SPR logs indicated an increase in signal
response below the casing at about 742 FANGVD29
in borehole Bl 15BD, indicated variable response in
borehole B125BD, indicated essentially no change in
borehole B126BD, and increased gradually between
704 and 744 FANGVD29 in borehole B127GP then
remained essentially unchanged to the bottom of the
borehole (fig. F3). The response of the SPR log for
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that part of the borehole open to the Galena-Plattevilie
deposits in borehole B127SP was consistent between
about 494 and 747 FANGVD29, with the exception of
sharp, isolated decreases in response at about 544, 554,
and 683 FANGVD29. The response of the SPR log for
borehole B128GPD indicated abrupt, isolated decreases
in response at about 525, 575, 649, and 660 FANGVD29
(fig. Fl, table 19). The response of the SPR log for
borehole B436 generally was consistent throughout
the borehole with the exception of a sharp decrease in
response at about 660 FANGVD29. The SPR signal
from that part of well BMW2 open to the Galena-Platteville dolomite indicates an abrupt decrease in signal
response at about 485, 490, 525, and 660 FANGVD29.
The SPR signal from the Galena-Platteville deposits at
borehole B305 indicates abrupt decreases at about 490,
525, 582, and 664 FANGVD29.
SPR logs responded to some of the potential secondary-permeability features identified with other methods.
Although never strong, the correlation was most consistent for the prominent 525-ft parting and less consistent
for the 660-ft parting. In most cases, the SPR signal
response was inversely correlated with natural-gamma
activity or well diameter, as indicated by the three-arm
caliper logs. As with SP logs, the resolution of the thickness and depth of a feature was less than that of caliper
or natural-gamma logs.

Normal resistivity
Normal resistivity logging done in 14 boreholes and
1 well (figs. A3, Fl, F2, F4, F5, F6; table 17) typically
mirrored the signal responses of the SPR logs (fig. Fl)
and indicated an approximately inverse relation with
natural-gamma response. High normal resistivity readings in the upper part of boreholes T6 and Tl were not
detected during subsequent logging in these wells and
these readings are assumed to be instrument error. Each
of the logs typically responded in a similar manner, but
signal responses usually were muted as the radius of
investigation of the tool increased, 16-in. normal resistivity logs typically indicated substantially more detail
than the 64-in. normal logs in boreholes G128GP, 00350,
and B436, as well as well BMW2. SPR logs tended to
indicate smaller changes in signal response than 16-in.
normal resistivity logs, but more than 64-in. normal
resistivity. This result indicates possible lithologic variations beyond the immediate vicinity of the boreholes.

Neutron
Near-well or far-well neutron logging was done at
borehole B128GP (fig. F1) at the PCHSS. Near-well
logging indicated a near-uniform count rate with small,
distinct decreases in signal response at about 502, 525,
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597, 646, and 732 FANGVD29 (table 19). Far-well
logging, representing a larger radius of investigation
than near-well logging, typically indicated about 400
cps from 484 to 580 FANGVD29 with small, distinct
increases at about 502 and 525 FANGVD29. Higher
count rates (and higher porosity) of about 600 cps were
present from about 590 to 700 FANGVD29 with a small,
distinct increase at about 597 FANGVD29. Count rates
of about 500 cps were detected between about 702
FANGVD29 and the top of the Galena-Platteville dolomite at about 750 FANGVD29.
Neutron logs calibrated against porosity in boreholes Tl (fig. A3), T6 (fig. F2), and T8 at the PCHSS
displayed variable response, but indicated lower porosity
near the bottom of the boreholes at 569-594 FANGVD29
and near the top of the boreholes 709-760 FANGVD29
(table 19). Intervals of higher porosity were detected
at 599-619, 664-674, and 684-709 FANGVD29. These
patterns generally are consistent with those identified at
borehole B128GP (table 19).
Although the absolute porosity values do not agree,
variations in porosity identified from the neutron logs
generally are consistent with the porosity variations
identified from the analysis of the core samples. In particular, the elevated porosity in the 590-700 FANGVD29
interval at borehole B128GP and in parts of this interval
at boreholes Tl, T6, and T8 correlates well with the high
porosity values (typically about 10-20 percent) determined from cores collected from the Galena Group (fig.
35). The lack of agreement between the two methods
partly results because the neutron logs measure a larger
volume of rock than the cores.
Neutron logs were more effective identifying variations in matrix porosity than in identifying potential
fractures, presumably because the amount of water in the
fractures is small in comparison to that in clay minerals
and matrix porosity. Neutron logs (particularly the nearneutron logs) run in borehole B128GPD indicated some
changes potentially associated with many of the potential
secondary-permeability features identified with the caliper, SPR, or resistivity logs (fig. Fl; table 19). However,
these changes also correlate with areas of increased clay
content identified with the natural-gamma logging, indicating the response may be caused more by water in the
clays than by water in secondary-permeability features.
Porosity values calculated from the neutron logs from
borehole T6 indicated an increase associated with the
potential secondary-permeability feature identified with
the lithologic and caliper logging at 744 FANGVD29
(table 19), as well as at about 610-620 FANGVD29.
However, these increases were not substantially different from nearby depths and the degree of response to the
features is unclear. Porosity values obtained from the
neutron log at borehole Tl did not indicate an increase
associated with potential secondary-permeability features identified with lithologic and caliper logging.

186

A Cross-Site Comparison of Methods Used For Hydrogeologic Characterization of the Galena-Platteville Aquifer in Illinois and Wisconsin

Acoustic televiewer
Acoustic-televiewer logs indicate the presence of
numerous bedding-plane partings through the entire
thickness of all of the boreholes logged. Subhorizontal
bedding-plane partings were identified at about 485, 494,
525, 564, and 660 FANGVD29 in every borehole open
to those altitudes in the Belvidere area (figs. A3, F1-F6;
tables 19, Fl, F2) indicating that these are geographically widespread features. The 525-ft parting is associated with the top of the argillaceous part of the Grand
Detour Formation and the 660-ft parting is associated
with an argillaceous marker bed, indicating that lithologic characteristics (which may affect hydraulic characteristics) affect the location of these features. Numerous
other prominent subhorizontal bedding-plane partings
were identified within small parts of the Belvidere area,
including one at about 744 FANGVD29 in boreholes T5T8 at the PCHSS.
Acoustic-televiewer logs identified near-vertical
fractures between about 699 and 709 FANGVD29 at
boreholes Tl and T2 (same fracture) and between about
606 and 622 FANGVD29 in borehole T6 (figs. A3, F2).
These fractures are subparallel with a strike of about
N. 45° E., which is consistent with the vertical fracture
orientation identified with the SAR survey performed at
the PCHSS. Near-vertical fractures were identified in
borehole B134GP at about 550 and 715 FANGVD29.
The fracture at 715 FANGVD29 has a strike of about N.
19° W., whereas the fracture at about 550 FANGVD29
has a strike of about N. 79° W. A near-vertical fracture
identified at about 630 FANGVD29 in well BMW2
has a strike of about N. 45° W. These measurements
approximate the predominant orientation (about N. 60°
W.) of other inclined fractures in the area, as determined
at local quarries (Foote, 1982; Mills and others, 2002a),
and are consistent with the vertical-fracture orientations
identified with the SAR surveys at the Irene (N. 30° W.)
and Stone Quarry Road sites (N. 60° E. and N. 45° W.).
Acoustic-televiewer logs also indicate the presence
of vuggy intervals throughout the dolomite, with the
formations composing the Galena Group being vuggier than most of the formations (except possibly the
Nachusa Formation) that compose the Platteville Group
(figs. A3, F1-F6). Vugs generally are most evident
in the altitude interval at about 550-660 FANGVD29.
Vuggy intervals were detected at about 684-704 and
724-734 FANGVD29 in borehole B124GP (fig. F4),
at 693-708 FANGVD29 in borehole B130GP (fig. F5),
673-698 FANGVD29 in borehole B133GP, above 662
FANGVD29 in borehole B136GP (fig. F6), above about
574 FANGVD29 in borehole B137GP, at about 600-640
and 682-702 FANGVD29 in boreholes T1-T8 (figs. A3,
F2), at about 570-604, 624-654, 672-706 FANGVD29
in borehole B127GP (fig. F3), and at about 500-510,
540-560, 570-600, and 660-720 FANGVD29 in borehole

B128GP (fig. Fl). Vuggy intervals identified with the
televiewer logs generally indicated moderate agreement
with intervals of increased porosity identified with the
neutron logs in boreholes Tl, T6, T8, and B128GPD
(table 19). Vuggy intervals identified with the televiewer
logs typically are similar to those identified with borehole-camera logging, and visual inspection and porosity
measurement of cores. Although vugs were recorded
in other intervals, comparison with rock cores indicated
that, in some cases, the apparent vugs may be small cavities that are well-drilling artifacts.
Acoustic-televiewer logs confirmed the presence
of numerous vugs and bedding-plane partings that were
identified with other methods (table 19). For example,
in each borehole where a parting was identified in the
lithologic and caliper logs, the parting also was identified in the acoustic-televiewer log. This relation particularly is true for the 660- and 525-ft partings. Acoustic-televiewer logs also identified partings that were
not apparent based on other methods. For example,
a parting at an altitude of about 485 FANGVD29 in
borehole B128GP (referred to in previous reports as the
300-ft parting based on depth at the PCHSS and referred
to as the 485-ft parting in this report) was identified with
the televiewer logs, but was not apparent in the camera
log, rock core, or other geophysical logs. Additionally,
televiewer logs enabled identification of the type and
orientation of secondary-permeability features that could
not be identified with other methods except camera logging. However, bedding-plane partings identified in the
acoustic-televiewer logs should be verified with caliper
and natural-gamma logs, as well as other data, because
signal responses on acoustic-televiewer logs can be
similar for wash outs of argillaceous material (including
shale partings and bentonite beds) and fractures.

Borehole ground-penetrating radar single
hole
A single-hole directional GPR reflection survey
done in borehole B127GP at the PCHSS in 1991 (Niva,
1991; J.W. Lane, Jr., U.S. Geological Survey, written
commun., 1993; Mills and others, 1998) was capable of
signal penetration about 50 ft into the dolomite. Interpretation of the radar data from this survey indicated the
presence of 35 reflectors in the vicinity of the borehole
(Mills and others, 1998)(table F2). Most of the reflectors are considered to represent bedding-plane partings
(including the 525- and 660-ft partings) and isolated
cavities. The cavities, if present, are assumed to be
small; large cavities (greater than about 1 in3) have not
been detected with other methods.
Dips of the GPR reflectors interpreted as fractures
(excluding the bedding-plane fracture assumed to represent the 525-ft parting) range from about 33° to 86°. The
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Table F2. Summary of orientation of fractures and reflectors in select boreholes by method of detection, Belvidere III.
[Bold denotes reflectors calculated to intercept the borehole above or below the open interval of the borehole. NI, not identified; ND, no data; F, fracture; BPP,
bedding-plane parting; P, point feature; NA, not applicable; NC, could not be calculated]

Borehole
name

Altitude or projected
altitude of intersection
with borehole (feet above
National Geodetic Vertical Datum of 1929)

Single- hole ground-penetrating radar reflectors

Acoustic Televiewer
Strike (degrees from
magnetic
north)

Dip (degrees
from horizontal)

Interpretation
of feature

Strike (degrees from
magnetic
north)

Dip (degrees
from horizontal)

Interpretation of
reflector
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Table F2. Summary of orientation of fractures and reflectors in select boreholes by method of detection, Belvidere III. -Continued.

Borehole
name
] T8 (cent)

Altitude or projected
altitude of intersection
with borehole (feet above
National Geodetic Vertical Datum of 1929)
551.4:

Single-hole ground-penetrating radar reflectors

Acoustic Televiewer
Strike (degrees from
magnetic
north)
Wl:

Dip (degrees
from horizontal)
T^l

Interpretation
of feature

Strike (degrees from
magnetic
north)

Dip (degrees
from horizontal)

Interpretation of
reflector

Nl

;N40° Eu

52,6

F

526.7

sm,

,Ni;

NI

ttlOPE.

70:3

.E

1380.0 ~
1027.0

NI
NI

NI
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85.6
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NI
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N 70° W
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0
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0
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NA

.0
.0
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strike of the reflectors tends to be randomly oriented,
ranging from N. 0° W. to N. 140° W.; however, orientations at six of the eight fractures with measured strikes
range from N. 50° W. to N. 90° W. These orientations
are consistent with measurements at quarries and outcrops in the Belvidere area (primary orientation of about
N. 60° W.) (Foote, 1982), but indicate poor agreement
with the results of the SAR survey performed within 20
ft of this borehole.
Only six of the GPR reflectors interpreted as
inclined fractures are calculated to intersect the open
interval of the borehole (table F2). However, fractures
were not identified with televiewer or other methods at
any of these depths (table F2). Four of the possible fractures identified in GPR logging of B127GP have been
interpreted as intercepting the borehole trace about 30 ft
above or 300 ft below the Glenwood Formation. Such
fractures, if extending to these depths, would penetrate
the lower part of the Galena-Platteville dolomite to a
depth greater than that typically indicated in other carbonate units in northern Illinois (Csallany and Walton,
1963).
Single-hole directional GPR-reflection surveys
done in boreholes Tl, T3, T6, and T8 at the PCHSS in
1996 were capable of signal penetration about 15-30 ft
into the dolomite (Lane and others, 1994). Between 8
and 13 reflectors were identified in the vicinity of these
boreholes (table F2). Aside from a horizontal reflector
associated with the 660-ft parting, all of the reflectors
were interpreted as inclined fractures, with two distinct
orientations. The most frequently interpreted direction of reflector strike near boreholes Tl, T3, T6, and
T8 is N. 30° E. to N. 50° E. and its counterpart from
S. 30° W. to S. 50° W. This orientation is consistent
with the inclined fracture orientations identified with
the acoustic-televiewer logs boreholes Tl, T2, and T6
and the SAR survey done near borehole B127GP. The
less frequently interpreted direction of reflector strike
is roughly north-south from N. 30° E. to N. 10° W. and
its counterpart from S. 30° W. to S. 10° E. Most of the
reflectors dip between 40 and 60 degrees from horizontal. Dip values determined from the reflection surveys
tend to be substantially less than the values determined
from televiewer logging.
A reflector that appears to be the near-vertical fracture identified with the televiewer logging in boreholes
Tl and T2 was identified with the GPR reflection survey
in borehole T3. This fracture was not identified during
the reflection survey done in borehole Tl. The reflector
terminates below about 610 FANGVD29. The fracture
probably extends some distance below this altitude, but it
is likely that the size of the fracture decreases with depth
and does not produce a strong enough response for the
reflector to be identified. The inclined fracture identified at 608-622 FANGVD29 with the televiewer log in
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borehole T6 was not identified with the single-hole GRP
survey.
The type, location, and orientation of secondary-permeability features identified with the single-hole direction GPR surveys indicated moderate agreement with
those identified using the other methods (tables F2, 19).
The 525-ft and 660-ft partings were identified with the
GPR surveys and other reflectors interpreted as beddingplane partings may represent some of the small partings
or vuggy intervals indicated with other logs. However,
the altitude of the other bedding-plane partings identified
with the GPR logs typically vary by 5 ft or more from
those identified with other methods. The offsets in depth
do not seem consistent, thus, depth differences do not
seem accounted for by a difference in reference datums
for measurements. Orientations of inclined fractures
determined from the GPR logging in the T series of
boreholes were consistent with those identified with the
televiewer logs and with the SAR survey done within
20 ft of borehole B127GP. However, these orientations
varied considerably between boreholes Tl, T3, T6, and
T8 and borehole B127GP, a distance of less than 150 ft.
Fracture orientations determined at borehole B127GP
could represent the orthogonal counterpart of the fracture
sets in the nearby boreholes. Additionally, many of the
inclined fractures identified with the GPR logging were
not identified with other logs at the altitude the fracture
was calculated to intersect the borehole. The number of
inclined fractures identified with televiewer logs intersecting a given borehole also was substantially lower
than indicated with the GPR surveys. This discrepancy
may result because of termination of the fracture before
it intercepts the borehole, which may indicate decreasing
fracture size and density with depth in the Galena-Platteville dolomite.

Borehole ground-penetrating radar cross-hole
Cross-hole GPR surveys done at the PCHSS
between the T2-T7, T2-T8, T2-T3, T3-T8, T3-T7, and
T7-T8 borehole pairs differentiate the Galena-Platteville
dolomite into three units (Lane and others, 1994). The
lower unit is present between about 567 (the bottom
of these boreholes) and about 602 FANGVD29 and is
characterized by low signal attenuation and high velocity consistent with competent dolomite (table F3). The
porosity for this unit, based on the calibrated GPR
signal, was from 12 to 13 percent. The middle unit is
present at 602-700 FANGVD29 and is characterized
by low velocity with interspersed beds of high and low
attenuation, which is indicative of competent dolomite
with intervals of variable porosity. The porosity of most
of the middle unit was calculated to be about 13 percent,
with porosity of about 13.5-14 percent at about 667
FANGVD29 and between 681 and 693 FANGVD29,
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porosity of about 13.5-15 percent at about 605-615
FANGVD29, and porosity of about 12-13 percent at
about 676 FANGVD29. The upper unit extends from
about 700 FANGVD29 to about 5 ft below the bottom of
the casings (about 744 FANGVD29), where the signal
was lost. The upper unit is characterized by low signal
attenuation and high velocity consistent with competent
dolomite. The porosity of the upper unit was estimated
to be about 11-12.5 percent from the GPR signal.
Although the absolute values for porosity from the GPR
logs was lower than for the neutron logs from boreholes
Tl and T6, the trends in porosity were similar for both
logs (table 19). Porosity values measured in the core
samples were consistent with the values obtained from
the GPR survey.

