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Executive Summary

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

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

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

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

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

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

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



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

Characterization of ground-water flow also was improved by performance of aquifer tests.
Slug tests provided insight into permeability variations with location and stratigraphy and are
the only method that could quantify the horizontal hydraulic conductivity of the entire aquifer.
Slug tests performed by use of a packer assembly provided the most complete characterization
of the location of permeable (or impermeable) intervals in the aquifer, but are expensive in
comparison to flowmeter logging. Specific-capacity tests allowed for quantification of aquifer
transmissivity where resources were insufficient for detailed aquifer testing. Multiple-well,
constant-discharge aquifer tests identified the presence and location hydraulically intercon-
nected features in the Galena-Platteville aquifer, as well as the presence and orientation of
heterogeneity and anisotropy. The amount of information that could be obtained from the
multiple-well aquifer tests was increased by the amount of aquifer that could be tested dis-
cretely. However, reliable estimates of transmissivity and storage coefficient could not always
be obtained because of aquifer heterogeneity. Tracer tests allowed estimation of the effective
porosity of parts of the aquifer and indicated the presence of hydraulic interaction between the
fractures and matrix. Tracer testing done in conjunction with cross-borehole GRP identified
discrete flow pathways within the aquifer.
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Volume
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Velocity
feet per minute (ft/min) 0.3048 meter per minute {m/min)
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Flow rate
gallon per minute (gal/min) 3.785 liter per minute (L/min)
million gallons per year (Mgal/yr) 3.785 million liters per year (ML/yr)
Hydraulic conductivity*
foot per day (ft/d) 0.3048 meter per day (m/d)
Transmissivity*
foot squared per day (ft*/d) 0.09290 meter squared per day (m%d)

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

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

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

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

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

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

Abbreviated water-quality units used in this report: Organic- and inorganic-constituent
concentrations, water temperature, and other water-quality measures are given in metric
units. Constituent concentrations are given in milligrams per liter (mg/L} or micrograms per
liter (pg/L). Milligrams per liter are considered equivalent to parts per million at the reported
concentrations. Micrograms per liter are considered equivalent to parts per billion (ppb) at the



reported concentrations.

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

pCi/lL=TUx3.2
Dissolved oxygen (D0) is given in milligrams per liter (mg/L).
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USEPA U.S. Environmental Protection Agency
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PCHSS Parson’s Casket Hardware Superfund Site
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This hydrogeologic characterization is subject to a
number of limitations. The most important limitations
relate to the conceptual framework of the ground-water-
flow system in the aquifer. Ground-water flow in frac-
tured-rock aquifers can be conceptualized as a discrete
flow system, a doubly porous media, or an equivalent
porous media. These conceptualizations represent three
possible end members of actual aquifers that typically
have properties associated with two or all three of these
conceptual frameworks. Conceptualization of the flow
system is affected by the type, density, and heterogene-
ity of the secondary-permeability features at the scale of
investigation.

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

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

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

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

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

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

In addition to affecting the scale of aquifer requir-
ing investigation, the heterogeneous and anisotropic
nature of fractured-rock aquifers can affect the accu-



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

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

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

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

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

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

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

Because of the complexity of flow and contami-
nant transport in most fractured-rock aquifers, ground-
water flow and contaminant transport in these aquifers
typically is difficult to characterize. These difficul-
ties reduce the effectiveness of aquifer remediation or
development of water supplies. Even where extensively
investigated, fluid flow and contaminant transport in
fractured-rock aquifers is difficult to accurately deter-
mine because of limitations in current methods of
conceptualizing, investigating, assessing, and quantify-
ing these complex processes. As a consequence, there is
a great need for determining the most accurate, efficient
methods for characterizing fractured-rock aquifers under
a variety of hydrogeologic conditions.

Investigations performed by the U.S. Geological
Survey (USGS) and the U.S. Environmental Protec-















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 Wiscon-
sin 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-Platte-
ville 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 trend-
ing fractures was greater in the upper part. Formation

of these fracture sets was attributed to tensile cracking
(Chris McGarry, lllinois State Geological Survey, written
commun., 2000).

Tectonic deformation and chemical dissolution of
the rock has resulted in the development of karst fea-
tures (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.

Introduction 9

Stratigraphy of the Galena-Platteville Deposits

The Ilinois State Geological Survey (ISGS) consid-
ers 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 bed-
ding, 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 Sin-
nipee Group, which is divided into the Platteville Forma-
tion, 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 strati-
graphic 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 Peca-
tonica Formation (Willman and Kolata, 1978; Choi,
1998), which is composed primarily of medium-to-thick
bedded. gray-to-brown, mottled, finely vuggy, fine-to-
medium 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

ILLINOIS WISCONSIN
Dubugue Formation Dubugque Member
Wise Lake Formation Wise Lake Member
Kimmswick Ga!en‘a
g Subgroup Dolomite
s Dunleith Formation Dunleith Member
«©
o
= Guttenberg Formation = Guttenberg Member
«@ Decorah = Decorah
Subgroup Spechts Ferry Formation § Formation Spechts Ferry Member
=
£
Quimbys Mills Formation « Quimbys Mill Member

S SP:)attin Nachusa Formation
] ubgroup Platteville
2 Grand Detour Formation Formation McGregor Member
2 Mifflin Formation
®
oa-

Pecatonica Formation Pecatonica Member

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 1llinois and Wisconsin
and generally thickens from north to south.

The Mifflin Formation is separated by a weath-
ered 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 forma-
tion is composed predominately of limestone in parts of
southwestern Wisconsin and small areas of north-central
Ilinois 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 over-
lies the Mifflin Formation and is composed of a lower,
cherty, medium-grained, medium-bedded, mottled dolo-
mite 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 nomen-
clature. 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, I1l. 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 Wis-
consin (Allingham, 1963). The Quimbys Mill Forma-
tion 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 forma-
tion. 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 com-
posed predominately of shale, with interbedded lime-
stone 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 Wis-
consin, 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 (Carl-
son, 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 For-
mation 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 dis-
tances 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 For-
mations are absent, the Dunleith Formation unconform-
ably 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 argilla-
ceous 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 northwest-
ern 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,



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 Forma-
tion grades upward from argillaceous, thick bedded dolo-
mite, to shaley dolomite. The upper part of the Dubuque
Formation becomes increasingly argillaceous and con-
sists 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 Platte-
ville 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, 1948)(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). Quaternary-
aged 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 gla-
ciofluvial processes have resulted in the partial to com-
plete 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).

Introduction 11

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 aquiter 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 and Trotta, 1975, Borman, 1976, Berg
and others, 1984). The unconsolidated deposits typi-
cally 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 specific-
capacity 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 Walworth Coun-
ties, 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 107 ft/d were obtained
for the Galena-Platteville aquifer in a part of northeast-
ern Wisconsin where the aquifer was confined by the
Magquoketa Shale (Krohelski, 1986; Conlon, 1997).

Analysis of the hydrostratigraphy of the Galena-
Platteville 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 (.28 ft/d in the other (Stocks, 1998). Stocks
observed that the aquifer was poorly permeable where
it was composed of homogenous, fine-grained dolo-
mite; 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-perme-
ability features associated with solution along bedding
planes were found in intervals with abundant clay beds
and at contacts between contrasting lithologies. Frac-
tures 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 Quim-
bys Mill Formation and the underlying limestone of the
McGregor (Nachusa) Formation (Allingham, 1963) in
southwestern Wisconsin also indicate that areas of litho-
logic change may be preferential pathways of ground-
water flow, areas of enhanced dissolution of the carbon-
ate rock, and increased aquifer permeability (Carlson,
1961). Additionally, lead-zinc deposits in northwestern
Ilinois and southwestern Wisconsin typically are located
in fractures or solution features in the Spechts Ferry or
Guttenberg Formations (Heyl and others, 1955; Alling-
ham, 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-Plat-
teville aquifer.

SITE CONDITIONS AND METHOD
APPLICATIONS

Characterization of the hydrogeology of the Galena-
Platteville aquifer at the Byron Salvage Yard, Tipton
Farm, ACME Solvents, Winnebago Reclamation Land-
fill, 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 char-
acterizing secondary-permeability features (especially
those that were highly permeable) in the Galena-Plat-
teville 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 character-
ized, 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-Platteville
aquifer at the sites investigated. The aquifer is most per-
meable 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 Illi-
nois (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-Platteville aquifer (table 4) available for charac-
terization, and over 25 years of data available for analy-
sis. 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-Platte-
ville 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-Platteville
dolomite is as much as 190 ft thick beneath the topo-
graphic 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-Platteville dolomite in the vicinity of the Rock
River (fig. 10). Quaternary-aged deposits unconform-
ably overlie the Galena-Platteville dolomite throughout
that part of the Byron site where the dolomite is pres-
ent (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
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the interconnectivity of this network would not neces-
sarily 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 perme-
able 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 perme-
ability. Interpretations regarding the distribution of
secondary permeability in the aquifer and the location
of secondary-permeability features in a borehole subse-
quently 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-water-
quality 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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Table 10. Monitoring well data, ACME Solvents and Winnebago Reclamation Landfill sites, lll.

Screened interval: NA, not applicable; Lithology: D, dolomite; S, sandstone; UC, unconsolidated coarse grained; UF, unconsolidated, fine grained. Hydro-
logic 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 aquiter.

Measuring-point altitude Open interval Screened interval
(feet ahove National Geodetic {feet below land {feet below land
Well name Vertical Datum of 1929) surface) surface) Lithology Hydrologic unit
Bl 773.15 35-51 40-46 D WTGP
B2 792.37 54-73 67-73 D WTGP
B3 744.88 23-40 30-40 D WTGP
B4 757.66 17-36 25-35 D WTGP
B5 752.91 20-35 25-35 D WTGP
B6S 754.07 35-48 37-47 D WTGP
B6D 754.19 37-100 95-100 D WTGP
B7 751.90 12-31 25-31 D WTGP
B8 750.02 25-35 29-35 UF WTDA
B9 758.38 14-42 36-42 D WTGP
B10 744.12 16-40 34-40 D WTGP
B10A 743.78 53-62 57-62 D MGP
Bl11 750.63 29-47 42-47 D WTGP
BI11A 758.92 65-75 70-75 D MGP
B12 760.35 28-49 44-49 D WTGP
B13 739.33 21-33 27-33 D WTGP
B15 744 .47 15-40 34-40 ucC WTDA
BisP 743.51 50-63 58-63 ucC MDA
B15R 743.70 36-43 38-43 ucC WTDA
B16 762.86 23-45 40-45 D WTGP
B16A 762.58 61-70 65-70 D MGP
Pl 727.65 27-35 30-35 ucC WTDA
P3R 749.59 35-48 38-48 uc WTDA
P4R 747.82 60-70 65-70 uc MDA
P6 739.61 44-50 45-50 D MGP
P7 728.75 22-30 25-30 ucC WTDA
P8 748.21 30-36 30-36 ucC WTDA
P9 748.71 45-50 45-50 D MGP
MW101 800.04 76-100 95-100 D MGP
MWI102 760.81 30-54 44-54 D WTGP
MW103 751.10 23-60 50-60 D MGP
MW104 756.82 102-135 125-135 D MGP
MW10s 753.00 64-76 70-76 D MGP
MW 106 725.85 47-60 55-60 uc MDA
MW107 750.00 72-150 145-150 D MGP
PZ1 747.48 23-30 24-29 D WTGP
PZ2 745.17 18-25 19-24 UF WTDA
PZ3 743.85 12-18 13-18 UF WTDA
PZ4 744.27 13-21 14-19 D WTGP
PZ5 747.33 13-21 15-20 UF WTDA
PZ6 749.67 17-30 19-24 D WTGP
Pz 752.39 17-24 19-24 D WTGP
PZ10 754.20 15-24 15-20 ucC WTDA
PZI1 754.53 13-21 14-19 ucC WTDA
1S 766.65 38-53 NA D WTGP

11 766.04 127-147 NA D MGP
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Table 10. Monitoring well data, ACME Solvents and Winnebago Reclamation Landfill sites, lil.--Continued.