Water-level measurements
A synoptic measurement of water levels from wells
distributed throughout the Belvidere area was done to
evaluate horizontal flow directions. Water levels also
were measured in selected monitoring and water-supply
wells in the Belvidere area for evaluation of (1) vertical flow directions, (2) hydraulic connection within and
between aquifers, (3) the location of permeable features,
and (4) response to climatological events and withdrawals from water-supply wells.

Synoptic measurements
During July 1993, water levels were measured in
about 150 wells in the Belvidere area; about 50 of which
were open to the Galena-Platteville aquifer (Mills and
others, 1999a, b)(table 17). Water levels were mea-

sured in monitoring wells at the PCHSS and the rest of
the Belvidere area, but most of the water levels were
measured in residential-supply wells. More than half
of these wells were located in subdivisions and some
water levels likely were affected by nearby withdrawals.
About 80 percent of the wells open to the Galena-Platteville aquifer were open only to the upper half of the
aquifer and conclusions regarding water-level trends and
flow directions may not be representative of the deeper
parts of the aquifer. Surface-water levels were measured
at the Kishwaukee River to supplement ground-water
levels in the glacial drift aquifer above the Galena-Platteville aquifer.
Water levels in the Galena-Platteville aquifer ranged
from about 740 to 900 FANGVD29 and were similar to
those within the overlying glacial drift aquifer (figs. 34a,
34b). Data from well clusters open to both the glacial
drift and Galena-Platteville aquifers indicated that the
potentiometric surface of the glacial drift aquifer generally is less than 1 ft higher than that of the upper part of
the Galena-Platteville aquifer and about 5-10 ft higher
than that of the middle part of the Galena-Platteville
aquifer. The potentiometric surface of both aquifers
mimics the configuration of land-surface topography,
indicating that the aquifers are unconfined. Horizontal
flow generally is toward the Kishwaukee River and its
principal tributaries. Vertical flow generally seems to be
downward. The availability of wells, particularly in and
near Belvidere, was insufficient to map possible flow
toward the Troy Bedrock Valley, drawdown associated
with municipal-well withdrawals, or areas of upward
flow associated with discharge. However, there are a
number of areas within the Belvidere area, particularly
in the city of Belvidere, where the water level in the
Galena-Platteville aquifer is substantially lower than in
surrounding areas (fig. 34b). These areas of lower water

Table F3. Summary of ground-penetrating radartomographic anomalies, Belvidere, III.
[<, less than altitude of bottom of borehole; 737*. top of signal reading; d, discontinuous feature]

Altitude of low-velocity
intervals (feet above National
Geodetic Vertical Datum of
1929)

Altitude of high-velocity
intervals (feet above National
Geodetic Vertical Datum of
1929)

Altitude of low-attenuation
intervals (feet above National
Geodetic Vertical Datum of
1929)

Altitude of high-attenuation
intervals (feet above National
Geodetic Vertical Datum of
1929)

T2-T7

611.5, 648d, 664. 674.5. 690

<567-602, 677, 700-737*

<567-602, 611.5, 700-737*

641.661,677-700 by well T2

T2-T8

611.5, 648d, 664, 674.5. 691

<567-602, 701-737*

<567-618. 618-737*

644,661,677

T3-T2

611.5.651-684

<567-602, 701-737*

703-737*

651-667

T3-T8

615. 648d,667, 690

<567-592, 710-737*

<567-608, 611.5, 700-737*

638, 657.3

T7-T3

611.5,644d,667,690

<567-602, 704-737*

<567-618, 704-737*

Alternating high and low; 628664

T7-T8

615, 648d, 667. 690

<567-600, 704-737*

<567-615, 700-737*

657.3-661

Borehole
pair
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levels appear to be associated with pumping from quarries, and municipal- and industrial-supply wells.

Continuous measurements
Continuous measurements of water levels were
made in boreholes and wells at different times (table 17).
Continuous measurements were important for identifying the climatic and anthropogenic factors affecting
water levels and the variability of flow direction as well
as the locations of permeable features within the GalenaPlatteville aquifer underlying the Belvidere area.
Water levels were measured on a 15-minute sampling frequency in wells G115D, G115B, G126BGP, and
G127SP at the PCHSS during November and December
1992. Continuous measurements did not indicate a rapid
response to precipitation events in the Galena-Platteville
aquifer (fig. F7a), but did indicate pronounced short-term
(seconds to hours) hydraulic responses to pumping and
the termination of pumping in nearby municipal-supply
wells (fig. F7c). Water levels in well G127GP, open to
the deep part of the Galena-Platteville aquifer at about
490 FANGVD29 (depth of about 295 ft), changed by
about 25 ft in almost instantaneous response to initiation
or cessation of withdrawals at municipal well BMW6.
Well BMW6 is located within 100 ft of well G128GP
(fig. 31) and is open, in part, to the Galena-Platteville
aquifer, although most of the water is taken from the St.
Peter Sandstone and other underlying aquifers. Similar,
but more subdued responses to withdrawals are indicated in wells open to shallower parts of the aquifer
(fig. F7a). For example, water levels in well Gl 15BD,
open at about 630 FANGVD29 (depth about 150 ft),
frequently changed by about 3 ft in the span of less than
1 day. Water levels in well Gl 15B, open at about 730
FANGVD29 (depth of about 50 ft), typically changed by
less than 0.1 ft during the same period. Water levels in
these wells also responded to pumping in well BMW4,
although to a lesser degree than to pumping in well
BMW6.
Water-level responses similar to those described
above also were recorded at well G305GPC in the
central part of Belvidere in November and December
1992. Water levels in well G305GPD, open to the 525-ft
parting, dropped as much as 7 ft in apparent response
to withdrawals at well BMW5 located more than 0.5 mi
away. Water-level response in well G305GPS, open to
the 660-ft parting, was negligible.
The water-level responses described above are consistent with those observed during subsequent continuous monitoring events done in a variety of monitoring
wells and in borehole test intervals isolated with a packer
assembly. Water levels in monitoring wells or test
intervals open to the 525-ft parting typically fluctuated
by 5-30 ft in almost instantaneous response to pumping
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in the municipal-supply wells. Water levels in wells or
test intervals open to progressively shallower parts of the
Galena-Platteville aquifer also had almost instantaneous
response to pumping but with progressively smaller
fluctuations. Subsequent monitoring indicates that
pumping stresses from the municipal-supply wells were
not transmitted to the upper part of the Galena-Platteville
aquifer or the glacial drift aquifer, at least in the vicinity
of the PCHSS.
Water levels also were collected at a 15-minute
frequency in monitoring wells G124GP, G133GP,
G134GP, and G136GP during February 2000 (fig. F8).
All of these wells were open to the 525-ft parting, and
all responded to pumping in wells BMW4, BMW6,
and perhaps nearby industrial-supply wells (fig. 30).
Water-level fluctuations in well G124GP, located nearest
BMW6, tended to be largest and usually were in excess
of about 6 ft daily. Water-level fluctuations in well
G136GP tended to be intermediate, and fluctuations in
wells G133GP and G134GP tended to be lowest, usually
about 4 ft during a day. Changes in water level during
pumping usually were substantial enough to alter flow
directions in the 525-ft parting from its typical direction
south toward the Kishwaukee River to north toward well
BMW6. Water levels in wells G124GPS, G134GPS, and
G136GPS, open to the upper 15 ft of the Galena-Platteville aquifer, did not respond to pumping.
Analysis of the continuous water-level data indicate that the 525-ft parting located throughout at least
the center part of the Belvidere area is permeable, and
is connected to the open intervals in BMW4, BMW5,
and BMW6, and perhaps other domestic, industrialand municipal-water-supply wells in Belvidere. Deep,
widespread, permeable bedding-plane partings (such as
the 485-ft parting) also may be present, but the relative
unavailability of monitoring points open to the aquifer
below 525 FANGVD29 precluded verification of the
presence of such features. Pumping and the termination
of pumping in the municipal-supply wells induces large,
instantaneous water-level changes in the 525-ft parting, which are transmitted vertically within the aquifer
through a hydraulically interconnected network of vugs
and inclined fractures. These water-level changes are
sufficient to alter flow directions within the deeper part
of the aquifer, but are attenuated in the upper part of the
aquifer. The dampening of the water-level change with
increasing vertical distance above the 525-ft parting
indicates an increase in the capacity of the aquifer to
respond to the hydraulic stress induced by drawdown in
the 525-ft parting by flow from storage and permeable
features. This response is consistent with an increasing well developed network of secondary-permeability
features with decreasing depth in the Galena-Platteville
aquifer.
The effect of nearby ground-water withdrawals on
the approach taken for water-level measurement in this
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urban setting should be considered. In some wells, water
levels usually changed so rapidly and to such an extent
that accurate measurement with a steel tape and chalk
was impractical to impossible; use of an electric-sensor
tape generally was necessary for water-level measurements. Also, when storing a reference water level in an
automatic data logger, setting the reference level immediately following manual measurement was necessary to
avoid error in the reference level for subsequent automatic measurements.

ments were made during field trips at time intervals
that typically ranged from less-than hourly to annually.
These data provided information on longer-term waterlevel trends (up to 12 years) in response to climatalogical trends and (or) ground-water use (fig. F7b). Over
the period of measurement, water levels at all depths of
the Galena-Platteville aquifer varied by about 5-10 ft,
typically in response to long-term variations in recharge.
The greatest increase in water levels was in 1993, in
response to an unusually large amount of precipitation
that year (greater than 150 percent of annual average).
During other periods, water levels typically varied by
about 5 ft or less. Water levels measured in the deeper
parts of the aquifer, such as well G115BD, were affected
by ground-water withdrawals as well as long-term trends

Periodic measurements
Water levels were measured periodically in 11 wells
located in the city of Belvidere (table 17). Measure740
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in recharge.
The timing of the water-level
changes generally was similar at all
depths of the aquifer (fig. F7b). These
trends indicate that the Galena-Platteville aquifer has sufficient hydraulic
connection to respond to ambient
hydraulic effects as a single aquifer.
However, as indicated by the continuous measurements, the upper part
of the aquifer seemed to be partly
hydraulically isolated from the deeper
parts of the aquifer. The partial isolation is made apparent when the aquifer
is pumped. For example, water-level
measurements collected during June
and October of 1991 in monitoring
wells open to the Galena-Platteville
aquifer at the PCHSS indicate that
ground-water-flow directions differ between the upper (above 632
FANGVD29) and middle parts of the
aquifer. Flow in the upper part of the
aquifer is oriented to the southwest,
whereas flow in the middle part of
the aquifer is to the southeast (fig.
F9). Furthermore, the direction of
ground-water flow in the middle part
of the aquifer at the PCHSS varied by
about 15° between June and October,
presumably in response to variations
in the effects of pumping in the nearby
municipal-supply wells. No variation
in the direction of ground-water flow
was detected in the upper part of the
aquifer (Mills, 1993b). The difference in flow directions between the
middle and upper parts of the GalenaPlatteville aquifer indicate that these
two parts of the aquifer have some
hydraulic isolation, which indicates
the presence of vertical variations in
permeability within the aquifer.
Water levels also were measured
periodically at clusters of vertically
nested monitoring wells. Measurements were made at intervals from
once per year to about monthly. These
data provided information on vertical
gradients within the Galena-Platteville
aquifer and between it and the glacial
drift and St. Peter aquifers above and
below, respectively.
Vertical-hydraulic gradients
between the glacial drift aquifer and
the upper 30 ft of the Galena-Platte-
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Figure F9. Water-level altitudes and approximate ground-water-flow directions in the
Galena-Platteville aquifer, Belvidere, III., June and October 1991.
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ville aquifer typically are directed downward away from
streams. Supplemental data from the Belvidere Landfill
No. 1 site (fig. 30) (Roy F. Weston, Inc., 1988) indicate
that gradients are upward where flow discharges from
the upper part of the aquifer into the Kishwaukee River
(and likely to other streams).
In and near the city of Belvidere, vertical hydraulic
gradients within the Galena-Platteville aquifer typically
are downward away from streams. No data are available from the deeper part of the aquifer immediately
adjacent to streams. However, water levels measured
at well G436BD and boreholes B134GP and B137GP
located within about 350 ft of the Kishwaukee River
(fig. 30) indicate a downward gradient of about 0.05-0.1
ft/ft between the river and the deeper part of the aquifer.
Flow in the deep part of the aquifer in these areas, particularly in the 525-ft parting, appears to move beneath the
river to nearby municipal- and industrial-supply wells.
These flow directions are at least partly in response to
pumping from water-supply wells and may not represent
natural conditions.
In the city of Belvidere and vicinity, verticalhydraulic gradients between the Galena-Platteville and
St. Peter aquifers appear to be directed downward under
natural conditions, but flow directions may be reversed
in the vicinity of the water-supply wells during pumping
periods (fig. F7c). At the G127GP/G127SP well nest at
the PCHSS, gradients typically range from about 0.13
ft/ft downward to 0.06 ft/ft upward (Mills and others,
1998).

Single measurements with packers
Single water-level measurements were collected in
test intervals isolated with a dual-packer assembly in 18
boreholes in the Belvidere area, primarily in the vicinity of the PCHSS (Mills, I993a, b, c; Mills and others,
1998; Mills and others, 2002a) (table 17). These waterlevel data improved understanding of the magnitude of
the vertical variations in water level within the GalenaPlatteville aquifer and the factors that affect these variations.
Vertical differences in water levels above and below
the test intervals isolated with a dual-packer assembly
typically varied with the borehole depth. Water levels
above and below the test intervals in boreholes Tl, T6,
(table F4), T2, T3, T5, T7, T8, B125BD, and B126BD
typically varied by less than 5 ft. Water levels above and
below the test intervals in borehole B115BD typically
varied by less than 5 ft and always varied by less than
11 ft, with the largest differences in the test intervals
below 656 FANGVD29. These boreholes are drilled
to a depth of 215 ft or less (altitude greater than about
570 FANGVD29) (table 18). Water levels above and
below the test intervals in boreholes B124GP, B127GP,

B128GP, B133GP, B134GP, B136GP, and B137GP
varied as much as 30 ft (table F4). These boreholes are
drilled to a depth in excess of 265 ft (altitude about
520 FANGVD29). Water levels measured in the test
intervals open at or near the marker bed at about 660
FANGVD29 in boreholes B124GP, B133GP, and
B136GP were within 2.5 ft of the water levels above the
test interval, but were more than 14 ft higher than water
levels below the test interval. The increase in differences
in water levels with borehole depth is, in part, a response
to the effects of pumping in the nearby water-supply
wells and indicates that the vertical hydraulic conductivity of the Galena-Platteville aquifer decreases with
depth. This decrease in permeability indicates that vertical secondary-permeability features in the Galena-Platteville aquifer are fewer, smaller, and less interconnected
with depth at the PCHSS, and presumably the entire Belvidere area. The small difference in water levels within
the Galena-Platteville aquifer above the marker bed at
660 FANGVD29 and the large difference in water levels
below that altitude indicate that this bed may correspond
to a transition from depths of higher to lower vertical
hydraulic interconnection in at least some locations.
This interpretation is consistent with the analysis of the
cores and borehole GPR data.
Single water-level measurements from test intervals
isolated with a packer assembly also were useful for
identifying permeable intervals in the aquifer at boreholes T1-T8 at the PCHSS. Data from borehole T6 are
representative of boreholes T5-T8. Water levels in borehole T6 prior to packer inflation typically were within
0.05 ft of the water level in the zone (either within or
above the test interval) that was open to the subhorizontal bedding-plane parting at about 744 FANGVD29 (fig.
F2, table F4). Water levels in the zones not open to this
bedding-plane parting (within or below the test interval)
typically were 0.5-3 ft lower than in the open borehole.
The water-level measurements indicate that the subhorizontal bedding-plane parting at about 744 FANGVD29
in boreholes T5-T8 is the most permeable feature at
these boreholes. Water-level measurements also indicate
that the inclined fracture at about 699-709 FANGVD29
in boreholes Tl and T2 may be the most permeable feature in these boreholes (tables 20, F4).

Geophysical logs
Various geophysical logs were run in boreholes and
wells open to the Galena-Platteville aquifer as part of
the Belvidere area study (table 17). The boreholes were
distributed across an area of about 1.5 mi2 in Belvidere,
but most were near the PCHSS. Many of the logs were
useful in enhancing characterization of the hydrologic
framework of the area.
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Spontaneous potential
SP logging was done in eight boreholes and one
well (table 17). SP logs indicated abrupt increases in
signal response at about 660 FANGVD29 in borehole
B125BD; about 660, 673, 705, and 755 FANGVD29 in
borehole B126BD; 525 and 660 FANGVD29 in borehole
B127GP (fig. F3); and about 485 and 660 FANGVD29
in borehole B127SP, and, possibly, at about 500 and 525
FANGVD29 in borehole B128GP (fig. Fl). These intervals correspond to lithologic contacts, particularly the
525- and 660-ft partings, that may correspond to permeable features in the Galena-Platteville aquifer. Gradual
increase in spontaneous potential was detected above
about 660 FANGVD29 in boreholes B125GP, B126GP,
and B127GP. This interval also may correspond to permeable features in the aquifer. SP logs run in boreholes
B115BD, B436, B305, and B137GP did not indicate the
presence of permeable features.

197

Bedding-plane partings associated with argillaceous
deposits at about 525 and 660 FANGVD29 may be
permeable based on interpretations of the SP logs. SP
response also appears to be affected by clay content and
changes in borehole diameter, such as the large increase
in SP response at 485 FANGVD29 in borehole B127SP,
an altitude where there is no apparent fracture or
increase in natural-gamma activity, but with a decreased
borehole diameter. It is unclear, therefore, if the SP log
is responding to geologic or hydraulic conditions. The
utility of the SP log is decreased by its poor resolution
of the depth of the secondary-permeability feature as
defined with other methods. For example, the SP signal
response to the feature at 525 FANGVD29 in borehole
B127GP (fig. F3) occurs over a range of about 5 ft.
Use of the SPR log may assist the interpretation of SP
logs. At all depths where partings are indicated in both
the SP and SPR logs, the signal responses are opposite
(increase in SP log and decrease in SPR signal). At 485

Table F4. Water levels in test intervals isolated with a packer assembly from select boreholes, Belvidere, III.
[NA, not available; NT, measurement not taken; < less than]

Borehole
name
(fig. 31)

Altitude of water level

Altitude of test interval (feet above
National Geodetic
Vertical Datum of
1929)

Open borehole (feet
above National Geodetic Vertical Datum of
1929)

Above test interval
(feet above National
Geodetic Vertical
Datum of 1929)

,5|5j7-582

759.50

757188

616-626
627^637

In test interval (feet above
National Geodetic Vertical Datum of 1929)

Below test interval (feet
above National Geodetic
Vertical Datum of 1929)

760.95
760.98

696-733
T6

579-589

760.67

760.77

757.25

757.40

589-599

760.74

760.78

757.92

758.01

606-616

760.68

760.74

759.15

757.66

616-626

760.73

760.72

759.42

757.98

627-637

760.81

760.75

756.44

755.25

682-692

761.47

761.48

760.50

759.17

742-745

760.66

NA

760.70

758.46

518-540

mU':73i:55i:

556-566

B115BD

631-646

NT

762.96

753.20

NA

646-656

NT

762.88

757.30

754.58

656-666

NT

762.95

761.95

754.84

666-676

NT

762.92

761.44

761.08

676-686

NT

762.97

761.70

760.96

686-696

NT

762.93

761.81

760.93

696-706

NT

762.86

762.23

760.96

710-720

NT

763.79

763.66

763.00

724-734

NT

763.62

763.50

792.96

742-745

NT

NA

763.59

762.76
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FANGVD29, the altitude of the increase in SP signal
in borehole B127SP, the SPR signal also increases.
Where natural-gamma and caliper logs are unavailable,
this similarity in response may be useful in distinguishing changes in diameter resulting from drilling or from
hydraulic features.

Heat-pulse flowmeter logs

Flowmeter logs were run under hydraulic conditions
of ambient flow in 16 boreholes and well BMW2 (table
17). Flow typically was directed downward in these
boreholes, with intermittent measurement of upward
flow apparently being related to the pumping effects
from nearby water-supply wells.
Temperature
Flowmeter logging in borehole B124GP indicates
inflow from bedding-plane partings and vugs from the
Temperature logging was done in 12 boreholes and
bottom of the borehole casing to the top of the 660-ft
1 well (table 17). Temperature logs typically indicated
parting, inflow from a subhorizontal bedding-plane
an overall decrease in water temperature with increasparting at about 564 FANGVD29, and outflow through
ing depth, with particularly large changes across the first the 525-ft parting (fig. F4). Flow volumes in borehole
5-10 ft of the water column. Temperature changes in the B127GP varied during different logging events for that
upper part of the water column likely reflect the effect of
part of the borehole above 525 FANGVD29, indicating
ambient temperature on the water and the probe, and not
possible inflow from bedding-plane partings or vugs
the presence of permeable features. Abrupt changes in
at about 705-725 FANGVD29 and through the 660-ft
fluid temperature were observed at about 525, 560, and
parting (fig. F3). Flowmeter logging clearly indicated
728 FANGVD29 in borehole B124GP (fig. F4); at about outflow through the 525-ft parting in borehole B127GP.
525 FANGVD29 in borehole B127GP (fig. F3); at about
Although predominantly downward, upward flow in the
483 and 565 FANGVD29 in borehole B128GP (fig. Fl);
borehole also was recorded. The variability in the amount
at about 521 FANGVD29 in borehole B133GP; at about
and direction of flow in borehole B127GP is in appar525 FANGVD29 in boreholes B134GP and B136GP
ent response to pumping from wells BMW4 and BMW6.
(fig. F6); and at about 525, 647, and 703 FANGVD29 in
Flowmeter logging in borehole B128GP indicates flow
borehole Bl 37GP. Many of these intervals correspond to
through the 485-, 525-, and 660-ft partings (fig. Fl).
bedding-plane partings identified with other methods and
Flowmeter logs run in borehole B130GP indicate inflow
may be permeable (tables Fl, 20). Changes in the rate of
from a subhorizontal bedding-plane parting below the
change in fluid temperature with depth were observed at
bottom of the casing at about 746 FANGVD29 and
about 660 FANGVD29 in borehole B134GP, and about
outflow through a subhorizontal bedding-plane parting
525 and above 702 FANGVD29 in borehole B127GP
at about 567 FANGVD29 (fig. F5). Flowmeter logs
These intervals also may correspond to the locations of
in boreholes B133GP, B134GP, and B136GP (fig. F6)
permeable features in the aquifer (table 20).
indicate inflow through bedding-plane partings and vugs
from the bottom of the casing to the 660-ft parting, and
outflow through the 525-ft parting. Flowmeter logging
Fluid resistivity
in borehole B137GP indicates inflow below the bottom
of the casing at about 724 FANGVD29, outflow through
Fluid-resistivity logging was done in 11 boreholes
and 1 well (table 17). For the most part, resistivity mea- subhorizontal bedding-plane partings and vugs between
about 648 and 724 FANGVD29, and outflow through
surements did not vary except near the top of the water
column within the borehole casings. Resistivity logs did subhorizontal bedding-plane partings at about 577 and
indicate moderate to abrupt changes in signal response
525 FANGVD29.
Flowmeter logging done under ambient-flow condiat about 563 and 728 FANGVD29 in borehole B124GP
tions in boreholes T1-T8 indicated variable flow direc(fig. F4), at about 525 and 565 FANGVD29 in borehole
B128GP, at about 743 FANGVD29 in borehole B130GP tions during different logging events. Downward flow
was measured above 604 FANGVD29 during all log(fig. F5), at about 525, 660, and 720 FANGVD29 in
borehole B133GP, at about 683 FANGVD29 in borehole ging events. Between about 584 and 604 FANGVD29,
B134GP, and at about 525 and 725 FANGVD29 in bore- upward and downward flow was measured in boreholes
Tl (fig. A3), T2, T3, T6 (fig. F2), and T7 during at least
hole B136GP (fig. F6), and between about 655 and 665
one of the three logging events in these boreholes. The
FANGVD29 in borehole B436. Many of these intervals
transition between upward and downward flow and the
correspond to bedding-plane partings and appear to be
transient nature of the change indicates a permeable feapermeable (table 20). Fluid-resistivity logs from the
ture may be present between 584 and 604 FANGVD29,
remaining boreholes indicated no changes in resistivity
and that this feature is in better hydraulic connection
that clearly would be indicative of permeable features.
with the secondary-permeability network affected by
pumping in the municipal wells than the rest of the borehole. However, analysis of the lithologic and geophysi-
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cal logs did not identify a secondary-permeability feature
in this interval. Flowmeter logging in boreholes Tl
and T2 indicates inflow associated with the high-angle
fracture between about 699 and 709 FANGVD29, and
outflow through the vugs between about 602 and 642
FANGVD29 (fig. A3). Flowmeter logging in borehole T3 indicates inflow through vugs between about
684 and 694 FANGVD29, and outflow through vugs
between 632 and 642 FANGVD29. Flowmeter logging
in borehole T5 indicates inflow associated with a subhorizontal bedding-plane parting at about 742 FANGVD29,
and outflow through vugs between about 682 and 692
FANGVD29. Flowmeter logging in boreholes T6, T7,
and T8 indicates inflow associated with a subhorizontal
bedding-plane parting at about 742 FANGVD29, and
outflow through vugs between about 682 and 692 and
589 and 647 FANGVD29 (fig. F2).
Flowmeter logging in municipal well BMW2
was limited to one flow measurement (at about 590
FANGVD29) within the interval open to the GalenaPlatteville aquifer because of concerns over tool safety.
About 5 gal/min of downward flow at this point indicated inflow from bedding-plane partings above 590
FANGVD29, potentially including the 660-ft parting,
and (or) a steeply inclined fracture at an altitude of about
625 FANGVD29 (depth of about 135 ft).
Downward flow also was recorded during logging
of borehole B436. Inflow occurred from the weathered
surface of the Galena-Platteville aquifer, just below the
base of the casing at altitude of about 735 FANGVD29
(depth about 30 ft), and from the 660-ft parting. Inflow
was recorded at an altitude of about 620 FANGVD29
(depth about 145 ft), however, no partings or fractures
are evident in the geophysical logs at this interval. Vugs
are identified in the acoustic-televiewer log, however,
their size and prevalence appear much greater in other
intervals where inflow was not recorded.

Flowmeter Logging During In-Borehole Pumping
Flowmeter logging in conjunction with pumping
in boreholes B124GP, B133GP, B134GP, and B136GP
identified the same permeable features that were identified during logging under ambient-flow conditions (figs.
F4, F6). Logging in conjunction with pumping tended
to emphasize the flow contribution from the permeable features above 660 FANGVD29, but the volume
of flow below 660 FANGVD29 typically was similar to
the volume measured under ambient conditions. Differences between the ambient and in-borehole pumping
profiles above 660 FANGVD29 indicate that vertical
hydraulic gradients are smaller above than below 660
FANGVD29, and flow rates are affected by drawdown
induced by pumping. The small differences between the
ambient and pumping profiles below 660 FANGVD29
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indicate that pumping had little effect on flow, which
indicates that the vertical hydraulic gradients below this
interval are high, and that the vertical hydraulic conductivity of this interval is low in comparison to that above
660 FANGVD29. These results are consistent with the
analysis of the water-level data collected by use of a
packer assembly in these boreholes.

Logging During Cross-Borehole Pumping
While boreholes Tl, T3, and T7 were pumped as
part of their development, flowmeter logs were run in the
other boreholes in the T1-T8 series. Analysis of flowmeter data collected during this logging identified four
permeable features in that part of the Galena-Platteville
aquifer penetrated by these boreholes: (1) the subhorizontal bedding-plane parting at about 742 FANGVD29
in boreholes T5, T6, T7, and T8; (2) the inclined fracture from 699 to 709 FANGVD29 at boreholes Tl and
T2; (3) vugs from about 682 to 692 FANGVD29; and
(4) vugs from about 602 to 642 FANGVD29. These
features are consistent with those identified with the
flowmeter logging under ambient conditions in these
boreholes, and to a lesser degree with the lithologic logging. Logging during pumping tended to emphasize the
location of the permeable features and to highlight their
interconnection.
Based on the flowmeter data collected during both
ambient and cross-borehole pumping, Paillet (1997) calculated the transmissivity of the subhorizontal beddingplane parting at about 742 FANGVD29 to be 216 ft2/d,
with a storage coefficient of less than 1 X 10~3 (table F5).
The transmissivity of the inclined fracture from 697 to
707 FANGVD29 was calculated to be 130 ft2/d, with an
undetermined storage coefficient. The transmissivity
of the vuggy interval from 682 to 692 FANGVD29 was
calculated to be 8.6 ft2/d, with a storage coefficient of
2 X 10"5. The transmissivity and storage coefficient of
the vuggy interval at about 602-642 FANGVD29 were
calculated to be 43 ft2/d and 2 X 10"5, respectively.

Aquifer tests
Slug tests, specific-capacity tests, multiple-well
aquifer tests, and tracer tests were performed in the
Galena-Platteville aquifer in the Belvidere area.

Slug tests
Kh values were obtained from slug tests in monitoring wells and in test intervals isolated with a packer
assembly (table 17). All test locations were in the
Belvidere area, and about two-thirds of the locations at
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or near the PCHSS. Tests in wells done as part of other
studies (Clayton Environmental Consultants, Inc., 1996;
GZAGeoEnvironmental, Inc., 1993; Roy F. Weston,
Inc., 1988) also were evaluated. About 90 percent of the
aquifer thickness was tested in 51 test intervals isolated
with a packer assembly at 5 boreholes. Additional tests
were performed in 87 selected test intervals isolated with
a packer assembly in 15 boreholes.
Kh values from slug tests in the Galena-Platteville
aquifer ranged from about 0.005 to about 2,500 ft/d.
This large variation in Kh indicates that the Galena-Platteville aquifer is highly heterogeneous in the Belvidere
area. Intervals with elevated Kh (greater than 1 ft/d)
were restricted primarily to four parts of the aquifer: the
upper 20 ft of the bedrock, the 660-ft parting, the 564parting, and the 525-ft parting (fig. 35). Elevated Kh

values for these intervals were not recorded at all locations and in at least one borehole, B128GP, additional
partings with elevated Kh compared to the rest of the
aquifer (at altitudes of about 595 and 485 FANGVD29;
depths of about 190 and 300 ft) were recorded (fig. Fl).
On the basis of vertical variations in Kh, and in
conjunction with interpretations based on other methods,
the Galena-Platteville aquifer within the Belvidere area
can be divided arbitrarily into five units: the upper 20
ft of the bedrock surface, from 21 ft below the bedrock
surface to the 660-ft parting, from below the 660-ft parting to just above the 525-ft parting, the 525-ft parting,
and from the bottom of the 525-ft parting to the base of
the aquifer at about 455 FANGVD29. These units are
recognized primarily from data at and near the PCHSS
and their presence may differ within the Belvidere area.

Table F5. Aquifer parameters calculated from flowmeter logging, slug testing, and constant-discharge aquifer testing for select boreholes, Belvidere, III.
[< less than; na, not applicable: nc. not calculated]

Cross-borehole flowmeter logging

Permeable
feature

Estimated
transmissivity
(feet squared
per day)

Subhorizontal
fracture
at about
742 feet in
boreholes
T5, T6, T7,
andTS

216

Inclined
fracture
from about
699 to
709 feet in
boreholes
Tl and T2

130

Estimated
storage
coefficient
(dimensionless)
<0.001

Estimated
horizontal
hydraulic
conductivity
(feet per day)

Constant-discharge aquifer testing

Slug testing
Estimated
transmissivity
(feet squared
per day)

Estimated
storage
coefficient
(dimensionless)

Estimated
horizontal
hydraulic
conductivity
(feet per day)