Measuring-point altitude Open interval Screened interval
(feet above National Geodetic (feet below land (feet below land
Well name Vertical Datum of 1929) surface) surface) Lithology Hydrologic unit
1D 766.86 170-190 NA D BGP
28 748.47 25-50 25-50 UF WTDA
2 748.35 116-135 NA D MGP
2D 747.89 162-182 NA D BGP
38 768.38 31-46 NA D WTGP
31 767.88 155-175 NA D MGP
3D 768.26 212-232 NA D BGP
48 772.83 40-56 NA D WTGP
41 771.52 115-137 NA D MGP
4D 770.00 182-201 NA D BGP
58 763.96 23-49 27-47 D WTGP
51 762.41 120-140 NA D MGP
5D 762.67 180-201 NA D BGP
6S 752.07 7-30 11-30 D WTGP
71 757.14 77-101 81-101 D MGP
SP1 752.63 244-264 NA S LA
SP2 769.94 294-316 NA S LA
MW201A 752.12 216-249 238-248 D BGP/LS
MW201B 751.15 176-196 184-194 D BGP
MW202 752.81 87-127 114-127 D MGP
PPS 785.89 320-600 UNK S LA
B6PW UNK 20-161 NA D GP
G101l 745.78 UNK UNK D WTGP
G102 738.48 UNK UNK D WTGP
G105R 761.34 28-44 34-44 D WTGP
G107 739.52 25-36 26-36 UF WTDA
G108 751.13 27-44 34-44 D WTGP
G109 760.60 35-52 42-53 D WTGP
G109A 760.90 70-80 75-80 D MGP
G110 747.90 30-43 33-43 D WTGP
Glll 740.59 23-36 26-36 uc/m WTGP
Gl12 763.37 30-44 34-44 D WTGP
G113 762.23 35-48 38-48 D WTGP
GI13A 762.86 63-75 70-75 D WTGP
Gl14 758.07 30-45 35-45 D WTGP
Gl15 729.03 8-20 10-20 UF WTDA
G116 713.83 4-14 4-14 ucC WTDA
G116A 714.12 30-45 35-45 uC MDA
G117 723.42 8-25 13-23 UF WTDA
GI118R 717.61 2-13 3-13 uc WTDA
G118A 718.24 34-45 38-45 ucC WTDA
G119 720.34 8-20 10-20 ucC WTDA

G119A 720.17 40-50 45-50 ucC MDA
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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 con-
sistent 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 con-
tain contaminants. The absence of contamination likely
is at least partly because borehole BN-483 hydraulically
is upgradient of the potential source areas. As a conse-
quence, 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 pro-
vided some insight into the secondary-permeability
network in of the Galena-Platteville aquifer, with mul-
tiple 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 loca-
tion 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 investiga-
tion, 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 obtain-
ing 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 investi-
gations 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 direc-
tions also were provided at many of the sites investi-
gated. However, even during site-specific investigations
detailed characterization of the secondary-permeabilty
network in the aquifer usually was not performed, typi-
cally because of funding limitations on the investiga-
tions.

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 dis-
charge (ACME/WRL), and pumping from high-capacity
wells (Belvidere).

Analysis of surface topography was useful for
identifying the location of the bedrock ridges and val-
leys 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 test-
ing 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. Bed-
rock 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 sink-
holes 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 pres-
ent 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
Database search

Topographic maps or aerial
photographs

Quarry visits

Surface geophysics

Lithologic logging

Core analysis

Borchole camera

Natural-gamma logs

Caliper logs

Spectral gamma logs
Acoustic-televiewer logs

Spontaneous-potential logs

Single-point resistance and
normal-resistivity logs

Neutron logs

Density logs

Borchole ground-penetrat-
ing radar

Water levels from wells
(single measurement)

Water levels from wells
(periodic measurement)

Water levels from wells
(continuous measure-
ment)

Temperature logs

Fluid-resistivity logs

Flowmeter logs (single
well)

Should be performed prior to investigations at all sites.
Should be performed prior to investigations at all sites.

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.

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

Should be considered prior (o drilling at sites with minor cultural interference and appropriate surficial materials (thin. nonargil-
laceous) if finances are available.

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.

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

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.

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.

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 tele-
viewer or camera tools. Should be performed if features above the water level in the borehole are of interest and borehole-
camera logs are not available.

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

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 fea-
tures of interest are expected to be present near the top of the water column.

Should not be performed.

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.

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

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 cas-
ing. Not useful for highly argillaceous deposits.

Should be performed at all sites pending collection of periodic data

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.

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.

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 hydrautic 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.

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.

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

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

pumping) pumping profiles should be performed in all boreholes.
Hydrophysical logs
needs at the individual site.
Slug tests

the well varies by more than 5 feet.

Specific-capacity tests

Should be performed at all sites. Multiple tests should be considered in water-table wells if the height of the water column in

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, constant-
discharge tests

Should be considered it 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 heteroge-
neity 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 po-

rosity 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 flow-

meter data.

fractures at the Byron, ACME/WRL, Southeast Rock-
ford, 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 unconsol-
idated deposits prevented penetration of the GPR signal
to the bedrock. SAR did not provide useful information
at the Byron site probably because of cultural interfer-
ence from power lines and perhaps because the high
clay content of the unconsolidated deposits prevented
penetration of the signal to the bedrock. SAR investiga-
tions resulted in the identification of inclined-fracture
orientations in the Galena-Platteville 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 con-
sidered 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-Plat-
teville 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 con-
firmed with other methods. Lithologic logs were more
useful for identifying secondary-permeability features
at the Byron site because of the large number of bore-
holes 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-perme-
ability 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-per-
meability 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. Strati-
graphic interpretation appeared to be most certain at the
Byron, Tipton Farm, and Waupun sites, but less uncer-
tain 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 pri-
mary 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 pro-
vided insight into the lithologic and stratigraphic factors
that affect the distribution of vugs and subhorizontal
bedding-plane partings in the Galena-Platteville dolo-
mite, 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 verti-
cal 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 second-
ary-permeability features identified with the lithologic
logs and identified the location of various secondary-
permeability features not identified with the lithologic
logging. The location of many of these features subse-
quently was confirmed by borehole-camera or acoustic-
televiewer 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 compre-
hensive 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 second-
ary-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 secondary-
permeability features for the sites studied during these
investigations and comprehensive characterization of
fractured-rock aquifers should not rely on this method as
the primary means for identification of secondary-per-
meability 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 loca-
tion 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



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 compre-
hensive description of the stratigraphy and lithology
in the Galena-Platteville 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 fac-
tors 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 sub-
sequently 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 second-
ary-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 par-
ticles 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 secondary-
permeability features, comparison of natural-gamma logs
with caliper and televiewer logs, as well as hydraulic
data, should be done to determine the location of perme-
able vugs and subhorizontal bedding-plane partings at
any site investigated.

Single-point-resistance, density, and normal resis-
tivity logs provided limited insight into the geology and
presence of fractures in the Galena-Platteville dolo-
mite 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 dolo-
mite, 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-Platte-
ville 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 identi-
fied 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 pri-
mary 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-Plat-
teville 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 poros-
ity at sites with low argillaceous content of the rock, but
this logging probably should not be done to identify frac-
tures and solution openings (table 25).

Acoustic-televiewer logs identified the largest num-
ber of secondary-permeability features in the Galena-
Platteville 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 unam-
biguously 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-permeabil-
ity features. Televiewer logging confirmed the location
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of many of the secondary-permeability features in the
Galena-Platteville dolomite identified with other meth-
ods, identified the type of most of these features, and
identified a number of features, such as small subhori-
zontal bedding-plane partings and vuggy intervals that
frequently were not identified with other methods. Tele-
viewer logging should be done at all sites where there is
a need to thoroughly characterize the secondary-perme-
ability 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 ot the Waupun and Byron sites.

Single-hole GPR surveys appear to have identi-
fied lithologic and secondary-permeability features in
the Galena-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 investiga-
tion that allowed direct identification of lithologic and
secondary-permeability features not intercepted by the
borehole. However, some features identified with single-
hole GPR surveys were not identified with other meth-
ods 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 typi-
cally 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 require-
ment 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, Belvi-
dere 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 single-
hole characterization methods. Cross-hole GPR logging
identified porosity variations in the Galena-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 Galena-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, South-
east Rockford, Belvidere area, Waupun, and Better Brite
sites. Assessment of vertical flow directions was com-
plicated in some test intervals at the Byron, Southeast
Rockford, and Better Brite sites by the practical diffi-
culty 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 conduc-
tivity within many of the boreholes tested at the Byron,
Southeast Rockford, and Belvidere area sites. Assess-
ment of the distribution of vertical-hydraulic conductiv-
ity 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 Belvi-
dere area sites, as well as by the uniform vertical-hydrau-
lic 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 Galena-Platteville aquifer in the Belvidere area also
aided the analysis of the vertical differences in water lev-
els 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 Galena-Plat-
teville 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 perme-
able features tended to be those where large vertical-
hydraulic gradients were coupled with the presence of a
single interval with a horizontal hydraulic conductivity



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 usu-
ally were confirmed by the results of aquifer testing and
flowmeter logging. Analysis of water-level measure-
ments 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-Plat-
teville deposits.

Single water-level measurements from test inter-
vals isolated with a packer assembly provided important
insight into ground-water-flow directions and the loca-
tion and distribution of secondary-permeability features
(or lack thereof) in the Galena-Platteville aquifer. Col-
lection 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 measure-
ment 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. Mul-
tiple 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 condi-
tions 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 ground-
water-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 direc-
tions, based on a small number of available measure-
ments, 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-Platte-
ville 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 identi-
fied. 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 identi-
fication of a low-permeability area within the Galena-
Platteville aquifer at the site. These interpretations
subsequently were confirmed by aquifer testing. Visual
analysis of the water-table configuration at the South-
east 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 avail-
able 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 con-
ductivity 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 perme-
ability, 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 fea-
tures 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 con-
ductivity. 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 moni-
toring 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 per-
formed to determine flow directions and potential varia-
tions 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 water-
level 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 deter-
mine if a greater measurement frequency is needed.