na

516

na

71.6

na

na

1900

na

na

Estimated
transmissivity
(feet squared
per day)
7414

22.6

Vuggy
interval
from about
682 to
692 feet in
boreholes
Tl through
T8

8.6

.00002

0.9

5.6

.56

Vuggy
interval
from about
602 to
642 feet in
boreholes
Tl through
T8

42.3

.00002

1.1

18.2

.91

18.1

Estimated
storage
coefficient
(dimensionless)
0.02

.00076

Estimated
horizontal
hydraulic
conductivity
(feet per day)
na

na

1.6
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For example, a semiconfining unit was identified above
the 660-ft parting near an industrial facility about 2.5 mi
southwest of the PCHSS (GZA GeoEnvironmental, Inc.,
1993). However, data review indicates that this semiconfining unit may be the clay-rich interval associated with
the 660-ft parting.
Kh values obtained from 13 slug tests done in the
upper 20 ft of the Galena-Platteville aquifer ranged from
0.054 to 360 ft/d with a geometric mean of 4.3 ft/d.
These values indicate that the upper 20 ft of the aquifer
generally is permeable and contains a well-developed
network of interconnected secondary-permeability features.
Kh values obtained from 29 slug tests done in that
part of the aquifer from 21 ft below the bedrock surface
to the 660-ft parting ranged from 0.067 to 2,500 ft/d,
with the highest values being associated with the 660-ft
parting. Excluding the outlier value of 2,500 ft/d, the
geometric mean Kh for this part of the aquifer is 0.36
ft/d. Kh values from 31 slug tests done in the GalenaPlatteville aquifer between the 660- and 525-ft partings,
and excluding an anomalous permeable parting at 564-ft
identified in various boreholes, ranged from 0.036 to
20 ft/d, with a geometric mean of 0.37 ft/d. Kh values
obtained from analysis of four slug tests done in the 564ft parting ranged from 0.036 to 21 ft/d with a mean value
of 2.4 ft/d. These values indicate that with the exception
of the 564- and 660-ft partings, which vary in permeability, this interval is only moderately permeable in the
Belvidere area.
Kh values obtained from analysis of six slug tests
of the 525-ft parting ranged from 0.13 to 180 ft/d with a
geometric mean value of 17.3 ft/d. Typically, this feature is highly permeable in the Belvidere area.
Kh values obtained from analysis of seven slug tests
done below the 525-ft parting ranged from 0.005 to 11
ft/d with a geometric mean of 0.21 ft/d. Typically, this
part of the aquifer is moderately to poorly permeable in
the Belvidere area.
Kh values obtained from analysis of the slug tests
also were evaluated in relation to the stratigraphic units
to which the wells or borehole-test intervals were open
(fig. F10). The highest geometric mean and greatest range of Kh for these units is associated with the
Dubuque/Wise Lake Formations of the Galena Group
and the Grand Detour Formation of the Platteville Group
(excluding the Quimbys Mill Formation, where too few
tests were available for evaluation). This distribution
results, at least in part, because of the high permeability
of the weathered-bedrock surface and the 660-ft parting
located in the Dubuque and Wise Lake Formations and
the 525-ft parting located in the Grand Detour Formation
(figs. 35,F1,F4,F6).
The location of permeable features identified from
the slug tests frequently indicated good agreement
with the location of permeable features identified with
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lithologic and geophysical logging, and water-level
measurements (table 20). This agreement partly is
related in that many of the intervals chosen for slug-testing were selected because flowmeter logging indicated
the presence of permeable features. Areas of elevated
permeability identified with multiple methods include
the shallow subhorizontal bedding-plane parting at about
742 FANGVD29 in boreholes T5-T8, the high-angle
fracture at about 699-709 FANGVD29 in boreholes
Tl and T2, and the 525-ft and 660-ft parting in many
boreholes (figs. 35, A3, Fl, F2, F4-F6; table 20). However, areas of active flow identified in the vuggy intervals at 602-642 and 682-692 in boreholes TI-T8 and
above 662 FANGVD29 in boreholes B124GP, B126GP,
B127GP, B133GP, B134GP, and B136GP frequently
had Kh values of less than 0.50 ft/d, whereas the 658668 FANGVD29 interval in borehole B130GP had a Kh
value of about 1.0 ft/d, but was not identified as being
permeable with any other method. In borehole B128GP,
slug tests indicated Kh values of 17 and 48 ft/d at about
564 and 595 FANGVD29 (depths about 190 and 220 ft),
respectively, yet flowmeter logging indicated no flow at
these altitudes. These occasional differences between
slug testing and flow profiling appear to be caused by the
distribution of variations in vertical hydraulic gradient
and Kh within the individual boreholes. At boreholes
Tl and T6, highly permeable features are present only
near the top of the boreholes (figs. A3, F2). Under these
conditions, water coming in through the fractures in the
upper part of the boreholes only can move out through
the less permeable features in the deeper part of the
borehole, which can be identified with the flowmeter
logging. At borehole B128GP (fig. Fl), permeable features are distributed over the length of the borehole, with
the largest differences in water level being between the
top and bottom of the borehole. Under these conditions,
most inflow is from the permeable features at the top of
the borehole, most outflow is through the 525-ft parting near the bottom of the borehole, and less permeable
features in the middle of the borehole (such as the parting at about 565 FANGVD29 with Kh of 17 ft/d) may
not affect the water movement. Such permeable features
may not be identified with flowmeter logging, but they
can be identified with slug tests.
Differences in the location of permeable features
identified with slug tests and some of the other study
methods also may be the result of nearby pumping.
During tests in the deeper part of the Galena-Platteville
aquifer, water levels usually fluctuated and the data
could not be analyzed. The effect was most evident in
test intervals open to the permeable 660-ft and 525-ft
partings. For example, analysis of slug testing done
on the 660-ft parting at borehole B115BD yielded Kh
values that varied by two orders of magnitude potentially
because of pumping effects. Pumping affected the calculated of Kh in borehole B127GP, resulting in the lowest
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value reported for the 5 25-ft parting (0.13 ft/d). However, flowmeter logging indicated that the 525-ft parting
was permeable at this borehole.
The vertical distribution of permeability within
the Galena-Platteville aquifer identified from the slug
tests indicated moderate agreement with the distribution
identified with the continuous water-level measurements
(table 20). Results from application of both methods
indicated that the 525-ft parting was permeable. However, water-level measurements, core analysis, and
single-hole GPR surveys indicated a decrease in aquifer
permeability with depth, whereas slug tests did not indicate substantial changes in the Kh of the aquifer, which
were not associated with bedding-plane partings and the

weathered bedrock. These differences likely are related
to the importance of the vertical secondary-permeability features on flow in the aquifer. These features were
underrepresented by the small amount of aquifer stressed
by slug testing in the vertical boreholes, but were well
represented in the large volume of aquifer (thousands of
cubic feet) stressed by the municipal-well pumping.

Specific-Capacity Tests
Spatial variability in transmissivity and Kh of the
Galena-Platteville aquifer was computed from specificcapacity data recorded on the driller's logs of about 250
residential-supply wells open to the aquifer (table 17).
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aquifers underlying Beividere, III.
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The wells were distributed throughout the Belvidere
area, but about 90 percent of the wells tested were from
four rural subdivisions. About 75 percent of the wells
were open only to the upper part of the aquifer. Specificcapacity data collected during development of boreholes
B130GP, B133GP, B134GP, and B136GP near the
PCHSS also were analyzed. These boreholes penetrated
more than 75 percent of the aquifer.
Estimated transmissivity and Kh values indicated no
clear variations with location or amount of aquifer penetrated. Transmissivity estimates from the residentialsupply wells ranged from about 30 to 7,700 ft2/d; with
about 90 percent of the wells being less than 1,000 ft2/d.
Estimated Kh from these wells ranged from about 0.2 to
450 ft/d; in 98 percent of the wells, Kh was less than 50
ft/d. Transmissivity estimates from boreholes B130GP,
B133GP, B134GP, and B136GP were 5,400 ft2/d, 430
ft2/d, 270 ftVd, and 1,100 ft2/d, respectively. Kh estimates from these boreholes ranged from 1.3 to 29 ft/d.

Multiple-Well, Constant-Discharge Tests
A multiple-well, constant-discharge aquifer test
was done in June 1991 by pumping 29 gal/min from
borehole B127GP over a period of 1,020 minutes (Mills,
I993b). Borehole B127GP penetrated about 90 percent
of the thickness of the Galena-Platteville aquifer during this test. Drawdown was measured in monitoring
wells Gl 15B, G125B, and Gl 11D open to the upper
10-20 ft of the aquifer and monitoring wells Gl 15BD,
G125BD, and G126BD open to the aquifer above about
635 FANGVD29 (fig. Fl 1). Interpretation of the aquifer-test data are complicated by changes in water levels
because of pumping from wells BMW4 and BMW6, the
proximity of the shallow wells to the overlying glacial
drift aquifer, and a lack of observation wells (only three
observation wells each in the middle and shallow parts
of the aquifer).
Drawdown in wells G115B, G125B, and Gil ID
ranged from 0.01 to 0.37 ft and the cone of depression
was oriented approximately N. 45° W./S. 45° E. (fig.
Fl 1). Drawdown in wells Gl 15BD, G125BD, and
G126BD ranged from 0.76 to 4.29 ft, and was oriented
approximately east-west. These orientations are based
on only three data points in each part of the aquifer and
should be considered as approximate. The drawdown
orientation in both the shallow and deep parts of the
aquifer is consistent with either the primary or secondary
orientation of inclined fractures identified with the SAR
survey in this area as well as the predominate fracture
orientation identified with the single-hole GPR tomography in borehole B127GP. The difference in the orientation of drawdown indicates that there may be a change
in the dominant orientation of the inclined fractures with
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depth in the aquifer, which is consistent with the SAR
survey.
Transmissivity estimates ranged from about 150 to
300 ft2/d for the deep (100-200 ft) part of the aquifer and
from about 1,500 to 7,000 ft2/d for the shallow (40-100
ft) part of the aquifer using the method of Boulton and
Streltsova-Adams (1978). Kh estimates for these respective parts of the aquifer ranged from 0.6 to 1.0 ft/d and
from about 5 to 30 ft/d. Specific yield based on data
from well G125BD was about 0.2. Kh values estimated
from the constant-discharge test for the deeper part of
the aquifer at borehole B127GP were higher, but generally consistent with those obtained from slug tests done
in seven test intervals isolated with a packer assembly in
the deeper part of this borehole (average value of 0.22
ft/d). Slug tests were not performed in the upper part of
this borehole, so comparisons between the shallower and
deeper parts of the aquifer cannot be made.
A series of constant-discharge aquifer tests was
done to test the hydraulic properties of the permeable
intervals in the Galena-Platteville aquifer identified at
boreholes T1-T8. Packers were used to isolate selected
parts of boreholes Tl, T2, T3, T5, T6, T7, and T8 in
addition to monitoring well G115BD (table F6) so that
the distribution of drawdown in the various parts of the
aquifer could be measured. Borehole Tl was pumped to
test the hydraulic properties of the upper and lower parts
of the permeable vuggy interval identified with crossborehole flowmeter logging at 618-638 FANGVD29
in boreholes T1-T8 and the inclined fracture identified
at about 699-709 FANGVD29 in boreholes Tl and T2.
Borehole T6 was pumped to test the hydraulic properties
of the permeable subhorizontal bedding-plane parting
identified at about 742 FANGVD29.
Analysis of the constant-discharge aquifer test done
in the vuggy interval at 618-628 FANGVD29 indicated a
transmissivity from about 8 to 22 ft2/d and a Kh from 0.8
to 2.2 ft/d (table F5). Drawdown in the aquifer below
618 FANGVD29 typically was about 10 ft (table F6),
indicating high vertical hydraulic connection between
the vuggy interval and that part of the aquifer below
618 FANGVD29. Drawdown in the aquifer above 628
FANGVD29 was highest at borehole T3, which does not
intercept permeable fractures, medium in boreholes T1
and T2, which are open to the permeable inclined fracture at about 699-709 FANGVD29, and lowest in boreholes T6-T8, which are open to the permeable subhorizontal bedding-plane parting at about 742 FANGVD29.
The distribution of drawdown in these boreholes indicates vertical hydraulic connection between aquifer
materials at 618-628 and above 628 FANGVD29, at least
partly through inclined fractures.
Analysis of the constant-discharge aquifer test done
in the vuggy interval at 628-638 FANGVD29 indicated a
transmissivity from about 9 to 18 ft2/d and a Kh from 0.9
to 1.8 ft/d (table F5). Drawdown in the aquifer below
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628 FANGVD29 typically was about
10 ft, indicating high vertical hydraulic connection between the 628-638
interval and that part of the aquifer
from about 567 to 624 FANGVD29
(table F6). Drawdown patterns in
those parts of the aquifer open above
638 FANGVD29 were similar to those
observed during the test of the interval
at 618-628 FANGVD29.
Analysis of the constant-discharge aquifer test done in the inclined
fracture at about 699-709 FANGVD29
in boreholes Tl and T2 indicated a
transmissivity of 22 ft2/d and a storage coefficient of 7.6 X 10'4 (table
F5). A Kh was not calculated for this
interval because of the uncertainty of
the fracture aperture. About 1-1.5 ft of
drawdown was detected in the aquifer
below 699 FANGVD29 (table F6),
indicating that this inclined fracture
extends into the deeper part of the
aquifer.
Analysis of the constant-discharge
aquifer test done in the subhorizontal
bedding-plane parting at about 742
FANGVD29 at borehole T6 indicated
a transmissivity of more than 7,400
ft2/d and a storage coefficient of 2.0
X IO-2 (table F5). A Kh was not
calculated for this interval because of
the uncertainty of the aperture of the
bedding-plane parting. Little or no
drawdown was measured in the aquifer
below the bedding-plane parting.
However, because drawdown in the
subhorizontal bedding-plane parting
was less than 0.30 ft, it is unclear if
the absence of substantial drawdown
in the deeper test intervals indicates
minimal hydraulic interconnection
between the bedding-plane parting
and the aquifer below the parting, or
that this part of the aquifer is permeable enough to respond easily to the
small stress induced by pumping with
minimal drawdown.
The hydraulic properties calculated from the constant-discharge
aquifer tests in the T series of boreholes are similar to those calculated
from the slug testing and analysis of
flowmeter data collected during crosshole pumping for the vuggy interval at
618-638 FANGVD29 (table F5). The
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transmissivity calculated from the constant-discharge
aquifer test in the T series of boreholes also is similar to
that calculated from the flowmeter data collected during
cross-hole pumping for the inclined fracture at 699-709
FANGVD29 at boreholes Tl and T2, but substantially is
lower than the transmissivity value calculated with the
slug testing. The hydraulic properties of the permeable
intervals calculated from the constant-discharge aquifer
tests in the T series of boreholes differ substantially from
the hydraulic properties identified with the slug testing
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and flowmeter-data analysis for the subhorizontal bedding-plane parting at 742 FANGVD29 (table F5). This
difference may partly result because of the volume of
aquifer tested with the different methods. The inclined
fracture appears to decrease in size and permeability
with depth. Slug tests only stress the shallow, most permeable part of the fracture. The other methods involve
pumping and also stress the deeper, less permeable parts
of the fracture. The difference in the results of the test
methods also may be because of the methods used in the

Table F6. Configuration of packers and distribution of drawdown during constant-discharge aquifer testing in boreholes T1-T8, Belvidere, III.
[>, greater than; na, not applicable]
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Packer configuration
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data analysis. The bedding-plane parting at about 742
FANGVD29 terminates against permeable sand-andgravel deposits between boreholes T5 and T3. It is likely
that the sand-and-gravel deposits recharge the beddingplane parting during the aquifer testing, lowering the
amount of drawdown. However, data analysis involved
techniques where a homogenous and isotropic aquifer of
infinite extent was assumed. These assumptions likely
resulted in an overestimation of the transmissivity of the
bedding-plane parting.
A series of single-well, constant discharge aquifer
tests was performed in 18 test intervals isolated by use of
a packer assembly in boreholes B125GP, B126GP, and
B127GP by monitoring drawdown during pre-sample
purging. Kh estimates based on analyses using the
method of Cooper and Jacob (1946) ranged from 0.035
to 37 ft/d. The highest Kh values typically were associated with tests done in the upper part of the aquifer, at
the 660-ft parting, and at the 525-ft parting. These estimates of Kh typically were higher than those produced
with slug testing and indicated no systematic correlation
with the results of the slug testing. However, these tests
were useful for identifying intervals of comparatively
high and low permeability.

Tracer testing
A tracer test was conducted in conjunction with
cross-hole GPR tomography at boreholes T1-T8 to
determine flow pathways and hydraulic properties of
the permeable vuggy interval between about 618 and
638 FANGVD29. The test consisted of pumping from
the 628-638 FANGVD29 interval in borehole T6 while
continuously injecting a 10,000 mg/L sodium-chloride
tracer into this interval at borehole T2. GPR surveys
were done between the T2-T8, T2-T7, and T3-T8 borehole pairs to monitor the tracer movement. Comparison
of GPR tomograms performed before and at various
times during the tracer test (fig. Al 1) indicates predominately horizontal tracer movement through the 628-638
FANGVD29 interval with a component of downward
movement because of either tracer-density effects or
in response to pumping in wells BMW4 and BMW6.
Tracer movement through the inclined fracture at 699709 FANGVD29 also is indicated by the tomography.
Although the tracer did not migrate the entire
distance from the injection to the extraction borehole,
the tomograph data allowed analysis of the rate of tracer
movement that would not have been possible otherwise,
including calculation of an effective porosity of 8.8
percent for the interval at 628-638 FANGVD29. This
value is substantially lower than the mean porosity of 15
percent measured from a core sample collected at this
altitude in well G115BD. The difference in the calculated porosity may be the result of differences in the

scale of investigation (inches for the cores and tens of
feet of the tracer test), and the differences between total
and effective porosity.

Flow modeling
The USGS modular computer code MODFLOW
(McDonald and Harbaugh, 1988) was used to simulate
steady-state, ground-water flow in the 80-mi2 Belvidere
study area (Mills and others, 2002a) (fig. F12). The
objective of numerical model simulation was, in part,
to determine ground-water-flow direction and locations
of discharge and pathways of contaminant movement.
Principal locations of ground-water discharge within the
study area include the Kishwaukee River, its tributaries,
and local water-supply wells. Most discharge to wells
is to the eight municipal wells in Belvidere (BMW2BMW9); six of which are open, in part, to the GalenaPlatteville aquifer (BMW2-BMW7).
The flow model consists of four layers that represent
the glacial drift aquifer (layer 1), the Galena-Platteville
aquifer (layer 2), the Glenwood semiconfining unit
(layer 3), and the sandstone aquifers of the CambrianOrdovician aquifer system, including the St. Peter aquifer (layer 4). Four zones, representing hydrologically
different parts of the glacial drift aquifer, were assigned
to model layer 1. Uniform properties were assigned to
the individual model layers (2-4) representing bedrock
aquifers. Although the Galena-Platteville aquifer is
known to be heterogeneous and anisotropic, data were
not available for reliable zonation of hydraulic properties
of the unit; the persistence of lateral or vertical trends in
properties that have been identified is uncertain. Lateral
flow boundaries in the glacial drift and bedrock aquifers
were placed at distances where flow is expected to be
unaffected by pumping from the Belvidere municipal
wells. Water levels in the glacial drift aquifer (layer 1)
and along the western boundary of the Cambrian-Ordovician aquifer system (layer 4) were specified on the
basis of available data. Water levels along the eastern
boundary of the Cambrian-Ordovician aquifer system
(layer 4) were located along a regional ground-water
divide (Visocky, 1993, 1997).
The model was calibrated to ground-water levels
measured in July 1993. Ground-water discharge estimated from streamflows measured in the Kishwaukee
River and adjusted to account for inflow from its tributaries and waste water discharge, in September 2000,
also was used for model calibration. Ground-waterwithdrawal rates were applied for all wells reportedly
producing more than 1 Mgal during 1993, including the
seven operational municipal wells (BMW3-BMW9).
About 80 percent of these supply wells are located in the
city of Belvidere (fig. 30).
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confining unit underlying Belvidere, III.
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A fundamental assumption made during MODFLOW simulation is that the hydrogeologic units represented by model layers are composed of continuous
porous media. Although porosity that affects flow in the
Galena-Platteville aquifer is represented predominantly
by fractures and bedding-plane partings, these openings
are connected; flow also occurs through vuggy intervals
in the aquifer. Additionally, the smallest cell size, 250
ft by 250 ft, is substantially larger than the approximate
80 ft or less spacing between fractures (McGarry, 2000).
Because of the cell size and the fracture spacing, the
assumption of a continuous porous media is considered
reasonable at the regional scale of flow simulation.
Additionally, because of the higher permeability of the
overlying and underlying aquifers, the model generally
was insensitive to the hydraulic properties assigned to
the Galena-Platteville aquifer.
Ground-water-flow paths simulated in a flow model
can be delineated using particle tracking. By use of the
USGS code MODPATH (Pollock, 1989) with output
from MODFLOW, particle pathlines were computed in
each model cell. Using the calibrated hydraulic conductivity and the computed three-dimensional hydraulic
gradients, hypothetical water particles were tracked
along the hydraulic gradient within the computed flow
field (Mills and others, 2002b).
The particle-tracking scheme used in MODPATH
is valid only for computing and interpolating advective velocities from intercellular flows. Accordingly,
the particle pathlines are based on advective particle
movement and travel times no diffusion, dispersion, or
chemical or microbiological retardation is incorporated
into particle movement. The particle-tracking analysis
was based on a model in which steady-state conditions
are assumed and, thus, the analysis is insensitive to and
does not represent short-term variations in natural (such
as seasonal recharge) and anthropogenic (such as well
withdrawals) stresses.
There is uncertainty in the simulated delineation of
flow patterns and estimation of travel times by particle
tracking. The calibrated model is a numerical representation of the ground-water-flow system; simulated water
levels do not precisely match measured water levels,
and actual ground-water-flow paths are more complex
than the simulated flow paths. Numerical approximations, scale limitations, grid design, boundary conditions, and calibration data each can affect the accuracy
of model simulation and, therefore, the particle-tracking analysis. Heterogeneity of the hydraulic properties
of the aquifers underlying the study area, particularly
hydraulic conductivity, is considered to have the greatest effect on the accuracy of this and other simulations
of ground-water flow. Scale limitations of the numerical model also are considered to affect the simulation
accuracy. Estimates of hydraulic conductivity can vary
over as much as five orders of magnitude in the fractured

dolomite of the Galena-Platteville aquifer. The initial
model was designed to investigate regional ground-water
flow. Local flow, such as flow to small streams and flow
adjacent to sources and sinks, may not be represented
accurately in the regional model. The model does not
account accurately for the local effects of secondary
porosity in the Galena-Platteville aquifer. Bedding-plane
partings and inclined fractures are known to provide
preferential pathways for water movement and seem to
provide pathways for contaminant movement (Mills and
others, 2002a).
For the model analysis, particles were forward
tracked from the top and bottom center of all cells
representing the glacial drift aquifer (layer 1) to determine where water discharges from the Galena-Platteville
aquifer to the overlying glacial drift aquifer and from
selected cells to determine flow paths from known or
possible contaminant source areas to discharge locations.
Because of the limitations associated with the scale of
the regional model, including the inability to accurately
define local hydrogeologic conditions, results of this
analysis are considered most appropriate for general
illustration of possible flow paths and discharge locations.
As part of the flow analysis, areas contributing
recharge (ACR) to the Belvidere municipal wells and
selected industrial wells also were delineated. ACR's to
the wells open to the Cambrian-Ordovician aquifer system (model layers 2-4) were delineated by back-tracking
particles from the full length of the interval of each well
open to the Galena-Platteville aquifer (model layer 2) to
the base of the glacial drift aquifer.
Given the hydrogeology and water quality in
the vicinity of the supply wells, the approach used to
delineate ACR's and ground-water travel times for the
wells open, in part, to the Galena-Platteville aquifer is
considered appropriate. In much of the area where the
municipal wells are located, permeable deposits of sand
and gravel (Kh up to 370 ft/d) that generally are less than
40 ft thick overlie the less permeable (Kh about 0.05
ft/d) Galena-Platteville aquifer (Mills and others, 2002a).
These permeability contrasts contribute to rapid vertical
movement of DNAPL's through the glacial drift aquifer
and pooling on the surface of the dolomite aquifer; high
concentrations of TCE (1,300 f-ig/L), indicative of nearby
DNAPL's, have been detected within 5 ft of the top of
the aquifer at the PCHSS (Mills, 1993b). DNAPL's,
such as TCE and PCE detected in the aquifers underlying Belvidere, can move independently of the prevailing
direction of ground-water flow in the aquifers because of
the density contrast between the DNAPL's and ground
water. As the DNAPL's dissolve in ground water, they
can move from pool locations to area wells through a
network of inclined fractures and subhorizontal beddingplane partings, such as the network within the GalenaPlatteville aquifer (Mills and others, 2002a). ACR's to
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wells for which such flow conditions are present cannot
be simulated by conventional methods based solely on
prevailing directions of ground-water flow.
In delineation of ACR's, errors in estimation of Kh
result in substantial uncertainty in the representation of
hydraulic gradients upgradient of a well (Varljen and
Shafer, 1991) and, thus, errors in estimation of arearelated ground-water travel times. Travel times also are
affected by uncertainties associated with estimation of
the aquifer porosity. Porosity has a linear effect on the
travel time of a particle, but has no effect on the particle
pathlines. An increase in the porosity decreases the
area associated with each travel time. Porosities for the
Belvidere model were estimated on the basis of literature
values (Freeze and Cherry, 1979), laboratory measurements (Mills and others, 1998), and geophysical methods
(Mills and others, 1998, appendix 6). Porosities of 20,
1,1, and 25 percent were assigned to the glacial drift
aquifer (model layer 1), the Galena-Platteville aquifer
(model layer 2), the Glenwood confining unit (model
layer 3), and the sandstone aquifers of the CambrianOrdovician aquifer system (model layer 4), respectively.
With possible under-estimation of porosity of up to one
order of magnitude, travel times in the Galena-Platteville
similarly may be under-estimated.
As indicated by the general simulation of flow
(Mills and others, 2002a), about 90 percent of recharge
is to the aquifers overlying the Glenwood confining unit,
with most of the flow discharging through the glacial
drift aquifer to the Kishwaukee River and its tributaries. Simulated potentiometric levels and flow directions
approximate the levels and directions determined by
synoptic measurements in 1993. The root-mean-square
error between simulated and measured water levels was
about 10 ft, with the majority of the error associated with
levels in the deep sandstone aquifer system (model layer
4). Most of the discharge from the Galena-Platteville
to the glacial drift aquifer occurs in the southern part of
the Troy Bedrock Valley (fig. F13). About 65 percent of
the flow entering the valley through the Galena-Platteville
aquifer discharges to the Kishwaukee River and about
35 percent flows westward out of the study area. Only
about 10 percent of recharge from precipitation (about
0.95 in/yr) flows from overlying aquifers to the St. Peter
and deeper sandstone aquifers, also presumably within
the southern part of the Troy Bedrock Valley, where the
Glenwood confining unit seems to be partly to completely
absent. About 7 percent of outflow from the ground-water
system is discharge to the municipal and industrial wells
in the area, less than 2 percent of this outflow is from the
Galena-Platteville aquifer.
The Kh of the Galena-Platteville aquifer estimated
from flow simulation was about one order of magnitude
less than the Kh estimated based from the geometric
mean of all available aquifer tests (0.05 ft/d and 0.59
ft/d, respectively). The difference indicates that the
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hydraulic conductivity of the aquifer may be substantially less in parts of the study area other than the city
of Belvidere (where all of the aquifer tests were done).
This difference may be attributed to a reduction in matrix
and (or) fracture permeability.
The following characteristics of steady-state,
ground-water flow in the Belvidere area are indicated
from the simulated pathlines from possible contaminant
source areas (fig. F14):
Ground water moves from the glacial drift aquifer
into the Galena-Platteville and underlying sandstone aquifers, particularly where flow is affected
by withdrawals from the Belvidere municipal
wells.
Ground water discharges to three municipal wells
(BMW3, BMW4, and BMW6; fig. F14), in part,
through the Galena-Platteville aquifer.
Ground-water flow from one source area is northward beneath the Kishwaukee River in the
Galena-Platteville and sandstone aquifers, with
discharge to a municipal well (BMW4). Flow
southward from the PCHSS and nearby source
areas does not underflow the Kishwaukee River
in the underlying bedrock aquifers. Apparently,
flow into the bedrock aquifers near these source
areas is affected more by pumping from nearby
municipal wells (BMW4, BMW6) than by pumping from wells south of the river.
Ground-water flow that originates in the glacial drift
aquifer may discharge to municipal well BMW8, a well
open exclusively to the St. Peter and deeper sandstone
aquifers underlying the Glenwood confining unit. On
the basis of tritium data, near-well geology, and historical water-quality data, the St. Peter aquifer is considered
to be confined and, thus, less vulnerable to contamination from overlying aquifers (Mills and others, 2002a,
b). Flow simulation indicates that leakage through the
confining unit represents only a fraction of total flow
within the ground-water system simulated by the model.
Thus, substantial contaminant transport to the St. Peter
and deeper aquifers is considered unlikely.
During the 1993 model-calibration period, well
BMW2 was not operating and well BMW3 was used
sparingly. Total withdrawals for the municipal system
were greater after 1996, when these wells were returned
to full operation (J.A. Grimes, Belvidere Water Department, written commun., 2001).
The following characteristics of steady-state, groundwater flow in the Belvidere area, under ground-waterwithdrawal rates of 2000 are indicated from the simulated
pathlines from possible contaminant source areas:
Underflow beneath the Kishwaukee River is
restricted to the sandstone aquifers that underlie
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Figure F13. Simulated distribution of leakage from the Galena-Platteville to the glacial drift aquifer in the vicinity of Belvidere, III,, 1993.

the Galena-Platteville aquifer.
Some of the flow that discharged into the Kishwaukee River from source areas east and west of
Belvidere in 1993 is diverted through the GalenaPlatteville aquifer into the underlying sandstone
aquifers. This flow discharges to municipal wells
located almost 2 mi from the two contaminantsource areas.
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Ground-water-flow patterns, as simulated by particle
tracking, generally are substantiated by available waterquality data. Contaminant plumes have been mapped
from many of the identified source areas, including the
Parson's, MIG/DeWane, and Belvidere Landfill No. 1
Superfund sites (fig. 30). VOC's, particularly TCE and
PCE, have been detected consistently in samples from
wells BMW2 and BMW3, and intermittently in samples
from wells BMW4 and BMW6 (Mills and others 1999,
2002a, b; Mills and Kay, 2003). However, flow paths
88° 52 1

88° 48 1

42° 17'

00294
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42° 15'
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Vertical pathway in the Glenwood confining unit (model layer 3) not shown
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CENTER OF MODEL CELL THAT INCLUDES A CONTAMINANT-SOURCE AREA Particles placed at the top (water table) and bottom (bedrock surface) center of the
cells that represent the glacial drift aquifer (model layer 1)

Figure F14. Simulated particle pathlines from possible contaminant source areas to discharge locations in the vicinity of Belvidere,
1993.
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from some source areas may not be well delineated
with the particle-tracking analysis because of insufficient
representation of preferential flow paths. For example,
the simulated pathlines for ground-water-withdrawal
rates in 2000 indicate that ground-water flow in bedrock
aquifers beneath the Kishwaukee River is restricted to
the St. Peter and deeper sandstone aquifers. Sampling of
isolated bedding-plane partings in the Galena-Platteville
aquifer at borehole B137GP (fig. 30) in 2002 indicated
VOC's that seem to be moving beneath the river from the
PCHSS in the 525-ft parting and, possibly, other partings.
Areas contributing recharge to Belvidere municipal
wells BMW3-BMW7 and industrial wells open to the
Galena-Platteville aquifer are indicated in figure F15;
areas indicated are not limited by travel time. The areas
were simulated using the 1993 ground-water-withdrawal
rates used for model calibration.
Ground water withdrawn from the Galena-Platteville aquifer is a mixture of waters with a range of
residence times in the aquifer (fig. F16). Residence time
in the aquifer is a surrogate for contaminant travel time
because the simulation represents dissolved DNAPL's
introduced to ground water near the top of the aquifer.
The residence time for water that enters near the top
of the aquifer is less than a year; the longest residence
times are for water that enters a well near the base of the
aquifer. For example, on the basis of an effective porosity of I percent, simulated residence times for water
that is withdrawn from the Galena-Platteville aquifer by
municipal well BMW3 range from about 0 to about 85
years with an average residence time of about 40 years.
Simulated residence times increase as porosity
increases. Residence times for 50 percent of the water
withdrawn from the Galena-Platteville aquifer, using
porosity estimates of 1 and 20 percent, are contrasted in
figure F16b. This porosity contrast is important, because
of the uncertainty associated with estimating the effective
porosity of the aquifer. Using the conservative estimate
of 1 percent porosity, average residence times range from
about 2 to 70 years. The shortest residence time is associated with a well that is open to only 22.5 ft of the aquifer
and is located at the edge of the Troy Bedrock Valley,
where the aquifer is only about 40 ft thick. The longest
residence time is associated with a well with one of the
lowest withdrawals rates included in the simulation and
one of the longest open intervals in the Galena-Platteville
aquifer (257 ft).
If the movement of ground water (and possibly contaminants) from near land surface to the top of the GalenaPlatteville aquifer is rapid then the simulation-based
estimates of residence times of water within the GalenaPlatteville aquifer (model layer 2) can be compared
reasonably to water-quality-based estimates of travel
times of water from near land surface to various depths
within the aquifer. Detection of methyl tertiary-butyl

ether (MTBE) in water samples from municipal well
BMW4 (Richard Cobb, Illinois Environmental Protection Agency, written commun., 2001), open to the deeper
half of the Galena-Platteville aquifer, indicates that in
this part of the study area, travel times between near land
surface and the mid-part of the Galena-Platteville aquifer
may be less than about 16 years (MTBE was first used as
a gasoline additive in the United States in 1979). Tritium
levels in samples from area wells open to the Galena-Platteville aquifer indicate that water withdrawn from almost
all parts of the aquifer is less than 50 years old. These
ages compare favorably with the residence times simulated
for 50 percent of water pumped from the Galena-Platteville aquifer by the municipal and private wells, based on a
porosity estimate of 1 percent (fig. F16B).
The effects of hydraulic-property heterogeneity and
scale limitations on the accuracy of the model simulation
of ground-water flow underlying the Belvidere area are
mitigated to a large extent in that most of the hydraulic
conductivity and porosity data were collected in the same
part of the study area (in Belvidere) where water-level data
were concentrated for model calibration, model-cell sizes
were smallest, and particle-tracking analysis was focused.
Although the uncertainties and limitations associated
with this and other numerical models should not be
ignored, such models provide unique and important
understanding of ground-water-flow systems.

Locations of contaminants and other
water-quality indicators
Water-quality data were collected from residentialsupply wells, industrial- and municipal-supply wells,
monitoring wells, and from test intervals in boreholes
isolated with a packer assembly at various times from a
variety of locations in the Belvidere area. Samples were
analyzed for a variety of constituents, including VOC's,
tritium, field parameters, and metals.

Synoptic and Periodic Sampling for VOCs in
Water-Supply Wells
The concentration and distribution of VOC's in
ground water beneath the Belvidere area was determined
from samples collected from monitoring and water-supply wells, including the eight municipal wells in Belvidere (table 17) during a synoptic assessment of water
quality performed during July 1993. Samples were collected from 60 wells open to the glacial drift aquifer, 30
wells (80 percent of available wells) open to the GalenaPlatteville aquifer, and 4 wells open to the St. Peter
aquifer (Mills and others, 1999). Samples also were
collected from 15 wells open, in part, to the Galena-
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gallons per year in the vicinity of Belvidere, III., 1993.
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River. Although this interpretation is complicated by the
Platteville aquifer, including 6 of the municipal-supply
potential presence of source areas other than the PCHSS,
wells. During 1994-2002, samples were collected from
the presence of VOCs in municipal wells BMW4
about 25 wells open to the Galena-Platteville aquifer
and BMW6 (Mills and others, 1999; 2002) as well as
and 10 wells open to the adjacent aquifers; these data
provided information on temporal trends in water quality boreholes B124GP, B130GP, B133GP, B136GP, and
B137GP, indicates flow components in the aquifer to the
in the Belvidere area (Mills and others, 1998, 2002a, b;
north, east, and west, and beneath the river to the south.
Mills and Kay, 2003).
The bedding-plane parting at about 525 FANGVD29
Sampling results indicate that VOC's are presappears to be a primary conduit for flow in the aquifer.
ent in all aquifers underlying Belvidere, including the
This interpretation is consistent with the analysis of the
Galena-Platteville aquifer. Fine-grained sediments in
the glacial drift seem to restrict distribution of metals and other inorganic
contaminants to the immediate vicinity
of the source areas. TCE and PCE are
the principal VOC's detected at concentrations above regulatory levels (5
Hg/L for these compounds), with the
CO
largest number of detections and highoc
est concentrations in the glacial drift
aquifer. Generally, VOC concentraz
tions in the Galena-Platteville aquifer
seem to exceed regulatory levels only
at locations within about 0.25 mi of
contaminant source areas, including the
PCHSS. Across most of the study area,
Q
CO
the Glenwood confining unit restricts
LU
OC
downward movement of VOC's into
the underlying St. Peter aquifer. In the
vicinity of the Belvidere municipal-supply wells, downward movement also
seems restricted by lateral movement
of flow toward the municipal wells
25
50
75
0
through permeable intervals (fractures,
partings, and vugs) in the Galena-PlattePERCENTAGE OF WATER THAT RESIDES IN
ville aquifer. Fractures and (or) unused
THE AQUIFER LESS THAN THE INDICATED TIME
wells that may penetrate the confining
unit seem to provide local pathways to
the sandstone aquifers. VOC concentrations in most wells varied little over
B
the 9-year study period indicating a near
Porosity, in percent
steady-state, ground-water-flow sys20
1
Well
tem. However, near wells BMW2 and
BMW3 (fig. 30), VOC concentrations
2
50 o kT
RW1
in the Cambrian-Ordovician aquifer
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ing during about 1992-96.
20
400
QUARRY
The distribution of VOCs in the
Galena-Platteville aquifer in the vicinity of the PCHSS indicates that the bulk
Figure F16. Simulated residence time of water in the Galena-Platteville aquifer
(model layer 2) withdrawn by selected wells in the vicinity of Belvidere, III., (A) distriof the VOC plume is migrating from
bution of residence times using a porosity of 1 percent and (B) residence times of 50
the site, through the area of borehole
B134GP, and toward the Kishwaukee
percent of the water using porosities of 1 and 20 percent.

a

0) Q>

Appendix F Belvidere Area Data

continuous water-level measurements from the deeper
parts of the aquifer, but was not apparent readily from
the single water-level measurements.

no clear and direct correlation with aquifer permeability (fig. F18). However, VOC concentrations typically
tended to be highest in the upper 10-20 ft of the aquifer,
decrease in the intermediate intervals, and increase in the
deepest intervals. The higher concentrations in the upper
part of the aquifer appear to be related to the proximity
of the contaminant source area(s) near the land surface.
The effects of vertical flow within the borehole on
sampling results complicate analysis of water-quality
data from test intervals isolated with a packer assembly.
Common practices of purging the water from packer-test
intervals using borehole-volume and field-characteristic
stabilization criteria (Mills and others, 1998) may not
adequately remove the artificially introduced water and,
thus, may not provide representative samples from the
aquifer. This possibility is supported by results of a field
test conducted at borehole T5, in which water samples
were collected for VOC analysis from four packer-isolated permeable intervals during drilling, immediately
following drilling, and about 1 month after drilling.