Temperature, SP, and fluid-resistivity logging pro-
vided 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 fea-
tures 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 meth-
ods. 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-permeabil-
ity 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 fluid-
resistivity 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 tempera-
ture 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 tempera-
ture, 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 Galena-
Platteville 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



low permeability, little or no vertical-hydraulic gradi-
ent (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 util-
ity of these logs also was affected by the distribution of
permeable features within the borehole. Identification of
permeable features using flowmeter logging was supe-
rior 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 perme-
able 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 con-
junction with pumping in the tested borehole also was
effective in identifying the location and relative per-
meability 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 inves-
tigate 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 flowme-
ter logging at these sites. Estimates of hydraulic proper-
ties in the Belvidere area made from analysis of cross-
hole 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 bound-
ary conditions assumed for each method. This method
should be used for fractured-rock aquifer characteriza-
tion 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, water-
quality parameters in each of the permeable intervals
were quantified. Hydrophysical logging was not per-
formed 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 investiga-
tion indicate that hydrophysical logging provides com-
parable 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 informa-
tion 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-perme-
ability 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 pro-
vided superior aquifer characterization in comparison to
flowmeter logs in boreholes with uniformly low perme-
ability, low vertical-hydraulic gradients, and large dif-
ferences 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 frac-
tured-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, Belvi-
dere 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-Platteville
aquifer too permeable to have been characterized cost-
effectively with a long-term, multiple-well, constant-
discharge 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 Bel-
videre area sites, but could not be verified at the South-
east Rockford site. Specific-capacity tests should be
considered in all boreholes that are pumped for develop-
ment. 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 inter-
connected features in the Galena-Platteville 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 interpreta-
tions 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 aquiter
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 involv-
ing only a small number of partially or fully penetrating
boreholes. Although reliable estimates of the hydrau-
lic 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 estima-
tion 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-Platteville 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 effec-

tive porosity obtained from the tracer tests at the Belvi-
dere site also were less than estimates of total porosity
obtained from the SAR survey and neutron logging, indi-
cating 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-bore-
hole 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 consid-
ered before tracer testing is done, if the sole study objec-
tive is the identification of flow pathways.

The location of contaminants and other water-
quality 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 contami-
nants 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-perme-
ability 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 water-
level 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 under-
lying 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 con-
firm water-level data indicating the potential for flow
toward municipal-supply wells at the Belvidere area
site. Contaminant location also confirmed water-level



data indicating the potential for flow beneath the Kish-
waukee 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. Con-
taminant 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 secondary-
ermeability features under a range of hydrogeologic con-
ditions. 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 num-
ber of methods applied. The characterization also was
improved by comparing the data collected with different
methods.

Collection and analysis of background informa-
tion, including data from governmental databases and
reports of previous investigations is considered essential
to obtaining a preliminary understanding of the hydro-
geology 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 densi-
ties 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 pres-
ence 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 ground-
penetrating radar (GPR) signal to the bedrock. Square-
array resistivity identified the orientation of inclined
fractures in the Belvidere area. However, these orienta-
tions 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 stratigra-
phy at the sites where cores were collected and also were
used to provide samples for geotechnical analysis. How-
ever, stratigraphy from the cores was interpreted differ-
ently by different investigators at some sites, indicating
uncertainty about the accuracy of some of the interpreta-
tions. Core analysis also provided insight into the litho-
logic 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 inter-
pretation 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 deter-
mined to be permeable by flowmeter logging and slug
testing. Comprehensive characterization of fractured-
rock aquifers should not rely on these logs as the pri-
mary means for identification of secondary-permeability
features.
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Neutron logs provided minimal insight into the
presence of fractures or solution openings in the Galena-
Platteville 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 distin-
guishable 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 num-
ber of secondary-permeability features in the dolomite at
each site where the method was used and permitted iden-
tification of the type and orientation of these features.
Televiewer logging is considered the best geophysical
technique for the identification of secondary-permeabil-
ity features in the Galena-Platteville dolomite. However,
this method was of limited use for characterizing fea-
tures 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 dolo-
mite at each site where the method was used. Borehole-
camera 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 identi-
fied 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 identi-
fied 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 sur-
veys provided a clear picture of the location and extent
of hydraulically connected, secondary-permeability fea-
tures 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-Plat-
teville aquifer.

Single-point-resistance, density, and normal resis-
tivity logs provided limited insight into the geology and
presence of fractures in the Galena-Platteville dolo-
mite at every site where these methods were applied.
Although each of these methods identitied a small num-
ber of fractures, they identified no secondary-permeabil-
ity features that were not identified using other methods

and they did not identify most of the secondary-perme-
ability 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 measure-
ments 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 measure-
ment periods required to (presumably) fully assess the
variability of flow directions in the Galena-Platteville
aquifer differed among the sites. A single, comprehen-
sive 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 precipita-
tion 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-resis-
tivity 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-hydrau-
lic 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 combina-
tion 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 aqui-
fer 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 vertical-
hydraulic gradients within the borehole and, in every
instance, improved the characterization provided by log-
ging under ambient conditions alone.



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-dis-
charge 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, water-
quality parameters in each of the permeable intervals
were quantified. Hydrophysical logging was not per-
formed 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 permeabil-
ity 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 perme-
able 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 per-
formed by use of a packer assembly provided superior
hydrogeologic characterization in comparison to flow-
meter 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 interme-
diate 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 character-
ization. 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. How-
ever, 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 path-
ways 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 water-
quality 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 interpreta-
tions 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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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 pro-
vide 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 secondary-
permeability features, which may be important to flow
and contaminant transport. In addition, surface-geo-
physical methods usually require data collection from
boreholes or wells to verify interpretations. Surface-geo-
physical methods used to characterize the Galena-Plat-
teville 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 includ-
ing lithology, porosity, degree of water saturation, and
concentration of dissolved solids. Azimuthal square-
array 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 cur-
rent 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 sym-
metrically 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 perpendicu-
lar 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 appar-
ent 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 penetra-
tion—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. Environ-
mental 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 trans-
mitted 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 subsur-
face 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 LIthOIOgIC Loggmg Of Wells

with the presence of distinctive pore fluids or conduc-
tive 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).

After a preliminary assessment has been per-
formed through analysis of background information
and, perhaps, collection of surface-geophysical data,
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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 drill-
ing, 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 associ-
ated 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 bore-
hole 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 corner-
stone of any hydrogeologic assessment. This informa-
tion 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 (compara-
tively) 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 depo-
sitional 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 (dolo-
mitization), 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 use-
ful 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 point-
scale information. Cores will not provide information on
recent weathering of carbonate units; which for some of
the Galena-Platteville deposits is necessary for accurate
stratigraphic 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 com-
monly 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 con-
sequence, limited coring is done in most investigations.

Geophysical Logging

Drilling and coring are the only means of provid-
ing 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 geotechni-
cal testing.
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Natural Gamma

Natural-gamma logs record the amount of radia-
tion 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 open-
ings (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 geo-
logic formation. By identifying the source of the radia-
tion, 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 ura-
nium 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 measure-
ment.

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 sen-
sitive 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 second-
ary-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 open-
ings, vugs, well screens, well casing, and cracks in the
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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 diam-
eter 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 avail-
able; 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





















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 identi-
fied. 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 flow-
meters can detect (Vernon and others, 1993). Hydro-
physical 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 log-
ging increases the amount of time and effort required for
this method.

Flowmeter

There are a number of different types of flowme-
ters, 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 inter-
vals 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 com-
bination 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 measure-
ment 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 log-
ging 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 ambi-
ent 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 dif-
ference 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 hydraulic-
head difference between the water level in that feature
and the water level in the borehole. Thus, natural
hydraulic equilibrium can disguise the most transmis-
sive 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 interpreta-
tion by obtaining flowmeter profiles under two hydrau-
lic conditions (usually ambient and steady pumping or
injection) (fig. A3). Molz and others (1989) and Paillet
(1995) recommend subtracting the zone inflows mea-
sured 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 transmis-
sivity of each inflow zone. This relative transmissiv-
ity 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 bore-
hole can be neglected in comparison with the hydraulic-
head differences driving the flow.

A more quantitative approach to flow log interpreta-
tion is to simulate borehole flow using a borehole flow
model (Paillet, 1998). This method requires that two
parameters be estimated for each inflow zone (trans-
missivity 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 asso-
ciated 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 transmis-
sivity 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 cross-
borehole testing. Cross-borehole flow logging involves
flow logging in an observation borehole during pump-
ing at a constant rate from an adjacent borehole. It is
assumed with this method that inflow zones in observa-
tion and pumped boreholes already have been identi-
fied. 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-1 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 coef-
ficient 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 forma-
tion (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 depos-
its 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 con-
sequence, 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 direc-
tion 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 con-
structed 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 aquiter through space (the potentiometric
surface) can be used to determine directions of ground-
water flow and the boundaries of the flow system. Inan
aquifer with constant discharge through a uniform flow
area, there is an inverse relation between hydraulic gradi-
ent 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 potentio-
metric-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 large-
scale features in the aquifer.

Limitations are inherent in the interpretation of
potentiometric-surface maps. The first is that the devel-
opment 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. Docu-
mented cases are present where flow may move in direc-
tions up to 180° to what potentiometric-surface maps
would indicate as the expected flow direction (Quinlan,
1989). A second limitation is that ground-water sys-
tems are dynamic and adjust continually to short-term
and long-term changes in climate, ground-water with-
drawal, 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



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 practi-
cal factors, such as budget constraints, may require fewer
measurements. The necessary frequency of measure-
ment 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 water-
level 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 ground-
water flow, the boundaries of the flow system, and
potential variations in aquifer permeability to be identi-
fied 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.

Periodic Measurement

Periodic water-level monitoring requires measure-
ment of many or all wells at a site at some time interval,
usually quarterly. Periodic measurement of water levels
allows for variation or stability in the general direction of
ground-water flow to be identified (figs. 23 and 24), can
allow identification of the factors that affect variations
in flow direction, allows for a realistic range of ground-
water velocities to be calculated, can be used to help
identify vertical and horizontal variations in aquifer per-
meability, and can provide a more accurate assessment
of the variability of aquifer saturated thickness, which
can affect flow and permeability. Periodic measure-
ments 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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Continuous Measurement

Continuous water-level monitoring requires the
installation of automatic water-level sensing and record-
ing instruments that are programmed to make ground-
water measurements at a specified frequency, usually
at least daily. Continuous water-level measurements
typically are obtained to determine the effects of varia-
tions 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 Craw-
ford, 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. Varia-
tions 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.

Aquifer Tests

In addition to the hydraulic characterization that can
be provided by water-level measurements, more detailed
and more quantitative assessment of the aquifer and the
secondary-permeability network can be provided by use
of aquifer tests. Aquifer tests typically involve stressing
the aquifer then monitoring water levels or water quality
to enable identification of flow pathways and quantifica-
tion of the physical properties that affect ground-water
flow through specific secondary-permeability features as
well as the aquifer as a whole.
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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 hori-
zontal hydraulic conductivity or transmis-
sivity 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 avail-
able for testing, slug tests can be used to
identify vertical and horizontal trends in
aquifer permeability.