Tritium Sampling
Tritium samples were collected from six wells open
exclusively to the Galena-Platteville aquifer and eight
wells open exclusively to the adjacent aquifers (Mills
and others, 2002a, b). Tritium levels above 1 TU in all
samples indicate water throughout the Galena-Platteville
aquifer was derived from recharge that occurred within
the past 50 years (fig. F17). The aquifer is considered
unconfined (Illinois Environmental Protection Agency,
2003; Szabo and others, 1996), with at least moderate
vertical hydraulic connection. Tritium concentrations
indicated no clear trends with depth, reducing the utility
of this method for identifying flow rates or providing a
narrower range of ground-water ages within the aquifer.

0

Sampling from Test Intervals
Isolated with a Packer Assembly
The distribution and concentration of VOC's
in ground water beneath the Belvidere area also
was determined by sampling specific depth intervals at 14 monitoring wells and 8 boreholes at test
intervals isolated with a packer assembly; sample
locations were within the limits of the city of Belvidere, primarily in the vicinity of the PCHSS (Mills
and others, 1998, 2002a, b; Mills and Kay, 2003).
Vertical profiling was used to identify pathways for
preferential flow through the aquifer.
VOC's are present throughout the aquifer, indicating ground-water flow and contaminant migration through a hydraulically connected network
of inclined fractures, bedding-plane partings, and
vugs. The generally widespread distribution of
VOC's within the aquifer precludes identification of
specific flow pathways in most of the aquifer. However, VOC's were detected only in the test interval
open to the 525-ft parting in borehole B137GP,
indicating that this parting is a flow pathway.
Sampling of specific depth intervals in wells
and boreholes provided useful information on
vertical directions of flow and distribution of
contaminants in the Galena-Platteville aquifer,
particularly in an area affected by pumping from
municipal wells. Movement of water was indicated
to be downward, with VOC's distributed through
most of the 300-ft thickness of the aquifer beneath
the PCHSS. Concentrations of VOC's in the test
intervals isolated with a packer assembly displayed
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VOC concentrations in the samples near the bottom of
the borehole increased by about one order of magnitude in 36 hours, indicating that the most representative
packer-test results are obtained as soon as possible after
drilling and adequate borehole development.
Analysis of the concentrations of naturally occurring
water-quality constituents in the Galena-Platteville aquifer provided limited additional insight into the hydrogeologic characteristics of the aquifer. Notable exceptions
were the analyses of arsenic, chromium, cobalt, and
fluoride concentrations with depth in borehole B127GP
(Mills, 1993b). Arsenic, chromium, and cobalt were
present at detectable concentrations only in the test
intervals open to the permeable subhorizontal beddingplane partings at about 485 and 525 FANGVD29. Also,
concentrations of fluoride that generally were less than
0.3 mg/L increased to 1.8 mg/L in the test interval that
750

i iinii| i i iniii

included the 525-ft parting. These patterns indicate that
water quality in these intervals differs from that in the
rest of the aquifer, either because of proximity to a naturally occurring source of these constituents, or because
of preferential flow from a surficial source of these constituents into these bedding-plane partings.

Near-Continuous Vertical Profiling of
Field Parameters
Field parameters were monitored in well BMW2 by
in-situ, near-continuous vertical profiling with a multiparameter, water-quality monitor (Mills and others,
1998) (fig. F19). In well BMW2, values of dissolved
oxygen (DO), oxidation-reduction potential (ORP), pH,
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specific conductance, and temperature generally were
more variable (either increasing or decreasing) above
675 FANGVD29 than below. The vertical trends in
concentrations of DO and ORP generally mirrored each
other. With the exception of temperature, all other paramaters fluctuated (increased or decreased) between the
altitudes of about 680 and 635 FANGVD29. The fluctuations may be indicative of inflow of water from the
660-parting and the inclined fracture identified at about
625 FANGVD29 in the caliper and acoustic-televiewer
logs. In-situ profiling of water quality was not done at
depths below 200 ft because of instrument limitations.
The observed trends seem to represent (1) flow-induced
mixing of waters of the glacial drift aquifer and the shallower part of Galena-Platteville aquifer, (2) atmospheric
effects on water characteristics near (within about 60
ft) the water surface, and (or) (3) mechanical mixing of
water in the well with movement of the profiling monitor.
Profiles of DO, ORP, pH, specific conductance, and
temperature by use of the multi-parameter water-quality
monitor in borehole B127GP (fig. F19) generally were
more variable (either increasing or decreasing) above
than below 682 FANGVD29. These data indicate mixing of different waters above 682 FANGVD29, and the
presence of more variable flow above 682 FANGVD29
than below this altitude. An increase in ORP and
decreases in temperature and pH at and below about 524
FANGVD29 indicate possible inflow of water from the
bedding-plane parting at this altitude.
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Appendix G Waupun Site Data
The hydrogeologic characterization of the Waupun
site is based on data collected and interpreted by the
USGS and USEPA. A total of 14 investigative methods
were used at borehole FL-800, FL-801, and FL-802 (fig.
37) to develop the hydrogeologic framework for the
Waupun site (table 1). Most of these methods contributed to the characterization.

Previous investigations
A comprehensive geologic and hydrologic study
was performed in Fon du Lac County (Newport, 1962)
in which the thickness, character, and areal extent of the
various aquifers and confining units were determined.
The Ordovician Sinnipee Group dolomites form the
subcrop in the county, west of the Niagaran Escarpment,
including the area beneath the Waupun site (fig. 36).
In the eastern part of the county the Sinnipee Group is
overlain by the younger rocks (Newport, 1962). Unconsolidated deposits overlie the Sinnipee Group wherever
the Sinnipee is the subcrop. Where it constitutes the
subcrop, the Sinnipee Group aquifer is unconfined and
recharged primarily by the direct downward percolation of precipitation through unconsolidated deposits to
the water table. As a result, the Sinnipee Group aquifer
likely has been exposed to greater dissolution and infiltration at the Waupun site than in areas where overlying bedrock units are present. The general direction of
ground-water flow in this area is to the southeast.

Core analysis
Bedrock core was cut in borehole FL-800 from
19.5 ft below ground surface (3-5 ft into competent
bedrock) to a depth of 206 ft. Recovered bedrock core
was described in detail (Mike Sargent, Illinois State
Geological Survey, written commun., 1998)(table 21).
The Glen wood Sandstone of the Ancell Group (fig. 11),
the deepest unit encountered by the core, is a mediumgrained, gray to brown sandstone. The Sinnipee Group
at the site is about 185 ft thick and consists of light-gray
to medium-bluish-gray dolomite. The unconsolidated
deposits largely are of glacial origin. These deposits are
about 16 ft thick, and consist of stratified till, clay, and
sand and gravel.
The Sinnipee Group contains the Platteville Formation (Pecatonica, McGregor, and Quimbys Mill members), the Decorah Formation (Spechts Ferry Shale), and
the Galena Dolomite (Dunleith and Wise Lake members)
(table 21). The Platteville Formation is 51 ft thick and is
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composed of massive, crystalline dolomite. An unconformity appears to separate the Platteville Formation
from the overlying Decorah Formation. The Decorah
Formation is about 14 ft thick and composed of dolomite
and shale. The dolomite:shale ratio of the Decorah Formation grades upward from 60:40 at the base to 95:5 at
the top. The Galena Dolomite overlies the Decorah Formation and is about 119 ft thick in this area. The Galena
Dolomite generally is an argillaceous dolomite. Shale
partings and upward-fining sequences are common.
Physical analysis of the dolomite matrix was conducted on seven core samples of the Galena Dolomite,
two samples of the Decorah Formation, and six samples
of the Platteville Formation (table Gl). Two samples of
the Glenwood Formation also were analyzed. Among
the Sinnipee Group samples, porosity values ranged
from a low value of 1.6 percent at the top of the Galena
Dolomite to a high value of 9.7 percent in the Decorah
Formation. The mean porosity of the Decorah Formation samples is 8.3 percent, the mean porosity of the
Galena Dolomite samples is about 2.4 percent, and the
mean porosity of the Platteville Formation samples is
3.6 percent. The low porosity of the Galena Dolomite
and Platteville Formation is consistent with the overall
massive, crystalline nature of the dolomites in these
units. There appears to be no appreciable difference in
either the bulk or grain densities in samples of the three
Sinnipee Group units. Grain density ranges from 2.5 to
2.9 g/cm3 (table Gl); the higher value is typical of pure
dolomite (Hurlbut and Klein, 1977, p. 308).

Geophysical logs
Geophysical logs for boreholes FL-800, FL-801,
and FL-802 indicate that the nature of the Sinnipee
Group does not change appreciably over the relatively
short distance (about 100 ft) between them (figs. Gl, G2,
G3).

Caliper
The caliper logs in all three boreholes indicate the
borehole diameter is greater than its nominal value of
6 in. at about 810, 870, 881, 890, and 913 FANGVD29
(figs. Gl, G2, G3). None of these features is greater
than 1 in. in diameter, but they may correspond to
secondary-permeability features and appear to correlate
between each of the boreholes.

Natural Gamma
The high shale content of the Decorah Formation is
reflected on the natural-gamma logs (figs. Gl, G2, G3)
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Table Gl. Physical properties of selected rock core intervals from borehole FL-800 at the Waupun site, Fond du Lac County, Wis.
[NGVD of 1929, National Geodetic Vertical Datum of 1929]

Stratigraphy

Bulk density, in grams
per cubic centimeters

Grain density, in grams per cubic
centimeters

1.6

2.8

2.9

1.9

2.4

2.5

869.8 - 869.4

2.1

2.8

2.9

852.3 - 852.0

3.2

2.8

2.9

830.3 - 830.0

1.7

2.7

2.7

825.7 - 825.4

3.8

2.7

2.8

814.1- 813.8

2.3

2.8

2.8

807.4 - 807.0

6.9

2.6

2.7

9.7

2.5

2.8

794.6 - 794.3

1.8

2.8

2.8

786.0 - 785.7

3.7

2.7

2.8

774.8 - 771.5

4.0

2.7

2.8

Core interval, in feet above
NGVD of 1929

Porosity, in percent

928.9 - 928.7
906.7 - 907.3

Galena Dolomite

Decorah Formation

799.4 - 799.0
Platteville Formation

Glenwood Formation

765.8 - 765.0

4.3

2.7

2.8

755.1 - 754.8

4.1

2.7

2.8

747.8 - 747.5

3.7

2.7

2.8

747.2 - 746.7

3.0

2.7

2.8

744.9 - 744.6

14.6

2.3

2.6

as a zone of higher gamma counts per second between
about 796 and 810 FANGVD29 (geophysical log altitudes appear to be about 2 ft lower than correlative core
altitudes). The more massive, less argillaceous, Galena
Dolomite and Platteville Formation both have lower
gamma cps than the Decorah Formation.

Normal Resistivity
Normal resisitivity logs were run to aid stratigraphic
correlation at the Waupun site. The shaley nature of the
Decorah Formation is reflected in lower resistance on the
short-normal resistivity log (figs. Gl, G2, G3). Shortnormal resistivity logs indicated no clear response to
areas of potential secondary-permeability features identified with the caliper logs.

Neutron
Neutron logging was performed only in borehole
FL-800. The following discussion is a summary of
logging results provided by Fred Paillet (U.S. Geological Survey, written commun., 1997). The neutron log
(calibrated for limestone porosity) shows values of -4
to -2 percent over all of borehole FL-800 except for the
Decorah Formation at 796-810 FANGVD29, with an
apparent porosity of 10-20 percent. The higher porosity

of the Decorah Formation in comparison to the rest of
the Sinnipee Group (table Gl) is reflected in the neutron
porosity log (fig. Gl). Neutron-porosity logs calibrated
in limestone need to be corrected to account for the
effects of quartz lithology in a sandstone. The difference
in mineral grain lithology causes a limestone-calibrated,
neutron-porosity log to read -5 percent in a 100 percent quartz environment, whereas all neutron-porosity
calibrations should tend toward the same value in 100percent water. Thus, a +5 percent porosity calibration
correction is required to convert limestone-calibrated
porosity to quartz-calibrated porosity in the vicinity of
the zero-porosity limit on the neutron log. The correlation decreases linearly with increasing porosity. The
small negative values for porosity, from -4 to 0 percent,
probably indicate the substantial portion of quartz (possible chert) in the dolomite. The highest apparent porosity measured with the neutron log at borehole FL-800 is
associated with an increase in borehole diameter at the
top of the Decorah Formation at about 810 FANGVD29.
It is unclear if this increased porosity is associated with
the shale layer or the possible fracture.

Acoustic Televiewer
The following discussion is a summary of logging results provided by Fred Paillet (U.S Geological
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Survey, written commun., 1997). The televiewer logs
indicate many horizontal bedding-plane partings at each
of the boreholes, most of which correspond to areas of
increased borehole diameter identified with the caliper
logs. The water level at about 915 FANGVD29 coincides with a prominent bedding-plane parting identified
with the caliper logs that could not be imaged with the
televiewer because the televiewer only transmits a signal
in a fluid filled borehole. The distribution of beddingplane partings on the televiewer logs does not correlate
with the distribution of bedding-plane partings described
in the core, probably because the listing of beddingplane partings in the core description does not indicate
that some partings apparently are much bigger or more
extensively weathered than others. The televiewer log
shows a massive interval at 900-907 FANGVD29, which
correlates with a massive interval in the core. However,
there is a conspicuous bedding plane at 913 FANGVD29
on the televiewer log that is not referred to in the core
description.
Two inclined fractures (at 910 and 888 FANGVD29)
are indicated on the televiewer log for borehole FL800 and detected on the core (fig. Gl). A third fracture
indicated by the core near 874 FANGVD29 was not
indicated in the televiewer log. A large inclined fracture
was detected with the televiewer log at 890 and 900
FANGVD29 in borehole FL-801. All of these fractures
dip to the ENE and strike to the WNW.

and location of the reflectors with respect to the borehole
(John Lane, U.S. Geological Survey, written commun.,
1997).
A cross-hole radar tomography survey was conducted between boreholes FL-800 and FL-802 using
a 22-MHz transmitter and receiver. The cross-hole
tomography data were interpreted to produce velocity
and attenuation tomograms between FL-802 (left-side
tomogram) and FL-800 (John Lane, U.S. Geological
Survey, written commun., 1997) (figs. G4, G5). The
velocity tomograms show the lowest velocities between
817 and 785 FANGVD29. The attenuation tomograms
indicate the highest attenuation centered at about 802
FANGVD29. The decrease in radar-propagation velocity and the increase in radar-wave attenuation have been
associated with increased water content and EM-wave
attenuation associated with high-porosity, electrically
conductive rocks. The low velocity/high-attenuation
zone correlates well with a zone of decreased resistivity
and increased porosity and gamma counts from about
795 to 810 FANGVD29, as indicated on the short-normal resistivity, neutron porosity, and natural-gamma
logs. This zone has been interpreted as a shaley dolomite
(Decorah Dolomite). The low-velocity/high-attenuation zone, extending between FL-802 and FL-800 in
the velocity and attenuation tomograms at about 810
FANGVD29, is consistent with the interpretation of a
fracture at this depth made with the other borehole-geo-

Borehole GPR

Table G2. Results of analysis of the single-hole directional reflection survey in borehole FL-800, Waupun site, Fond du Lac County,
Wis.