Slug tests are easy, quick, and inex-
pensive to perform once a well or bore-
hole 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. Wait-
ing 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, typi-
cally within 10 ft of the borehole. Analy-
sis of slug-test data requires knowledge
of well construction and aquifer geom-
etry, 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. Calcula-
tion 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 con-
ceptualized as a porous media. In cases where slug
tests are used to evaluate isolated intervals containing
fractures, this conceptualization holds most appropri-
ately 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 con-
ceptualization.

Specific-Capacity Tests

Specific-capacity aquifer tests involve extraction of
water from a well at a known, constant rate (Q) and tak-
ing 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. Specitic 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 pro-
vide 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)][2.3/47][log(2.25Tt)/(x:*S)). ()

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 (r,) typically is assumed to
be equal to the nominal radius of the well (r,,). How-
ever, r, can be substantially larger than r,,, particularly in
fractured-rock aquifers (Mace, 1997). Specific-capacity
analyses typically assume that well loss is negligible.
Calculated transmissivity values are moderately insen-
sitive to large changes in the assumed values of 1, and
S. However, uncertainty regarding the true values for S
and r,, 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 verti-
cal 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 per-
form if pumping already is being done for well develop-
ment 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-capac-
ity 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 produc-
tive 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 multiple-
well 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-dis-
charge 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 three-
dimensional pathways of ground-water flow.

Multiple-well tests require extensive planning, typi-
cally are performed for at Jeast 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-
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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 pump-
ing well and transmission of drawdown from the pump-
ing well to observation wells effectively precludes the
use of this method in deposits of low permeability. The
requirement for measurable drawdown in the observa-
tion 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 perme-
able features in the upper part of the aquifer. Addition-
ally, 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 concomi-
tant 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 dis-
charge can affect the drawdown data and invalidate their
use for calculation of aquifer hydraulic properties.

There are numerous methods for analysis of multi-
ple-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 direc-
tion. The presence of vertical fractures in many frac-
tured-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, hori-
zontal variations in aquifer permeability and hydraulic
interconnection also may produce variations in draw-
down 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 secondary-
permeability features may not be determined. Cross-
hole 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 assess-
ment.

Appendix A—Methods of Characterization 119

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-reac-
tive 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 gradi-
ent (tracer moves in response to hydraulic conditions
induced by pumping or injection). Only induced-gradi-
ent tracer tests are discussed here.

Induced-gradient tracer tests require pumping at a
known, constant rate from an extraction well and injec-
tion of the tracer in an observation well. Analysis of
tracer-test data requires measurement of the distance
between the extraction and injection wells, and measure-
ment of the water-level altitude in the extraction and
injection wells (converted from measured time-draw-
down data) during the test period. Analysis of tracer-
test 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 injec-
tion 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 test-
ing 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 mea-
sured 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/n,)(dh/dl), 2)
for either Kh or n, (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 n,.

Assessment of the tracer concentration in the
extracted water through time can provide insight into the
degree of hydraulic interconnection and tortuosity of the
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secondary permeability network (dispersion), as well as
the degree of hydraulic interaction between the second-
ary and primary porosity in the aquifer (diffusion). In
an aquifer dominated by secondary permeability, disper-
sion 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 coef-
ficients 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 secondary-
permeability 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
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studied (Xu and Eckstein, 1995), the representativeness
of any given dispersion coefficient is uncertain.

A continuous injection tracer test involves continu-
ous 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-hydrau-
lic gradient provides a direct measurement of ground-
water velocity through the aquifer, which allows equa-
tion 2 to be solved for n,. 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 diffu-
sion 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 extrac-
tion wells being filled with tracer water substantially
more conductive than that of the ambient water. Cross-
borehole radar tomography can be run in boreholes
straddling that part of the aquifer through which the
tracer is to move before and during injection. Compari-
son of the tomograms before and during injection will
identify the location of the highly conductive water in
the aquifer, thereby identifying the tlow pathways and
secondary-permeability features in the aquifer (fig. Al11).
Cross-borehole radar tomography run while the tracer
is migrating from the injection well to the extraction
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Figure A10. Concentration of bromide ion tracer in water pumped from borehole SPW, Byron site, lll., July 12-14, 1992,
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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 con-
junction 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. Bore-
hole 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. Addition-
ally, 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 tomogra-
phy are expensive to perform. These tracer tests usually
provide allow aquifer characterization over a length of
about 20 to 300 ft.

Water Chemistry

Assessment of an aquifer and its secondary-per-
meability network usually can be obtained by analysis
of spatial or temporal patterns in the concentration of
a given chemical, or group of chemicals in the aqui-
fer. Because dissolved chemicals are transported in the
ground water, they can provide a more direct depiction
of flow pathways than usually can be obtained using
hydraulic and geophysical methods, which usually repre-
sent generalized flow directions.

The location and extent of natural and anthropo-
genic constituents dissolved in ground water can be used
to identify the pathways of ground-water flow (fig. 15).
This method of analysis differs from a tracer test in that
the chemical constituent used to identify the flow path-
way is present in the aquifer as the result of natural or
anthropogenic processes, not introduced into the aquifer
as part of an investigative method. Because the surfi-
cial location of the contaminant source material at most
waste-disposal sites is well defined, and because many of
the contaminants are not found in nature, identifying the
distribution of one or more contaminants in the aquifer
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can be used to define the pathways ot ground-water flow
through the fractured rock. The distribution of contami-
nants in a fractured-rock aquifer can be used to identify
specific pathways of ground-water flow, hydraulic inter-
connection within the aquifer, and hydraulic boundaries
of the flow system. Analysis of contaminant distribu-
tion 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 require-
ment for investigation of any waste-disposal site, analy-
sis 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 thou-
sands 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 prefer-
ential flow within fractured-rock aquifers and the extent
of hydraulic interconnection within and between second-
ary-permeability features in the aquifers. For example,
delineation of the distribution of volatile organic com-
pounds (VOC’s) with depth in an uncased borehole may
identify a substantial increase in VOC concentrations
that is restricted to a specitic depth. Similarly, delinea-
tion of the distribution of water temperature or dissolved
oxygen concentration with depth may identify a change
in one of these indicators of water quality. These depth-
specific changes may represent locations of preferential
tlow pathways in the aquifer.

Analyses of major ions to determine water chem-
istry or concentration of selected constituents, such
as tritium, may be used to determine to what extent
an aquifer, or part of an aquifer, is confined. Differ-
ences in water chemistry among sample locations may
indicate that a low permeability unit separates flow in
different parts of the aquifer, thus, limited movement
of contaminants between these locations is expected.
Tritium is a radioisotope of hydrogen that can be used
to estimate relative age of ground water and extent of
confinement and vulnerability of aquifers to contamina-
tion. Beginning in 1954, with the onset of above-ground
nuclear-weapons testing, naturally occurring levels of
atmospheric tritium were increased from about 5 tritium
units (Kauffman and Libbey, 1954)(TU’s; equivalent
to 16 pCi/L) to over 1,000 TU’s. Tracking the pulse of









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 inac-
curate characterization. Third, wellbore-storage effects
may dominate response if the matrix is of low perme-
ability (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 dis-
tance (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 consum-
ing to perform. The large amount of time required for
low-permeability intervals to reach hydrostatic condi-
tions 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 pro-
duce sampling results indicating contaminant distribu-
tion within the aquifer that may not represent in-situ con-
ditions. 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 con-
tamination 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 monitor-
ing 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 oth-
ers, 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 inves-
tigation 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 Wood-
land 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 vis-
its, 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
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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 net-
work of vertical and horizontal fractures. The orienta-
tion 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 For-
mation (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 approxi-
mately 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 deter-
mine 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 Galena-
Platteville deposits in the upland areas tend to be primar-
ily competent dolomite yielding small amounts of water
interspersed with small hydraulically productive zones
indicative of fractures and vugs. Softer, more hydrauli-
cally productive dolomite was identified beneath much
of the West Ravine. Loss of cuttings and formation
water near the bottom of wells DF12, 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, MW?20, DF4D,
AWI1D, AW4S, and AW4D were described and analyzed
for stratigraphy (Michael Sargent, Illinois State Geologi-
cal Survey, written commun., 1992). The Pecatonica,
Mifflin, Grand Detour, Nachusa, Quimbys Mill, Gutten-
berg, 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 AW 1D, 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
AWID, at about 750 FANGVD29 in well AW4S, at 736-
742 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 Gutten-
berg 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.
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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 gener-
ally 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 sur-
face at 761 FANGVD29.

Camera logging in borehole PZ2 indicated generally
competent rock throughout the borehole. Small frac-
tures 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 identi-
fied from 684 to 696 FANGVD29. Water was observed
cascading down the sides of the borehole from about 798
FANGVD?29 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 cas-
cading down the sides of the borehole from about 794
FANGVD?29 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 second-
ary-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 numer-
ous 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



FANGVD?29, 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 gener-
ally competent rock throughout the borehole. Fractures
were identified at about 723 and 748 FANGVD?29 (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 gener-
ally competent rock. Numerous subhorizontal fractures
were identified between 747 and 754 FANGVD?29, and
at about 761 FANGVD29.

Camera logging in borehole DF17 indicated numer-
ous 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 numer-
ous 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 FANGVD?29, with a
cavern identified at 702 FANGVD29.

Camera logging in boreholes B6R and GW42 indi-
cated numerous fractures over the length of the bore-
holes. 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 FANGVD?29 in borehole AWS5D; from the bot-
tom of the borehole to 758 FANGVD29 in borehole
B6R; at about 757 FANGVD?29 in borehole DF1S; at
about 739 FANGVD29 in borehole DF2D; at about
731 FANGVD29 in borehole DF3; at about 755 and
790-813 FANGVD?29 in borehole DF10; from the bot-
tom of the borehole to about 719 FANGVD29 and at
810 FANGVD?29 in borehole DF12; from the bottom
of the borehole to about 708 FANGVD?29 in borehole
DF17; at about 782 and 752 FANGVD29 in borehole
DF20; at about 795 FANGVD?29 in borehole DF21;
at about 700 FANGVD29 in borehole DF22; at about
717 FANGVD29 in borehole DF24: at about 750
FANGVD?29 in borehole MW2; at about 767, 753,and
747 FANGVD29 in borehole PW3; and at about 789,
765, 745, 735, and 710 FANGVD?29 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. B1), DF11, and AW 1D were compared to the
stratigraphic descriptions for these boreholes obtained
from analysis of the cores so the natural-gamma 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 stratig-
raphy across the Byron site could be determined. Com-
parison 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 ero-
sion during the Ordovician system. Comparison of natu-
ral-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 eleva-
tions of about 710 and 738 FANGVD?29 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 FANGVD?29, 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 min-
eralogy between the dolomite and the locations of the
anomalous responses in the natural gamma logs indicates
that the anomalous responses are caused by clay miner-
als 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
MW?2, 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,
AWI1D, and AWS5D. SP logs tended to mirror natural-
gamma 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 FANGVD?29 in borehole
AWS5D, 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 sig-
nal response in boreholes DF4D and DFSD; 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,
AWI1D, AWS5D, PZ1, and MW2. Single-point-resistance
logs tended to show an inverse relation with spontane-
ous-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 FANGVD?29 in borehole AWSD 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, MW 11, MW 16, MW18, MW?20,
PC2, DPW and SPW (table 3). Comparison of neu-
tron 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

Appendix B—Byron Site Data 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 poros-
ity, 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), bed-
ding-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 bed-
ding-plane partings. Itis assumed, however, that bed-
ding-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, B1), includ-
ing boreholes SPW (fig. B2), PZ1, PZ2, PZ3, AW1S,
DF4D (table 5, fig. B1), and DF12 (table 4, fig. B3).
Inclined fractures were identified at about 748, 738, and
698 FANG VD29 in borehole DF5D and at about 737
FANGVD?29 in borehole DF13.

The inclined fractures at borehole DF13 and bore-
holes SPW, PZ1, PZ2, PZ3, and AW 1S, which are
located near the center of the BSY, 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 northeast-
southwest 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 indi-
cate the largest solution openings in boreholes DF12 and
DF17 were near the bottom of the borehole. The bot-
tom 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, 1991a; Lane and others, 1994). The distance of
signal penetration decreased with increasing depth, indi-
cating 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 AW1S 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 iden-
tified 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 B1). The strike of the reflectors tends to be ran-
domly 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 identitied 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.

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

Borehole Ground-Penetrating Radar—Cross-
Hole

Cross-hole GPR surveys done between the AW1S-
PZ2, 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. AS,
A6). Alower 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 AW1S-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 approx-
imately 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 geo-
physical 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-Platteville
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-Platteville
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 dur-
ing 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 BS5 declined by more than 1.5 ft. and
water levels in wells SPW, AW 1S, AW1D, AWS5D, B4,
PW3, MWS, 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 B2. Water-level data in select test intervals isolated with a packer assembly, Byron Superfund site, lIl.

(NA, not applicable; NT, not taken; >, greater than; NE, not equilibrated)

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

Borehole Geodetic Vertical Datum Above test
name (fig. 7) Test interval of 1929) interval In test interval Below test interval
AW1S A 751-766 803.93 767.63 NA
AWIS B 785-804 NA 804.12 NT
DFsD A 674-691 756.32 754.41 NA
DFs5D B 691-701 756.28 756.12 755.14
DFSD C 701-711 756.31 756.17 756.14
DF5D D 711-721 756.35 NT 756.20
DF5D E 721-731 756.22 756.19 756.05
DF5D F 731-753 NA 756.24 756.20
DF5D G 731-741 767.92 756.02 756.02
DF5D H 745-777 NA 776.02 755.79
DFsD 1 770-778 NA 777.42 765.07
DF12 A 702-741 759.87 759.87 NA
DF12 B 731-741 759.87 759.83 NT
DFI12 C 741-751 >760.30 759.91 NT
DF12 D 751-755 NA 759.85 NT
DFi3 A 680-695 764.02 763.95 NA
DF13 B 695-705 NE NE NE
DF13 C 705-715 763.358 763.54 763.52
DF13 D 715-725 763.67 763.64 763.61
DF13 E 725-735 NT 763.60 763.54
DF13 F 735-745 NE NE NE
DF13 G 736-766 NA 764.80 764.50
DF17 A 698-715 736.78 738.73 NA
DF17 B 715-725 736.87 NT 738.74
DF17 C 725-733 NA 736.79 NT
PZ1 A 671-687 753.85 754.00 NA
PzZ1 B 687-697 75391 753.81 75423
PZ1 C 694-704 753.93 753.83 754.41
PZ1 D 704-714 754.31 753.86 753.80
PZ1 E 714-724 754.39 754.04 754.05
PZ1 F 724-734 759.58 755.03 755.03
PZ1 G 734-744 758.64 755.09 755.14
PZ1 H 744-754 791.54 758.84 >755.51
SPW A 686-702 NT NT NT
SPW B 702-712 754.13 754.05 NA
SPW C 712-722 753.68 753.58 NT
SPW D 722-732 753.58 753.56 NT
SPW E 732-742 NT NT NT
SPW F 742-751 NA 753.56 NT
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Fluid Resistivity

Fluid-resistivity values measured in boreholes
DF2D, AW 1S, AWID, AW5D, MW2, PZ1, and PZ3
typically were about 1,500 to 2,000 umho/cm. Resis-
tivity values in boreholes DF2D and MW2 decreased
gradually with depth and indicated no changes indicative
of water flowing into or out of the borehole. Resistiv-
ity values indicated an increase of about 20 pumho/cm at
792 ft at borehole AW S, 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. Resistiv-
ity values indicated an abrupt decrease of approximately
25 pmho/cm with depth near a possible fracture iden-
tified on the caliper log at about 690 FANGVD29 in
borehole AWSD, indicating that the possible fracture is
permeable. Fluid-resistivity values indicated a gradual
decrease of approximately 50 pmho/cm with depth at
about 727 FANGVD?29 at borehole AW1D, increased by
about 2,000 umho/cm to a maximum value at about 687
ft, then decreased steadily by about 1,500 umho/cm to
the bottom of the borehole at 672 ft. There may be per-
meable 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 FANGVD?29 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 bore-
hole with water draining down the borehole to the top
of the water column at 762 FANGVD?29 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 FANGVD?29.

Flowmeter logging under ambient-flow conditions
in borehole DF12 indicates downward flow in the bore-
hole 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
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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 differ-
ence 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 hydrau-
lic 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
FANGVD?29, a vuggy part of the Grand Detour Forma-
tion at 747 FANGVD29, and bedding-plane partings in
the Pecatonica Formation at about 702 FANGVD?29.

Flowmeter logging under ambient-flow conditions
in borehole DF17 indicates upward flow in the bore-
hole with inflow through permeable fractures or solu-
tion openings in the Pecatonica Formation below 710
FANGVD?29. 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 verti-
cal hydraulic connection within the inclined fractures
that intercept the borehole. Flowmeter logging done
in conjunction with pumping in borehole SPW identi-
fied measurable flow through the inclined fractures in
the Grand Detour Formation above 736 FANGVD29
and through the inclined fracture in the Mifflin Forma-
tion at about 711 FANGVD29 (Frederick Paillet, U.S.
Geological Survey, written commun., 1993). About 0.03
gal/min of flow occurred through one or more bedding-
plane partings in the Pecatonica Formation at about 698
FANGVD?29. 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 rela-
tion to changes in lithology.

Flowmeter logging under ambient-flow conditions
in borehole PZ1 indicates downward flow, with water



cascading down the borehole to the top of the water col-
umn 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 Forma-
tion (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 B1). The altitude of the outflow interval also is
consistent with the altitude of the lower zone identified
at borehole SPW on the cross-hole tomograms (figs. A5,
Ab; table 5).

Flowmeter logging under ambient-flow condi-
tions 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
FANGVD?29. Outflow was through inclined or horizon-
tal 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
FANGVD?29, and a fracture at about 723 FANGVD29,
Single-hole reflection data identified a reflector at 787
FANGVD?29 in this borehole but no reflectors were iden-
tified 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 col-
umn and, possibly, inflow from some of the horizontal
fractures near 764 FANGVD?29. 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 FANGVD?29. Single-hole reflection data identi-
fied 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 alti-
tude of the lower zone identified at borehole PZ3 on the
cross-hole tomograms.

Flowmeter logging under ambient-flow conditions
in borehole AW1S gave inconsistent readings between
multiple measurements at the same depth and at differ-
ent depths in the borehole, but indicated less than 0.10
gal/min of downflow in the borehole. The small amount
of tflow 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 bore-
hole SPW at 22 gal/min, 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
FANGVD?29 in borehole PZ! 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, pos-
sibly, the horizontal or inclined fracture at about 761
FANGVD?29 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 FANGVD?29 at
borehole PZ3 and one or more fractures supplying water
to borehole SPW. No changes in flow were observed in
borehole AW 1S 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
FANGVD?29, 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 PZ1 during
pumping in borehole PZ3.

Flowmeter, acoustic televiewer, and borehole-
radar data in the vicinity of boreholes SPW, PZ1, PZ2,
PZ3, and AW 1S indicate inclined fractures that inter-
cept 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 argilla-
ceous 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 frac-
tured interval that extends between boreholes SPW and
PZ1, between 711 and 708 FANGVD29, and between
boreholes SPW and PZ3, between 711 and about 694
FANGVD?29. The lower flow pathway appears to cor-
respond 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
DFS5D during pumping in borehole DF4D at 6.5 gal/min.
Borehole DF13 had a slight increase in flow between
742 and 721 FANGVD?29, 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 condi-
tions in borehole DF4D indicated flow down the bore-
hole 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). Hydro-
physical 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 analy-
sis of the single-borehole GPR survey, which indicated
decreased fluid conductivity with depth at this borehole.

Hydrophysical logging under ambient-flow con-
ditions 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 ver-
tical variation in water level within the aquifer. Hydro-
physical logging, done in conjunction with simultaneous
pumping and fluid injection in borehole SPW, identified
inflow through inclined fractures at about 711 and 744
FANGVD?29 (table 6). Hydrophysical logging indicates
the specific conductance of the permeable feature at
711 FANGVD?29 was about 1,035 pS/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 single-
borehole 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 hydrogeo-
logic conditions determined with the application of other
methods.
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Slug Tests

Kh values were obtained from slug tests in 55 moni-
toring 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 AW1S, 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 aqui-
fer identified from analysis of the water-table configura-
tion (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 1 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 flow-
meter 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 inter-
vals 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 geomet-
ric 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 MW 16 northwest of the
BSY are excluded, the mean Kh of the Mifflin Forma-
tion 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 AW 1S 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 FANGVD?29 and, perhaps, 762
and 759 FANGVD29. A Kh of 18 ft/d was calculated



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 flow-
meter 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 FANGVD?29 (table 6)(fig. B1). Kh values greater
than 1.5 ft/d were calculated between 721 and 741
FANGVD?29, 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 Galena-
Platteville 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 FANGVD?29 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 tflow in this interval
was not detected by the flowmeter log. This discrepancy
is most likely because the Kh of the aquifer above 741
FANGVD?29 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 FANGVD?29 is less permeable than at
730-740 FANGVD29.