A single-hole directional borehole GPR survey was
conducted in FL-800 using a 60-MHz transmitter and a
60-MHz directional receiver. The results of the analysis
of the single-hole directional reflection survey in FL-800
indicate that a group of reflectors at the site have strikes
from magnetic north of 40 degrees to 60 degrees, with
a conjugate set of 130 to 150 degrees (table G2) (John
Lane, U.S. Geological Survey, written commun., 1997).
Other strikes are interpreted from the data at 190 and
300 degrees. Reflector dip data are presented as angles
with respect to the borehole. These data must be subtracted from 90 degrees to obtain dip. Some reflectors
correlate well with other borehole-geophysical logs, and
others do not correlate. A partial explanation for any lack
of correlation may be that the borehole radar can obtain
reflections from structures that are present beyond the
borehole but do not extend to the borehole wall. The
interpretations include a "depth of intersection" for each
reflector; this value is the depth at which the reflector
would intersect the borehole if it were large or areally
extensive enough to do so. In some cases, the intersection depth can be negative, or it can project to depths
deeper than the drilled borehole depth. These depths are
"tie-points" that allow one to reconstruct the geometry

[NGVD of 1929, National Geodetic Vertical Datum of 1929; na, not applicable]

Altitude
(feet above
NGVD of 1929)
3.696

Angle
(degrees)
i.l

1.019

5.6

Strike
(degrees from
magnetic
north)

Dip
(degrees from
horizontal)

40

88.9

130

84.4
75.5

970

14.5

na

933

61.7

na

28.3

925

61.6

60

28.4

922
916
907
870
853

29.2
90.0
90.0

10

60.8

na

.0

na

.0

Subhorizontal

150

88.4

na

90.0

300

.0

75.5

na

14.5

90.0

na

.0

90.0

na

.0

66.5

na

23.5

848
816
805
797
745

Subhorizontal
1.6
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physical logs in boreholes FL-800 and FL-802. This
zone is near the upper contact of the shaley dolomite and
the "cleaner" dolomite.

Hydrology
Water-level measurements, geophysical logging, and
aquifer testing were used to assess the hydrology of the
Sinnepee Group aquifer at the Waupun site.
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890 FANGVD29 in boreholes FL-801 and FL-802, and
about 905 FANGVD29 in boreholes FL-800 and FL802. There also is inflow from one or more features
above or near the water level (about 915 FANGVD29)
in each of the boreholes, possibly the fracture identified
with the caliper log at about 915 FANGVD29. Each of
these features appears to be permeable. Although the
same general set of bedding planes seems to be active
in all three boreholes, including one associated with the
top of the Decorah Formation at about 810 FANGVD29,
the amount contributed from each parting varies between
boreholes.

Water-level measurements
Water levels were measured once in nine test intervals isolated by use of a packer assembly in borehole
FL-800 and two intervals in each of boreholes FL-801
and FL-802 (fig. G6). Static water levels were measured
in the selected intervals (table G3), and vertical hydraulic
gradients were estimated by comparing levels in adjacent
intervals (table G4). Vertical hydraulic gradients were
found to be almost uniformly down, with values ranging
from 0.040 to 0.863 ft/ft. The few upward gradients were
found to range from 0.006 to 0.797 ft/ft. The gradients
measured in intervals K and J are 0.062 ft/ft down in
borehole FL-800, 0.058 ft/ft down in borehole FL-801
and 0.057 ft/ft down in borehole FL-802 (table G4).

Geophysical logs

Fluid resistivity indicates a slight but consistent
increase at about 870 FANGVD29 in all three boreholes
(figs. Gl, G2, G3). Fluid resistivity also shows a slight
decrease at about 807 FANGVD29 in borehole FL-801
and a slight decrease beginning between about 810 and
820 FANGVD29 in borehole FL-800. These intervals
may correspond to the location of permeable features in
the Galena-Platteville aquifer.

en

The following discussion is from a summary of
logging results provided by Fred Paillet (U.S. Geological Survey, written commun., 1997). Flowmeter
logging under ambient conditions identified 0.2-0.8
gal/min of downward flow in each of the boreholes.
The flowmeter profiles indicate that the flow enters and
exits at bedding-plane partings at about 810 and 870
FANGVD29 in each of the boreholes, with flow at about
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Table 63. Measured static water levels in test intervals isolated with a packer assembly in boreholes FL-800, FL-801, and FL-802 at the
Waupun site, Fond du Lac County, Wis.
[NGVD of 1929, National Geodetic Vertical Datum of 1929J

Altitude of test
Borehole Test interval, in feet above
name interval
NGVD of 1929
FL-800

FL-801

FL-802

Stratigraphy

Water level altitude
in test interval, in feet
above NGVD of 1929

F

917-930.5

Galena Dolomite- Wise Lake and Dunleith Dolomite members

922.45

E

907 - 905

Galena Dolomite- Wise Lake and Dunleith Dolomite members

915.47

I

892-882.1

Galena Dolomite- Wise Lake and Dunleith Dolomite members

914.71

D

872 - 870

Galena Dolomite-Wise Lake and Dunleith Dolomite members

914.80

K

877.4 - 865.9

Galena Dolomite-Wise Lake and Dunleith Dolomite members

911.34

H

844-824.1

Galena Dolomite-Wise Lake and Dunleith Dolomite members

912.15

C

810-808

Decorah Formation-Spechts Ferry Shale

912.70

J

817.4-805.9

Galena Dolomite-Wise Lake and Dunleith Dolomite members, and Decorah Formation-Spechts Ferry Shale

907.63

G

800-780.1

Platteville Formation-Quimbys Mill member

889.00

B

768 - 765

Platteville Formation-McGregor member

908.16

A

755 - 744

Platteville Formation-Pecatonica member and Ancell Group-Glenwood Formation

896.22

K

873.5-861.8

Galena Dolomite-Wise Lake and Dunleith Dolomite members

909.32

J

813.5-801.8

Galena Dolomite- Wise Lake and Dunleith Dolomite members, and Decorah Formation-Spechts Ferry Shale

905.84

K

874.5 - 863

Galena Dolomite- Wise Lake and Dunleith Dolomite members

911.22

J

814.5-803

Galena Dolomite- Wise Lake and Dunleith Dolomite members, and Decorah Formation-Spechts Ferry Shale

907.80

The relative amounts of water entering and exiting
a borehole depends on the product of fracture permeability and the head difference driving the flow. A true
relative permeability profile can be obtained by subtracting inflows obtained under two different hydraulic
conditions. Ambient and steady injection conditions are
described here. The data are plotted as discrete flowmeter measurements (data) and as "step profiles" (the interpretation) (figs. Gl, G2, G3). The differences profiles
show that the pair of bedding-plane fractures at about
870 FANGVD29 may be much more permeable than any
of the other bedding planes intersecting the borehole.
The bedding plane at about 915 FANGVD29 is not fully
saturated, so these data may not be a fair representation
of the relative permeability of that bedding plane.
The data do not allow comparison of the relative
permeability of the fractures between boreholes. In order
to do this comparison, the relative flows must be normalized. Normalization is done by measuring the drawdown
(here build-up) produced by the pumping (here injection) (figs. Gl, G2, G3). The boreholes were so productive that no change in water levels was measured during
injection and the data could not be normalized to compare relative permeability across the boreholes.
The logs from all three boreholes correlate closely.
The bedding planes conducting flow are similar for all
three boreholes. However, there is some difference in the
relative amounts of flow in each borehole, which indicates the variability of the bedding-plane permeability.

The results indicate that the bedding-plane partings at
about 868-870 FANGVD29 are themain conduit. The
bedding-plane parting at about 915 FANGVD29 also
clearly is important as it appreciably affects water levels.

Aquifer tests
Slug tests and constant-discharge aquifer tests were
performed at the Waupun site. Both types of aquifer
tests improved the understanding of the hydrology of the
secondary-permeability network at the site.

Slug tests
Based on inspection of the core and results of the
geophysical logging, slug tests were conducted on nine
selected test intervals isolated with a packer assembly in
borehole FL-800 and two intervals in each of boreholes
FL-801 and FL-802 (fig. G6). These intervals were
chosen to evaluate the range of Kh present in both fractured and unfractured parts of the boreholes. Estimated
Kh values ranged from 0.002 to 117 ft/d (table G5).
Test intervals that included bedding-plane partings had
estimated Kh values ranging from 0.2 to 177 ft/d. Test
intervals that did not contain bedding-plane partings had
estimated Kh values ranging from 0.002 to 1 ft/d. Perme-
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Table G4. Vertical hydraulic gradients calculated between
selected test intervals isolated with a packer assembly in
boreholes FL-800, FL-801, FL-802 at the Waupun site. Fond du Lac
County, Wis.

able features indicated with the caliper and flowmeter
logs were consistent with those intervals having high Kh
from the slug tests.

[-, denotes downward flow]

Constant-discharge aquifer tests

Borehole
name

Test intervals
being compared

Vertical hydraulic gradient,
in foot per foot

FL-800

F/E

-0.393

E/I

-.040

I/D

.006

I/K

-.219

D/H

-.073

K/H

.020

K/J

-.062

H/C

.024

H/J

-.200

C/G

-1.251

J/G

-.863

G/B

.797

B/A

-.724

FL-801

K/J

-.058

FL-802

K/J

-.057

Table G5. Horizontal hydraulic conductivity of test intervals
isolated with a packer assembly in boreholes FL-800, FL-801, and,
FL-802 estimated from slug tests at the Waupun site, Fond du Lac
County, Wis.
[NGVD of 1929, National Geodetic Vertical Datum of 19291

Borehole Test
name interval
FL-800

FL-801

FL-802

Altitude of test
interval, (feet above
NGVD of 1929)

Horizontal hydraulic
conductivity, (feet per
day)
0.2

F

917-930.5

E

907 - 905

1

I

892-882.1

8

D

872 - 870

55

K

877.4 - 865.9

117

H

844-824.1

C

810-808

.4
7

J

817.4-805.9

.7

G

800-780.1

.01

B

768 - 765

.008

A

755 - 744

.002

K

873.5-861.8

19

J

813.5-801.8

2

K

874.5 - 863

55

J

814.5 - 803

.7

The hydraulic connection among the three boreholes
through specific intervals was evaluated by cross-borehole testing, where water was pumped from test intervals
isolated with a packer assembly in one borehole and
changes in water level were observed in the other two
boreholes. Intervals J (the permeable bedding-plane
parting at about 810 FANGVD29) and K (the permeable
bedding-plane parting at about 870 FANGVD29) (fig.
G6) were selected for cross-borehole testing based on
evaluation of the cores, geophysical logs, and slug tests.
Cross-borehole tests were conducted in intervals J and K
independently. Interval J was pumped at about 4 gal/
min in each borehole, while drawdown in the pumped
borehole and both observation boreholes was monitored.
Following the evaluation of interval J, the packers were
moved to isolate interval K, which was evaluated in the
same manner.
The results of the cross-hole aquifer test in interval
J are presented in figures G7a, b, and c. Drawdown in
the pumped borehole was greatest in borehole FL-800
at about 33 ft, and least in FL-801 at about 4.5 ft. These
data indicate that test interval J is most permeable at
borehole FL-801 and least permeable in borehole FL800. During pumping from any of the three boreholes,
drawdown began immediately in the others. Regardless
of the magnitude of the drawdown in the pumped borehole, drawdown in interval J in the observation boreholes
was about 1 ft at the end of the pumping phase of the test
(100 minutes), indicating that the test interval is isotropic
in the vicinity of the boreholes. The pumped borehole
recovered more quickly than the observation boreholes
during pumping in boreholes FL-800 and FL-801 (figs.
G7a and b). Initially, the rate of recovery after the termination of pumping in borehole FL-802 was faster than
in the other boreholes. Once the water level in borehole
FL-802 equaled that of the other boreholes, the recovery
data were similar for all three boreholes (fig. G7a).
The results of the cross-hole aquifer test in packed
interval K are presented in figures G8a, b, and c. Drawdown in the pumped borehole was much less in interval
K than observed in interval J, indicating that interval K is
more permeable. The drawdown was greatest in borehole FL-801 (about 1.3 ft), and least in borehole FL-800
(about 0.9 ft). The drawdown values are similar, but the
specific-capacity data indicate that test interval K may
be most permeable at borehole FL-800 and least permeable in borehole FL-801. Pumping from any of the three
boreholes results in immediate drawdown in the others.
Regardless of the magnitude of the drawdown in the

232

A Cross-Site Comparison of Methods Used For Hydrogeologic Characterization of the Galena-Platteville Aquifer in Illinois and Wisconsin

CROSS-HOLE AQUIFER TEST
4 GALLONS PER MINUTE PUMPED FROM FL-800 ZONE J
Water levels observed in Zone J of FL-800, FL-801, and FL-802.
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Water levels observed in Zone J of FL-800, FL-801, and FL-802.
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CROSS-HOLE AQUIFER TEST
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Figure G7. Changes in water levels observed in packed interval J during cross-borehole aquifer tests at the Waupun site, Wis. A)
pumped borehole is FL-800, B) pumped borehole is FL-801, C) pumped borehole is FL-802.
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CROSS-HOLE AQUIFER TEST
4 GALLONS PER MINUTE PUMPED FROM FL-800 ZONE K
Water levels observed in Zone K of FL-800, FL-801, and FL-802.
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4 GALLONS PER MINUTE PUMPED FROM FL-801 ZONE K
Water levels observed in Zone K of FL-800, FL-801, and FL-802.
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CROSS-HOLE AQUIFER TEST
4 GALLONS PER MINUTE PUMPED FROM FL-802 ZONE K
Water levels observed in Zone K of FL-800, FL-801, and FL-802.
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Figure G8. Changes in water levels observed in packed interval K during cross-borehole aquifer tests at the Waupun site, Wis. A)
pumped borehole is FL-800, B} pumped borehole is FL-801, C) pumped borehole is FL-802.
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pumped borehole, the drawdown in the other boreholes
was between 0.6 and 0.7 ft at the end of the pumping
phase of the test (100 minutes). Initially, the rate of
recovery after the termination of pumping in the pumped
boreholes was faster than in the observation boreholes.
Once the water level in the pumped borehole equaled
that of the observation boreholes, the recovery data were
similar for all three boreholes (figs. G8a, b, c). All of the
recovery profiles for test interval K showed water-level
oscillation, which is indicative of a highly permeable
aquifer.

Location of contaminants
Water-quality analyses were conducted only for
samples from borehole FL-800. Samples were collected
on April 8 and 9, 1996, during borehole development,
and on April 24 and 25, 1996, from four test intervals
isolated by use of a packer assembly. Test interval F was
defined by a single packer set at 917 FANGVD29 with
the tested interval extending to the water table at 930.5
FANGVD29 (fig. G6). Test intervals C, D, and E were
isolated by two packers on either side of a 2-ft screen.

Intervals C and D are shorter packed intervals that fall
within intervals J and K, respectively (fig. G7). Analytical data for inorganic constituents and major ions are
presented in tables G6 and G7.
In the samples taken during borehole development,
acetone, trichloroethene, tetrachlorethene, 1,1,2-trichloroethane, and diethylphthalate were detected and
considered representative of in-situ water quality. In the
samples taken from the test intervals isolated by use of
a packer assembly, 3-Heptone was detected in zone F.
Acetone and toluene were detected in zone E. Trichloroethene was detected in zone D, and toluene was detected
in zone C. Detections of VOC's are too sparse to assist
in characterization of the secondary-permeability network at the Waupun site.

REFERENCES CITED
Hurlbut, C. S. Jr., and Klein, C., 1977, Manual of mineralogy (after James D. Dana): New York, John Wiley
and Sons, 532 p.

Table G6. Inorganic and major ion analytical data for water from test intervals F, E, D, and C in borehole FL-800 sampled April 24 and 25,
1996, at the Waupun site, Fond du Lac County, Wis.
[MCL, maximum contaminant level; -, no established MCL; mg/L, milligrams per liter; ug/L, micrograms per liter; ^Siemens/cm, microSiemens per centimeter;
na, not analyzed; test interval reported as feet above National Geodetic Vertical Datum of 1929]

Constituent

MCL"

Units

Test interval F,
from 91 7 to 930.5 feet

Test interval D,
Test interval C,
Test interval E, from
from 870 to 872 feet from 808 to 810 feet
905 to 907 feet

PH

Standard units

Hardness Total

mg/L as CaCo3

na

610

570

640

Calcium dissolved

mg/L as Ca

na

130

120

130

Magnesium dissolved

mg/L as Mg

na

70

66

76

Sodium dissolved

mg/L as Na

na

10

15

17

Sodium adsorption ratio

ratio

na

Sodium percent

percent

na

7.67

7.4

7.4

.2

Potassium dissolved

mg/L as K

na

Chloride dissolved

mg/L as Cl

190

81

Sulfate dissolved

mg/L as SO

110

120

Fluoride dissolved

mg/L as F

Silica dissolved

mg/L as SiO,,

5.5

6

15

31

95
140

130

.2

.1

.3

.3
6

4

7.2

150
.2

T
.<£.