Kh values exceeded 2.0 ft/d in the interval from 727
to 747 FANGVD?29 at borehole DF13, even though the
flowmeter log failed to detect flow, and, thereby, iden-
tify permeable intervals, under ambient-flow conditions
because of the low vertical hydraulic gradient within the
borehole. Areas of elevated permeability were identi-
fied at 702, 732-734, 747, and 759 FANGVD29 during
flowmeter logging done in conjunction with pump-
ing. 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 calcu-
lated 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 homog-
enous, the response of the thick low-permeability matrix
is combined with the response of the high-permeability
fractures and solution openings, resulting in low-perme-
ability estimates for the entire interval. Flowmeter mea-
surements 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 bore-
hole 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 PZ! (at 703-713 and 723-743
FANGVD29) were greater than 0.90 ft/d. Only the 703-
713 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, constant-
discharge 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 mea-
sured in nearby wells PW3, DF10, or MW39. A mul-
tiple-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
10° ft%/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
AWI1S, AWI1D, AW3, SPW, B3, PZ1, and PZ2 (tig. 7).
The transmissivity of the aquifer at borehole PZ3 was
estimated to be 130 ft*/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, AWI1S, AWI1D, and AW3 had not yet been drilled.
The data from this test indicate that the Galena-Plat-
teville 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 ft*/d directed
N. 60° W. from borehole SPW and at a minimum of 490
ft*/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, MWO9, 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, BS, and PZ2
may have become hydraulically isolated from the frac-
tures 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 aqui-
fer 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 hydrauli-
cally connected to borehole SPW by flow through verti-
cal 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 DFSD, DF6,
DF13, and DF14D were screened in the most permeable
parts of the aquifer identified from the slug testing and
the flowmeter logging.

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

The data from this test indicate that the Galena-
Platteville 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
FANGVD?29 identified with the slug testing and flow-
meter 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 MW 36, indicat-
ing the presence of hydraulically connected secondary-
permeability 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 constant-
discharge aquifer-test data for wells MW36 and DF6D,
located along or nearest the direction of maximum draw-
down in the aquifer, were about 90 ft*/d. These values
are approximately an order of magnitude lower than
transmissivity values of about 725 ft¥/d calculated for
wells DF5D and DF13 located furthest from the direc-
tion of maximum drawdown in the aquifer. The spe-
cific-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 interpreta-
tions about aquifer heterogeneity in this area resulting
from the analysis of the water-level data. The water-
level data indicate borehole DFAD is located in zone 1
but also near transitional areas and zone 2.



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, AW 1S, AWI1D, and AW3 were not pres-
ent in 1987, but were available for the 1993 test (fig. 7).
Borehole PZ1 had been deepened from 115 to 167 ft for
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the 1993 test. Packers were installed in boreholes PZ1
and PZ3 to provide a more detailed depiction of aqui-
fer 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 aqui-
fer test. The discharge rate was increased to 28 gal/min
after 3,068 minutes of pumping and gradually decreased

200 FEET
60 METERS

LINE OF EQUAL DRAWDOWN OF THE WATER TABLE, IN FEET--

Dashed where inferred. Contour interval 0.10 foot

TOPOGRAPHIC CONTOUR -- Shows elevation of land surface, in feet.

EXPLANATION
— 010 ——
Contour interval 10 feet. Datum is NGVD 29
FRACTURE TRACE
® -9 WELL LOCATION AND NAME

Figure B5. Drawdown of the water table after pumping borehole SPW for 1,000 minutes, Byron site, lil., June 1987.
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to about 25 gal/min by 4,365 minutes. Pumping from
borehole SPW stopped after 4,365 minutes. The tracer-
injection 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
718 FANGVD29.

Background declines in water levels caused by fluc-
tuations 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 storativ-
ity 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 1D, and in the
packed intervals in boreholes PZ1 and PZ3. These bore-
holes 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, AWS5D, and AW6, however, the
water-level changes were difficult to pick out from the
background water-level declines and amount of draw-
down, 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
(MWS8, 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 711
FANGVD29. Because most of the flow is through these
pathways, it can be assumed that wells in good hydrau-
lic 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 mea-
sured 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 AW 1D (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 AWSD (0.07 ft). The aquifer in the vicin-
ity of these wells may be hydraulically connected to the
flow pathways supplying water to borehole SPW. The

absence of detectable drawdown in wells BS and AW 1S,
located in the upper part of the aquifer clustered with
deeper wells (AW5D and AW1D) 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
PZ1, 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
PZ1.

Measurable drawdown in the various packed inter-
vals in borehole PZ3 100 minutes after the start of pump-
ing 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 dissim-
ilarity 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), indi-
cates 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 hetero-
geneous. 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 bore-
holes AW3 and PZ1 outlined by the fracture trace shown
in figure 8. However, boreholes AW3 and PZ1 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 PZ1 and SPW
under the hydraulic gradient imposed by the pump-
ing 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. Combin-
ing 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 Galena-
Platteville deposits of about 10 percent (fig. 11) and



exceeds typical effective porosity values for fractures
of less than | 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 dis-
tribution was used as a tracer to define migration path-
ways through the Galena-Platteville aquifer.

Concentrations of VOC’s in the test intervals iso-
lated with a packer assembly in boreholes DF4D (fig.
B1), DFSD, 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-permea-
bility features in the aquifer and smaller amounts of flow
through the less permeable parts of the aquifer.

The distribution of VOCs and cyanide in monitor-
ing 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 ema-
nating 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
AWS3I in the southeast corner of the BSY upgradient of
the source areas is difficult to explain (U.S. Environ-
mental Protection Agency, 1994)(fig. 7). Well AWS5I
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 AWS5D, open to the base of the
Galena-Platteville aquifer, are clustered with well AWSI,
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 possibili-
ties. There may be components of flow in the aquifer
opposite to the northerly direction of flow indicated by
the water-level data. Alternatively, contaminants (pre-
sumably in the form of a dense nonaqueous phase liquid)
may have migrated at depth from the disposal areas to
the area of well AWSI, 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 chloro-
form. 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 Galena-
Platteville aquifer south of the DFP indicates flow oppo-
site to the direction indicated by the water-level data.
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Appendix C—Tipton Farm Site Data

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 char-
acterization.

Previous Studies

In 1985 and 1986, Ecology and Environment
installed five monitoring wells (T1 - T5)(fig. 16) around
the landfill area, collected ground-water-level measure-
ments, 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 num-
ber of high and low resistivity anamolies were detected
with the SAR survey, which could indicate the pres-
ence 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 2,4-
dimethylphenol in the sample from well T1 and 5 ppb
of trans-1,2-dichloroethene in the samples from well TS.
Water from both wells contained phenolic compounds
(Ecology and Environment, 1985, 1986).

A follow-up to the previous investigation by Ecol-
ogy 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 T1 and TS (Ecology and Environment,
1990).
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Topographic Maps

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 topog-
raphy 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

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 lim-
ited 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, lllinois State Geological Sur-
vey, 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 DSS.

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 corre-
spond 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 tlow 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 clus-
ter 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

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

part of the site near the bedrock ridge than in the north-
ern 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
and Yeskis, 1998).

Horizontal hydraulic gradients typically were about
0.03 ft/ft throughout the site. Horizontal hydraulic gra-
dients 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 TS 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, DSS,
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 (table Cl1).

Those wells around the landfill area (T6S, T6D, T4,
TS) 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 satu-
rated fractures being intercepted by the well that were
not within the water column in 1988 or 1990 (Robinson
and Yeskis,1998).



Table C1. Horizontal hydraulic conductivity values and date of
testing, Tipton Farm site, lll.

Horizontal hydrau-

Date of test Height of lic conductivity
Wellname  (month and static water value
{fig. 16) year) column {feet) (feet per day)

DS1 Apr-90 4.11 0.10
Dec-94 19.58 1.00

DS2 Apr-90 6.56 .60
Dec-94 20.96 .50

DS3 Dec-94 10.00 .40
DS4 Dec-94 22.54 .70
DS5 Apr-90 6.58 .50
Dec-94 17.00 .50

DSé6 Mar-88 20.13 .50
Dec-94 20.38 .40

DS7 Mar-88 55.38 .30
Mar-88 55.38 30

Dec-94 55.63 .30

Dec-94 55.63 .30

DS8 Dec-94 53.94 .50
Dec-94 53.94 .50

Dec-94 53.94 .50

DS9 Apr-90 4.11 .30
Decc-94 13.20 1.00

T6S Jan-90 9.67 10
T6D Jan-90 33.27 40
T4 Jan-90 7.44 .01
TS 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 discus-
sion 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 char-
acterization.

Topographic and Aerial Photographic
Analysis

Analysis of land-surface topography during site
visits, and from topographic maps and aerial photo-
graphs, 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. Com-
parison 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 second-
ary-permeability features were those for the STT 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 meth-
ods. It is impractical to recount the particulars of the
logs for each well, but the logs indicate that the Galena-
Platteville deposits primarily were competent dolomite
yielding small amounts of water interspersed with occa-
sional permeable zones indicative of fractures and vugs.
The lithologic log for well STI-1D indicated fractures at
598, 665, and 690 FANGVD29 (table 11). The litho-
logic 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 FANGVD?29 at wells STI5I
and 5D, with a complete loss of water and rock return at
641 FANGVD?29, indicating the presence of a large frac-
ture 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.

Core Analysis

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 (Harding-
Lawson 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 FANGVD?29 at well STI-SP2), Mifflin (about
from 543 to 564 FANGVD29), Grand Detour (about
from 564 to 603 FANGVD29), and Dunleith Forma-
tions (603 FANGVD29 to the bedrock surface)(figs. D1
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
FANGVD?29 at well STI-SP2.
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ALTITUDE, IN FEET ABOVE NGVD 29

Figure D1. Lithology, stratigraphy, select geophysical logs, and packer-test intervals for borehole STI-SP2, Acme Solvents/Winnebago

760

750

740

730

720

710

700

690

680

670

660 [—

650

640

630

620

610

600

590

580

570

560

550 f—

540

530

520

510

500

490

LITHOLOGIC LOG NATURAL GAMMA NEUTRON DENSITY
. | ] I ]
B Uncon- - | N .
B solidated ] B ] 0 300 ]
- 7 — | i | Neutron — | —]
- _ B n scale change | |
- 4 - - = ]
N =N 1 F =5/ 1 0 JEs
Dunleith @ 2 &=
Formation =%~ | - - — B8 . — e
— —— — — S — gL
- Q. o, ]
| - T 1 - - | { 1 | |
N = | 1 L 1 ]
T
- e R L ] L ] | —
- 1 L — L 1 —] o
i1
- B Py A b ] EEg -
I I - 1 =l | = I
S EF == L _ - D g — | E g ]
se g2
|— T T ] - ] L — — &L~ —
1
- Grand e | _ — -
- Detour : I : ] — _. ] L ] . ]
| Formation & | n _ — -
- o | | I I I R _
. T L T
— T — b p— — —
__________ e e
— 1} — | p— f— R— — —
L T L I
— et T — = ] o — o —
Mifflin ] B ] | *5 ] = 2 ]
Formation 8 & B
X = § 55| £ 25| {
P ————— T . T . R R p— L Qgi 8 JE— S D:_q: 8 —r
- i | _ _ -
T
S L] L o - — — —
|- Pecatonica [ — — — - —
i Formation % — — — | — | —
— I 1 —t - p— — —
—  Glenwood — — — ] — ]
—  Formation - | | - | | | !
25 0 600 600 0
COUNTS PER SECOND COUNTS PER SECOND COUNTS PER SECOND

Reclamation Landfill sites, Ill.

770

760

750

740

730

720

710

700

690

680

670

660

650

640

630

620

610

600

530

580

570

560

550

540

530

520

510

500

490



157

Appendix D—ACME Solvents and Winnebago Reclamation Landfill Sites Data

"Lz 84nBiy U UMOYS UORIBS JO BUI ||| ‘SBNS ||I}pUBT UOIIRWE|I8Y 0BRQBULIAN/SIUBAI0S JNDY Byl 18 - uoioas 2i6ojoag zq anbiy

palisjul ajaym payseq -- |1JVINOJ 31901039 -——

%004 01 Uado $i 8]0Ya10q BY) S|eAIBIUI B10USp SYJBW YdleH
"suonelaidiau; d16ojoyy| Joj siseq ayy sapiaid Boj |3 - INYN ANV NOILYIOT THM

8 —

€1 X NOILLYHIB9vX3 TVIILHIA

6261 GADN SINNLYQ 133 NOILLYNV1dX3
000'8 000, 0009 000's 000t 000°€ 000'z 000t 0
| l J | | l L | ! ! | ! [ l | 0t
auoIspues 1838 1
i . — 009
(avwojop snaade||ibiy) uolBULI0 POOMUS|T)
llllllllllllllllllllllllllllllllllllllllllllllllllllllllll >
7 UOI1BWI04 BIJUDIRIA - ) (s)wojo(]) sdnoig) eus|eq) pue afjnane|d — 055 m
c
- ——————— =
| UONBULIOS UM , i
] T : e | S L 009 =
|||||||||||| P m
_ i el ]
UOI3BWIO04 INO13( puel - =
T 13 i =]
B e % I st S s vl — 058 @
susodap paiepi|osuoaun ayy 1 7 (1anelb "pues) _.A:
uj uoiisuely Aeja pue Jjis o} jeaeib =
puE pues j0 uoijeao] ajewixoiddy o
S
= | - 00, B3
i iR (| [ 8
H N 10 Ydap s1ewixasddy lf
. (Aepo ‘yis) Aiewserenp i ] S a3 S — 0L
M /l\S.E% =] _ W
E 5 SzzZ2I T = 28> _ & Q@
5 © nepr OFF §22238 = > s 8
Jisva g §E2 702 o882 | | opg £ S §FE ~1sImL gge
= g ¢ £ g% wp =3F 153
v i B U B S B : v
3 & § & 3°



158

Description of the core taken near well STI-SP2
indicates that the Galena-Platteville dolomite con-
tains vertical and horizontal fractures at about 576-583
FANGVD29 (Grand Detour Formation), 625-634,
657-684, and 697-710 FANGVD29 (Dunleith Forma-
tion) with vuggy intervals at 625-634, 657-684, and
697-710 FANGVD29 (Dunleith Formation)(fig. D1).
Comparatively competent dolomite was indicated for the
uppermost 30 (Dunleith Formation) and lowermost 60 ft
(Pecatonica and Mifflin Formations) of the Galena-Plat-
tevilie 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 Gut-
tenberg Formation, and by about 4 ft of the Quimbys
Mill Formation. The Quimbys Mill Formation is under-
lain 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 interpreta-
tion 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.

Geophysical Logs

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.

Borehole Camera

Borehole-camera logging in well B6PW generally
showed competent rock with clearly identifiable subhori-
zontal fractures at about 609 and 677 FANGVD?29 (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.
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Caliper

Single-arm caliper logs show enlargements in well
diameter at about 667, 684, and 734 FANGVD?29 in well
STI-1D (table 11), at 732 FANGVD29 in well STI-4D,
and at 729 FANGVD?29 at well STI-5D. Single-arm cal-
iper 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 well-
bore 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 sec-
ondary-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 diam-
eter, indicating competent, unfractured, dolomite.

Natural gamma

Natural-gamma logs run in well STI-SP2 were com-
pared to the stratigraphic description from the nearby
core so the natural-gamma signal of the formations could
be identified (fig. D1). Natural-gamma logs from wells
STI-1D, 2D, 3D, 4D, 5D, and SP1 then were compared
with natural-gamma logs from well STI-SP2 so the
stratigraphy across the ACME/WRL site could be deter-
mined (fig. D2). Comparison of the natural-gamma sig-
nal 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
FANGVD?29 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.

Neutron

The neutron log run in the borehole for well STI-
SP1 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, gener-
ally consistent response throughout the Mifflin Forma-
tion, 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
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for well STI-SP2 (fig. D1) also show an overall increase
in cps from the top to the bottom of the Dunleith Forma-
tion, 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 Dun-
leith 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 Mif-
flin 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 Forma-
tion 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 attrib-
uted 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 secondary-
permeability 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 under-
standing 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 water-
table 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 aqui-
fer 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 hydrau-
lic 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 water-
table 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 south-
eastern 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 ground-
water divide appears to be in response to the compara-
tively 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 indi-
cated 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 per-
meability south of the site.

Examination of the water-table configuration for
November 1988 (fig. 23) indicates that the horizon-
tal 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 107 ft/ft)
and lowest in the eastern part of the ACME Solvents site
(about 6.5 X 10 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 direc-
tions 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 to
2.4 X 107 ft/ft (table D1). Vertical-hydraulic gradients
between the middle and base of the Galena-Platteville
aquifer ranged from —1.4 X 10 to -1.3 X 10 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
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(table 9). Analysis of these tests provided the primary
hydrogeologic insight into the nature of the secondary-
permeability 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 moni-
toring wells ranged from 0.024 ft/d in well STI-5D to 68
ft/d in well G111, 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 G113 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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Figure D3. Hydrograph for wells B6S, B6D, and MW105, ACME Solvents/Winnebago Reclamation Landfill sites, Ill., November 14, 1984-
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Table D1. Vertical hydraulic gradients, ACME Solvents and Win-
nebago Reclamation Landfill sites, Iil., November 1988.

[-, denotes potential for downward flow: fU/ft. foot per foot]

Calculated vertical hydraulic gradient (ft/ft)

Well cluster ~ Water-table/middle of Galena-Platteville aquifer
STI1-S/11 6.5 X 107

STI-28/21 19X 107

STI-3S/31 -8.1X10%

STI-4S/41 -1.7X 107

P8/P9 30X 10°?

B6S/B6D -2.0X 107

BI0/B10A 24X 10°

BlI/B11A -L1X 107

B13/P6 -1.5X 10

B16/B16A 24X 103

G109/G109A -1.8 X 10

G113/Gl13A -3.0X 107

Well cluster Middle/base of Galena-Platteville aquifer
STI-/1D 72X 107

STI-21/2D 40X 10°

STI-31/3D -1.3X 107

STI-41/4D -L4x 107

STI-51/5D -l4x10¢

Areas of high Kh values identified from the test inter-
vals 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 FANGVD?29 at bore-
hole 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 secondary-
permeability features largely are absent, partly because
some potential features (such as the potential fracture at
598 FANGVD?29 at borehole STI-1D) were not sub-
jected 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.
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Multiple-Well, Constant Discharge Aquifer Tests

Multiple-well, constant-discharge aquifer tests were
performed in wells STI-31 and B6PW.

Well STI-3I

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 pump-
ing. Well STI-3I 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, STI-
3D, B, B2, STI-1S, STI-1I, STI-1D, STI-4S, STI-41,
STI-4D, B6S, MW201B, and STI-SP} 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 cal-
culated transmissivity of about 42 ft*/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 BOPW in September 1989. Water
levels were monitored for 18 hours prior to the start of
pumping, and for 48 hours after the cessation of pump-
ing. Well BOPW was pumped for 48 hours at a rate of
about 1.9 gal/min. Well B6PW was open to the Galena-
Platteville aquifer from about 589 to 722 FANGVD29.
Water levels were measured in wells B6S, B6D,
MWI105, MW201A, MW201B, STI-SP1, STI-51, STI-
5D, B4, B7, B9, G101, MW202, STI-3S, STI-3], 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 FANGVD?29 (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-Platte-
ville aquifer, ACME Solvents and Winnebago Reclamation Landfill
sites, il

Calculated horizontal hydraulic conductivity

Well name (fig. 21) (feet per day)
B4 1.3
B6S 49

B6D 030
B7 1.5
B9 1.1
BI0O 20

B10A 5.4
B11 1.5

BllA 32
B12 .16
B13 4.0
BI6 15

B16A A48

G101 40

G108 79

G109 .60

GI09A 015

Gl10 4

Gitt 68

GIl13 .40

Gl113A 15
G114 .19
MW104 2.9
MWI105 22
MW201B 0358
MW202 1.8
P8 5.1
P9 1.5
STI-5S 48
STI-51 .039
STI-5D 024
STI-6S 3.7
STI-7I 037

attributed to the effects of dewatering fractures inter-
cepting 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 FANGVD?29 (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 MW 105 reached maximum draw-
down about 5.7 hours into the test, then rose slightly for
the remainder of the pumping phase. Well MW 105 is
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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, ll.

Altitude of test interval Calculated
(feet above National horizontal hydraulic
Borehole name  Geodetic Vertical Datum conductivity (feet
(fig. 21) of 1929} per day)
STI-1D 675-687 0.12
616-637 12
STI-3D 688-720 26
639-660 .20
STI-4D 663-680 12
STI-5D 661-681 .019
622-672 .0093
582-615 45
STI-SP1 623-665 .0081
572-597 00022
STI-SP2 640-681 30
590-616 .0066
524-566 .026

open to the Galena-Platteville aquifer between 654 and
690 FANGVD?29 (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-Plat-
teville aquifer between 555 and 575 FANGVD?29. The
drawdown pattern illustrates that most of the flow to
the well was through the fractures between 668 and

679 FANGVD?29, and probably primarily through the
fracture at 677 FANGVD?29 identified with the borehole
camera log at well B6PW (tables 11, 12).

The remaining observation wells, including wells
MW?20! A and STI-SP1 in the B6 well cluster, did not
respond to pumping. Wells MW201A and STI-SP1 are
open to the Glenwood Formation semiconfining unit and
the St. Peter aquifer, respectively.

Transmissivity values calculated from the time-
drawdown data from wells B6S, B6D, and MW 105 were
46, 61, and 10 ft¥/d, respectively (Harding-Lawson Asso-
ciates, 1990), with a geometric mean value of 30 ft*/d
using the method of Black and Kipp (1981). Because
the well with the largest amount of drawdown, and
(presumably) the best hydraulic communication with the
fracture network had the lowest calculated transmissiv-
ity, 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,

The mean Kh value calculated from the well BOPW
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, IIl., 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 aqui-
fer in this area. An analytical solution was used to simu-
late 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 pres-
ence 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
trom the northeastern part of the ACME Solvents site
west to Killbuck 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 frac-
tures 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

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 oth-
ers (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 inte-
grated into the discussion of the specific methods, rather
than as a separate discussion of the previous investiga-
tions.

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 sur-
face 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.

Quarry Visits

The Galena-Platteville dolomite is exposed about
(.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.
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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 aqui-
fer permeability. Lithologic logging identified various
possible fractures in each of the boreholes (table 15), but
only the feature at about 600-606 FANGVD29 in bore-
hole 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
BHI1, BH2, and BH3. These logs improved the under-
standing 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 566-
587 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 633-
638 FANGVD29.