19

15

13

14
250

Iron dissolved

300

ug/L as Fe

25

190

330

Manganese dissolved

50

ug/L as Mn

140

34

74

93

mg/L

1080

700

692

884

na

Residue dissol ved 180C
Dissolved solids sum

mg/L

Bromide dissolved

mg/L as Br

672

Specific conductance

^Siemens/cm

1490

1110

1130

1400

Alkalinity as CaCO3

mg/L as CaCo

317

388

345

412

665
.1

.06

1 Secondary Drinking Water Standard (U.S. Environmental Protection Agency, 2000)

796
.11

.09
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Table G7. Trace element and major ion analytical data for water from test intervals F, E, D, and C in borehole FL-800 sampled April 24 and
25,1996, at the Waupun site, Fond du Lac County, Wis.
[All values reported in micrograms per liter; MCL, maximum contaminant level; -. no established MCL; <, less than the indicated detection limit; (B), detected
in laboratory blank; , not analyzed; zone interval reported as feet above National Geodetic Vertical Datum of 1929]

Constituent

Test interval F,
from 917 to 930.5 feet

MCL

Aluminum
Antimony
Arsenic
Barium
Beryllium

50-200 b
6a
50 a

Cadmium
Calcium
Chromium
Cobalt
Copper

5"
-

2,000 a
4a

100 a
l,000 h

Iron
Lead
Magnesium
Manganese
Nickel

300 "
15 a
50"

Potassium
Selenium
Silver
Sodium

50 a

Thallium
Vanadium
Zinc

100 a

100 h
20,000 c
2 a
-

5,000 b

Test interval E,
from 905 to 907 feet

Test interval D,
from 870 to 872 feet

Test interval C,
from 808 to 810 feet

272
1
<2
208
<1

<80
2
4.1
175
<1

<80
21
5.1
209
<1

<80
9
<2
216
<I

<0.2
145,000
<8
<6
48.7

<0.2
129,000
<8
<6
43.2

<0.2
122,000
<8
<6
<6

<0.2
140,000
<8
<6
<6

778
5
87,900
149
33.8

456
<2
68,000
40.9
74.4

775
2
65,200
88.2
37.4

432
<4
77,100
108
35.2

99,200
<2
<6
25,400

8780
<2
<6
10,700

18,700
<2
<6
15,500

36,900
<2
<6
18,000

<2
<5
43.6

<2
<5
<40

<2
<5
56.4

<2
<5
307

a Primary Drinking Water Standard (U.S. Environmental Protection Agency, 2000)
b Secondary Drinking Water Standard (U.S. Environmental Protection Agency, 2000)
c Drinking Water Equivalent Level (U.S. Environmental Protection Agency, 2000)

Newport, T. G., 1962, Geology and ground-water
resources of Fond du Lac County, Wisconsin: U.S.
Geological Survey Water-Supply Paper 1604, 52 p.
U.S. Environmental Protection Agency, 2000, Drinking
water standards and health advisories: U.S. Environmental Protection Agency, Washington, D.C., EPA
822-B-00-001, Summer 2000, 12 p.
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Appendix H Better Brite Site Data
The hydrogeologic characterization of the Better
Brite site is based on data collected and interpreted by
the USGS and USEPA. A total of 16 investigative methods were used at borehole BN-483 (fig. 38) to develop
the hydrogeologic framework for the Better Brite site.
Detailed discussion of the investigation is presented in
Batten and others (1999).

Previous investigations
Most of the previous geologic characterizations
on the Galena-Platteville dolomite were completed as
a result of other projects in the area. Hydrologic characterization of Brown County by Krohelski (1986) and
Walker and others (1998) were used as the basis for
describing the geologic and hydrologic frameworks. The
site investigations were limited to the surficial deposits
overlying the Galena-Platteville aquifer (Simon HydroSearch, Inc., 1992).

Lithologic logs
Fractured dolomite was observed during lithologic
logging of borehole BN-483 in the upper part of the
bedrock deposits from about 566 to 576.5 FANGVD29
(depth of 24.5 to 35 ft) (table HI). Fractures were
infilled with silt and clay material. Lithologic logging
was not done below 566 FANGVD29, where core was
available from this interval.

Core analysis
Continuous 3-in core was cut from the bottom of
the casing at 566 FANGVD29 to the end of the borehole
at 432 FANGVD29 (depth of 169 ft). A total of 126 ft
of core was recovered from the 134-ft cored interval.
Approximately 6 ft of core was not recovered from the
fractured dolomite between 557 and 576 FANGVD29
(depth of 35-44 ft) and 2 ft of soft sandstone was not
recovered from the interval between 432 and 436
FANGVD29 (depth of 165-169 ft).
A lithologic description and stratigraphic interpretation of the rock core from borehole BN-483 was completed by Michael Sargent and Zakaria Lasemi (Illinois
State Geological Survey, written commun., 1994)(table
HI). The ISGS found the units encountered in borehole
BN-483 to be difficult to correlate with those collected
from other locations in southern Wisconsin and Illinois.
However, on the basis of their lithologic description,
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ISGS identifies the Galena Dolomite from about 545 to
576.5 FANGVD29 (depth of 24.5-55.8 ft), the Decorah
Formation from about 488 to 545 FANGVD29 (depth of
55.8-112.8 ft), and the Platteville Formation from about
441 to 448 FANGVD29 (depth of 113-160 ft). Sandstone of the Glenwood Formation is present below the
Platteville Formation to about 433 FANGVD29 (depth of
about 169 ft). Choi (1998) completed a study correlating
approximately 60 rock cores and outcrops in east-central
and southern Wisconsin including the core from borehole BN-483. Choi interprets the Decorah Formation as
being absent in borehole BN-483, with the Galena Dolomite unconformably overlying the Platteville Dolomite
at about 488 FANGVD29 (depth of about 113 ft).
Among the samples from the Sinnipee Group,
porosity values in samples collected from the core
ranged from 1.8 percent near the base of the Galena
Dolomite to 7.7 percent in a sample from the Platteville
Formation. The mean porosity of two Decorah Formation samples is about 6.8 percent compared to a mean
of 3.5 percent for seven Galena Dolomite and Platteville
Formation samples. The low porosity of the Galena
Dolomite and Platteville Formation likely is explained
by the massive, crystalline nature of the dolomites in
these units at this borehole.
There appears to be no appreciable difference in
either the bulk or grain densities in samples of the Sinnipee Group. Grain density ranges from 2.67 to 2.87
g/cm3, the higher of which are typical values for pure
dolomite (Hurlbut and Klein, 1977, p 308).

Geophysical logs
Borehole Camera
A borehole-camera log was completed December
20, 1993, with a 2-in., black-and-white camera. A wash
out of the dolomite below the surface casing from 556
to 565 FANGVD29 (depth of 36 to 45 ft) was identified.
This interval also is where no core was recovered, indicating that the dolomite is weathered. Borehole-camera
logging also identified the presence of layering within
the Galena-Platteville dolomite.

Caliper
The three-arm caliper log indicated an enlarged
borehole from the bottom of the surface casing to
approximately 557 FANGVD29 (depth of 44 ft). This
result is consistent with the core and camera logs, which
indicated removal of weathered and fractured dolomite
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from this interval (fig. 39). The caliper log indicated
competent bedrock through the rest of the borehole.
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Table HI. Lithologic description and stratigraphic interpretation by the Illinois State Geological Survey of core and drill cuttings from
borehole BN-483 near the Better Brite Superfund Site, De Pere, Wis. (modified from Michael L Sargent and Zakaria Lasemi, Illinois
State Geological Survey, written commun., 1994)
Depth below land
surface (feet)____________________Lithologic description of core and drill cuttings_________________
0 - 24.4

Undifferentiated glacial deposits and soil, mostly red-brown sandy clay with trace of gravel.
Galena Dolomite; gray, very weathered, fractured (24.5-35 based on drill cuttings, 35-41.5 no return in core barrel)

41.6 - 55.8

Galena Dolomite; light olive gray to light brownish gray to pale yellow brown, occassional argillaceous shale or calcarenite interbeds, slightly fossiliferous becoming more fossiliferous in lower 7 feet, fossils include echinoderm and trilobite fragments
and possibly bryozoans and brachiopods, predominant shale zone from 51.2 to 51.4 feet, quite fractured from 41.8 to 43.5
feet.

55.9 - 112.8

Decorah Formation; Interbedded dolomite and shale; section can be broken up into seven (possibly eight) cycles in which basal
rock is pure dolomite that becomes progressively more argillaceous upward. Each cycle terminates at a hardground. Cycle
thicknesses range from about 3 to 24 feet. Dolomites are mostly pinkish gray or very light brownish to medium dark gray and
are finely crystalline. Some paper-thin shaley partings are present in the purer dolomite zones. A few small pin-head to about
0.5-inch size vugs are present throughout. Shale rocks are mostly dark grayish olive green. Entire formation is slightly fossiliferous but generally more fossiliferous in shaley zones. Bryozoans are most common recognizable fossil, but some zones
contain abundant trilobite and brachiopod debris. Hardground surfaces are dark gray to dusky brown and are pyritic. Some of
this dark colorization is probably phosphatization.

112.9 - 142.5

Platteville Formation (upper unit); very dense, fine-grained, mottled pinkish-gray to light gray; occassional paper-thin wavy
dark shaley partings and olive-gray argillaceous streaks. Slightly cherty with several 0.5 to 1.5 inch thick chert beds and
occassional scattered chert nodules; occasional small vugs throughout this zone; sublithographic calcarenitic beds (somewhat
fossiliferous) from 116.8 to 118.9 feet. Upper unit includes rocks of the Quimbys Mill, Nachusa, and Grand Detour Formations in Illinois, but cannot be readily subdivided here using either Illinois or Wisconsin nomenclature.

142.6 - 159.8

Platteville Formation (lower unit); very fine-grained to lithographic; light brownish-gray matrix speckled with medium-gray to
dark olive-gray, paper-thin wavy shale partings. This lower unit shows six sedimentation cycles ranging from about 2- to 5feet thick; each cycle has a burrowed pure dolomite at it's base and becomes more argillaceous dolomite with wavy shale and
argillaceous beds up to about 1-inch thick toward the top; very few pin-head to 0.5 inch vugs throughout this lower unit. The
lower unit resembles only the Pecatonica Formation of Illinois and southern Wisconsin and cannot be subdivided. The contact
with the underlying Glenwood Formation is sharp and at a hardground.

159.9 - 166.8

Ancell Group - Glenwood Formation; quartz sandstone; pale-brown, medium-grained, dolomite cemented; 0.1-inch thick hematite accumulation at 159.9 to 160 feet; pale-red to grayish-red sandstone at 160.0 to 161.8 feet.; mostly medium-dark gray to
very light gray medium-grained sandstone from 161.8 to 166.8 feet; poorly cemented to friable below 162.6 feet.
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about 459 to 551 FANGVD29. Review of the geophysical logs and inspection of the core indicates that these
are thin (less than 1 in) partings of soft shale or clay that
separate massive dolomite units above and below.

Hydrology
Ground-water flow at the Better Brite site was characterized by use of water-level measurements, geophysical logs, slug tests, and the location of contaminants.

(depth of 160 ft) to the bottom of the borehole (packed
interval H) was 452.0 FANGVD29 or possibly lower.
The lower static water level in the St. Peter aquifer (indicated by packed interval H) relative to the Galena-Platteville aquifer is the result of municipal pumpage from the
St. Peter aquifer (Krohelski, 1986). Comparison of static
water levels in packed intervals A and H translates into a
total drop in water levels of more than 130 ft across the
Galena-Platteville aquifer at the Better Brite site, indicating that the aquifer has a low vertical hydraulic conductivity and may be partly unsaturated.

Single Water-Level Measurements Monitoring
Wells

Water-level measurements
Single water-level measurements were collected
in test intervals isolated with a packer assembly and
in two monitoring wells installed in borehole BH-483.
Because borehole BN-483 is the only data point in the
Galena-Platteville aquifer at the Better Brite site, vertical
differences in water levels in this borehole are the only
water-level data available for analysis.

Single Water-Level Measurements Packers
Water levels were measured in test intervals isolated
with a packer assembly in borehole BN-483 (table H2).
Some of the test intervals were not fully saturated, indicating that equilibrium water levels had not been reached
because of unsaturated conditions or the slow recovery
rates resulting from the low permeability in the GalenaPlatteville aquifer.
The static water level measured in the wash-out
zone below the bottom of the casing (packed interval
A) was about 585.3 FANGVD29. The static water level
measured in the interval from about 441 FANGVD29

Water levels were measured from monitoring wells
installed in borehole BN-483 on October 17, 1994, by
Simon Hydro-Search, the contractor to USEPA working on the site remediation. Because the elevation of the
measuring point for the constructed monitoring wells
is unknown, water levels are presented in feet below
land surface (bis). The deep bedrock well had a depth
to water of 119.65 ft bis and a measured water column
of less than 0.5 ft, indicating that the deeper part of the
Galena-Platteville may be unsaturated at the Better Brite
site. The shallow bedrock well, screened approximately
81 ft bis, had a depth to water of 55.97 ft bis. The water
table was about 9.70 ft bis in this area. All of these
water levels indicate large downward vertical gradients.
However, with only one round of water levels collected,
the temporal/seasonal variations in water levels remain
unknown.

Table H2. Measured static water levels (hydraulic heads) in borehole BN-483 near the Better Brite Superfund Site, De Pere, Wis.

Packed
interval

Packed interval (feet
below land surface)

A
B

'35-52

C
D
E
F
G
H

66-86
72-92
86-106
112-132
131-151
3 160- 169

50-70
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Stratigraphic unit

Date of test
(month-day-year)

Galena Dolomite
Galena Dolomite and Decorah
Formation
Decorah Formation
Decorah Formation
Decorah Formation
Platteville Formation
Platteville Formation
Glenwood Formation

11-18-93
1 1- 17-93
11-23-93
11-18-93
11-23-93
11-19-93
1 1-22-93
11-17-93

1 Packed interval is less than 20 feet, extending from the bottom of the casing to 52 feet.
2 Water level had not reached equilibrium and reported level probably is higher than the actual level.
3 Packed interval is less than 20 feet, extending from 160 feet to total depth of the test well.

Static water level(feet above National
Geodetic Vertical Datum of 1929)
585.28
583.56
583.68
2 587.03
586.67
2 586.56
2 501.19
2 452.02
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Geophysical logs

Spontaneous potential

Fluid temperature, resistivity, and SP logs were run
in borehole BN-483.

The slight decrease in SP readings at about 485
FANGVD29 is indicative of the major lithologic and
stratigraphic change at this depth (fig. 39). The log
appears to be responding to the lithologic change at this
altitude, rather than to a permeable feature. The change
in SP within the cased interval of the borehole at about
565-570 FANGVD29 may be related to the effects of
flow from the underlying wash out.

Fluid temperature
Temperature measurements (fig. 39) show a slight
increase consistent with ground water entering the
borehole from the wash out between the bottom of the
casing and about 555 FANGVD29 (depth of 46 ft). The
temperature log also shows changes that are consistent
with flow into the St. Peter aquifer below about 451
FANGVD29 (depth of 150 ft) (Fred Paillet, U.S. Geological Survey, written commun., 1999).

Fluid resistivity

Aquifer tests
Slug tests were completed at this site to estimate the
Kh of the aquifer.

Slug tests

Fluid-resistivity measurements (fig. 39) also indicate
that ground water is entering the borehole from the wash
out between the bottom of the casing and about 555
FANGVD29 (depth of 46 ft). The fluid-resistivity log
indicated no change over the remainder of the borehole.

Slug tests were attempted at eight test intervals
isolated with a packer assembly within borehole BN483 (table H3). The test intervals generally were 20 ft
in length. Four of the eight intervals were slug tested
successfully, the remaining four intervals could not be
slug tested because water levels did not reach hydrostatic
equilibrium within 2-12 hours. The values determined
for the three intervals of the unweathered dolomite range
from about 0.0005 to 0.0034 ft/d. These low values are

Table H3. Horizontal hydraulic conductivity of selected depth intervals in borehole BN-483 near the Better Brite Site, De Pere, Wis.,
estimated from displacement/recovery (slug) tests
[--, no data]

Test interval
(feet below land
surface)

Horizontal hydraulic
conductivity (feet per
day)

35-52 '

2.0 X 10' 1

50-70

-

66-86

5.0 x 10~*

72-92
86-106

160-169 2

Fractured and weathered dolomite from 35 to 44 feet. Hydraulic conductivity of this zone probably
considerably higher than 0.2 feet per day.
No measurable response to slug injection. Water level recovered only 0.19 ft over a period of about 14
hours after pumping this borehole interval dry.
Low-quality data in first 20 seconds of slug test.
No slug test. Water level recovered about 3 feet over a period of about 14 hours after pumping this
borehole interval dry.

3.4 x 10"'

112-132
131-151

Comments

Low-quality data in first 30 seconds of slug test.
No slug test. Water level showed no measurable recovery for about 40 minutes after pumping this borehole interval dry.

1.9 x 10°

Low-quality data in first 30 seconds of slug test. Actual hydraulic conductivity value may be lower
because static water level in tested interval still was dropping prior to the slug test.
No slug test. Water level showed no measurable recovery over a period of 4 hours after pumping this
borehole interval dry.

1 Packed interval is less than 20 feet, extending from the bottom of the casing to 52 feet.
2 Packed interval is less than 20 feet, extending from 160 feel to total depth of the test well.
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more indicative of a confining unit than and aquifer
(Freeze and Cherry, 1979, p. 29). The Kh of the four
intervals that could not be tested are believed to be less
than 0.0005 ft/d. The presence of shaley zones and
partings in the core indicates that the vertical hydraulic
conductivity of the unweathered dolomite probably is
less than the Kh.
The estimated Kh of the test interval that includes
the weathered dolomite just below the bottom of the
casing is about 0.2 ft/d (table H3). Because less than
half of the 20-ft test interval is the weathered section, its
conductivity probably is appreciably greater than the 0.2
ft/d estimated for the entire interval.

Location of contaminants
Water samples were collected only from the uppermost test interval isolated with a packer assembly at
549-566 FANGVD29 (depth of 35-52 ft). The low
permeability of the unweathered dolomite in the remaining test intervals prevented the collection of water-quality samples because the test intervals were pumped dry
during purging and did not recover within 2-12 hours.
No inorganic constituents of environmental concern
were detected in the sample. Toluene was the only VOC
detected, and was found in estimated concentrations of
1 and 2 \igfL in duplicate samples (Batten and others,
1997). However, toluene at low concentrations may be
present because of field or laboratory contamination, and
this detection may not be representative of in-situ water
quality.
Water-quality samples from the monitoring wells
completed in borehole BN-483 were taken by Simon
Hydro-Search, Inc. in October 1994. The deep bedrock well could not be sampled because an insufficient
volume of water was available, even after the well was
allowed to recover for 1 week. Samples from the shallow bedrock well had higher concentrations of chromium, lead, manganese and zinc relative to the concentrations in the samples obtained by use of the packer
assembly. However, this difference could be related to
sampling method (bailers were used that could artificially increase turbidity) indicated by the color and clarity of the water, as well as the elevated concentrations of
aluminum and potassium. No VOC's were detected in
these samples (Simon Hydro-Search, Inc., 1995).
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