Caliper

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 bore-
hole diameter also were observed at 563, 591, 603,
and 607 FANGVD?29 at borehole BH1; 543, 600, and
663 FANGVD?29 in borehole BH2; and at about 626
FANGVD?29 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

Natural-gamma logs run in boreholes BH1, BH2,
and BH3 showed consistent response (fig. E1) and indi-
cated about 1 degree of dip toward the east. The lack of
detailed stratigraphic information at the Southeast Rock-
ford site prevented comparison of the natural-gamma
logs with the local Galena-Platteville stratigraphy.
However, natural-gamma logs correlated with stratigra-
phy 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 FANGVD?29, 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 FANGVD?29, the
Mifflin Formation is present at 572-595 FANGVD?29,
and the Pecatonica Formation is present from about 542
to 572 FANGVD29.

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, 597-
607, 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 FANGVD?29 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 strati-
graphic control on the distribution of the bedding-plan
partings (compare figures E1 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 FANGVD?29 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 con-
centrate in the less argillaceous parts of the dolomite.

Short-Normal Resistivity

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 acoustic-
televiewer logging (table 15).

Water-Level Measurements

Single, periodic, and continuous water-level mea-
surements 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). Mea-
surements 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 measure-
ments. 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 perme-
ability. 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-Plat-
teville aquifer typically exceed water levels in the middle
or deeper parts of the aquifer by less than 5 ft, indicat-
ing 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 MW 103
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 Galena-
Platteville aquifer near the MW 106 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 conductiv-
ity within the Galena-Platteville aquifer or the Glenwood
semiconfining unit beneath the Southeast Rockford site.
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Single Measurements

Water levels measured in test intervals isolated with
a packer assembly sampled most of the saturated thick-
ness of the aquifer at boreholes BH1 and BH2 (table
E1). With the exception of the test interval B at borehole
BHI, 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 inter-
val. Water levels above, within, and below the test inter-
vals 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 MW 103 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 con-
ductivity 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 sub-
stantially 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 and 617 FANGVD29. Water-level mea-
surements from open borehole BH2 were too infrequent
to allow comparison with water levels in the test inter-
vals, but the data indicate that if one interval substan-
tially 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 dur-
ing 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 dur-
ing pumping in the underlying aquifer indicates that the
Glenwood Formation and the lower part of the Galena-
Platteville aquifer has low vertical hydraulic conductivity

Table E1. Water levels in test intervals isolated with a packer assembly, Southeast Rockford site, ili.

[NA, measurement not applicable]

Water-level altitude

Altitude of test
interval
(feet above Nation-

Open borehole
(feet above Naticnal

Above test Below test inter-
interval val
{feet above Na- Within test interval (feet above
tional Geodetic  (feet above National  National Gecdetic

Borehcle name Test al Geodetic Vertical Geodetic Vertical Vertical Datum Geodetic Vertical Vertical Datum of
(fig. 26) interval Datum of 1929) Datum of 1929) of 1929) Datum of 1929} 1929)

BHI A 544-566 715.40 715.50 715.46 NA
B 574-584 712.20 717.32 718.32 713.52
C 577-587 715.36 723.84 716.04 713.13
D 587-597 715.35 717.10 716.65 712.25
E 601-611 715.47 716.30 715.52 71428
F 607-617 715.42 715.54 715.49 715.02
G 616-626 715.47 NA 713.72 NA

BH2 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.

Geophysical Logs

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

Flowmeter Logging

Impeller flowmeter logging was done under ambi-
ent-flow conditions in boreholes BH1, BH2, and BH3
(fig. E3). Downward flow was detected in each bore-
hole. 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 bore-
hole 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 gradi-
ents, which indicates high vertical hydraulic conductiv-
ity, and a poorly developed network of vertically inter-
connected 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
FANGVD?29, a subhorizontal fracture near the transi-
tion between the Grand Detour and Mifflin Formations
at about 596 FANGVD?29, 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 sub-
horizontal 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. Varia-
tions in the flow near a fractured and vuggy area in the
upper part of the Grand Detour Formation at about 628
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FANGVD?29 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 FANGVD?29 in borehole BH3.

Aquifer tests

Slug tests and specific-capacity tests were used to
quantify the hydraulic properties of the Galena-Platte-
ville 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 monitor-
ing 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 moni-
toring wells installed at the permeable intervals identi-
fied with flowmeter logging in boreholes BH1 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 BHI,
BH2, and BH3 in conjunction with borehole develop-
ment. Specific-capacity analysis resulted in calculated
transmissivity values of 6.8 X 10°, .0 X 10°, and 7.4 X
10? ft*/d for boreholes BH1, BH2, and BH3, respectively.
If the transmissivity value is divided by the length of the
open interval at each borehole, the Kh of the Galena-
Platteville aquifer is estimated to be 77 ft/d at borehole
BH1, 5.3 ft/d and borehole BH2, and 8.0 ft/d at bore-
hole BH3. Specific-capacity test results indicate that the
Galena-Platteville aquifer substantially is more perme-
able at borehole BH1, 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.
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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 bore-
holes BH1, BH2, and BH3 (table E2), indicating vertical
hydraulic connection within the aquifer. This interpreta-
tion 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 nonaque-
ous 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 monitor-
ing wells indicates two VOC plumes in the Galena-
Platteville 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, Il1.

Total concentration
of volatile organic

Altitude of test
interval (feet above

Berehole Naticnal Geodetic compounds
name Test Vertical Datum of {micrograms per
{fig. 26)  interval 1929) liter)
BHI1 A 571-592 2,185
B 600-610 2.173
C 604-614 208
D 613-623 2,690
E 627-637 6,510
F 633-643 2,370
G 643-653 1,798
BH2 A 536-557 414
C 582-592 2,840
B 592-602 1,446
D 652-662 1,502
E 688-698 2,780
F 732-742 3.870
BH3 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
MW 107 well clusters. Borehole BH3 is located approxi-
mately midway between wells open to the Galena-Plat-
teville aquifer at the MW 105 and MW 107 clusters, and
borehole BH3 is located hydraulically downgradient
from these wells. The open interval of the monitor-

ing 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 inten-
sive 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 com-
plex, with more flow through permeable features and
less flow through more impermeable parts of the aqui-
fer. This interpretation appears to be confirmed by the
apparent presence of VOC’s only in permeable intervals
in borehole BH3.
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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 inves-
tigations 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 IEPA-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 per-
formed. 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 vicin-
ity 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 oth-
ers (1998, 1999b, 20022, b), and Mills and Kay (2003).
Details of the USGS and USEPA investigations focusing
on the PCHSS are presented in Mills (1993a, b, ¢), Mills
and others (1994, 1998, 1999a), Kay and others (2000),
and Kay (2001).

Previous Studies and Database Search

Various hydrogeologic studies of the Galena-Plat-
teville 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 (GZAGeoEn-
vironmental, Inc., 1993), one leaking underground-stor-
age-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, hydro-
logic 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 pro-
vided 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 fea-
tures of the units that possibly affect ground-water flow
and contaminant migration. Detailed studies of the dis-
tribution 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 orienta-
tions 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 well-
construction databases maintained by the USGS and the
ISGS and data from reports on the environmental studies
at the three Superfund sites, leaking underground-stor-
age-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, distri-
bution, and thickness of the unconsolidated and bedrock
deposits in the Belvidere area. These logs rarely were
detailed enough to assist in the identification of strati-
graphic subunits or permeable intervals associated with
fractures or other features.

Quarry and Outcrop Visits

Hydrogeologic features were mapped and ground-
water discharges and withdrawals were identified during
inspections of the Schlicting, Irene Road, and Belstone
Quarries in the Belvidere area (table 17)(fig. 30). Lim-
ited solution was observed at fractures and bedding-
plane 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 representa-
tive 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 ori-
entations 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 adja-
cent 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-perme-
ability features in the dolomite, and some of the hydro-
geologic 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-trend-
ing 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 frac-
tures indicated by the SAR data for the smallest squares
(25, 36 and 42 ft) was N. 90° E. The primary orienta-
tion 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 substan-
tial cultural interference including high-power, electri-
cal-transmission lines, and underground metal piping.
Because of the interference, survey results were consid-
ered unusable.

Deeply penetrating high-angle fractures (interpreted
as extending to about 223 ft below land surface) ten-
tatively 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 calcu-
lated 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 cul-
tural interference. This unreliability is indicated by dif-
ferences in fracture orientations with depth at each site
and between sites, coupled with poor-to-moderate agree-
ment with orientations determined by previous investiga-
tions, 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 indi-
cated at borehole T4 at the PCHSS between 734 and 739
FANGVD?29 and at about 742-744 FANGVD29 in bore-
holes T5-T8 at the PCHSS (table 19). With the excep-
tion of an apparent fracture at about 709 FANGVD29
in boreholes T'1 and T2 (table 19), fractures or solution
openings in the deeper part of the aquifer were not iden-
tified 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 perme-
able. For example, borehole T4 at the PCHSS indicated
a loss of circulation during drilling between 734 and
739 FANGVD?29, and increases in water return were
observed at about 742-744 FANGVD?29 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 FANGVD?29 in
boreholes T1 and T2, clear indicators of permeable fea-
tures in the deeper parts of the aquifer were not readily
apparent during drilling.



Core Analysis

Cores collected from overlapping altitudes in bore-
holes B115BD, B125B, B126BD, B127GP, B127SP, and
B128GD were described to provide a composite of the
stratigraphy in the vicinity of the PCHSS (Michael Sar-
gent, Lllinois 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 FANGVD?29),
Grand Detour (about 501-547 FANGVD29), Nachusa
(about 547-556 FANGVD29), Quimbys Mill (about 556-
568 FANGVD29), Dunleith (568-633 FANGVD?29), 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 dit-
ferentiated. 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 Platte-
ville Groups from the cores proved difficult, because tra-
ditional 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 con-
tent. 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 transi-
tions 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 ben-
tonite 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 per-
centage 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 indi-
cation 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 virtu-
ally 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 bore-
hole 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 potassium-
bentonite 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 per-
cent 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 Dubuque/Wise
Lake Formations, and 12.6 percent for the Nachusa For-
mation. 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 poros-
ity of about 15 percent calculated with the SAR survey at
the PCHSS.

Laboratory porosity estimates provided better under-
standing 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 identi-
fied 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 infor-
mation on lithology, stratigraphy, and matrix character-
istics such as primary porosity, and, perhaps, trends in
density of fractures in the Belvidere area. Core analy-
sis 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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Geophysical Logs

Various geophysical logs were run in boreholes
and wells open to the Galena-Platteville aquifer in the
Belvidere area (table 17). The boreholes were dis-
tributed across an area of about 1.5 mi? in Belvidere,
concentrated in the vicinity of the PCHSS. Many of the
log types were useful in enhancing characterization of
the hydrogeologic framework of the Galena-Platteville
deposits underlying the Belvidere area.

Borehole Camera

Camera logging was done in seven boreholes and
one well (table 17), six with a side-looking, black-and-
white camera and two (BMW?2, B128GP) with a color
camera using down- and side-looking lenses. Logging
with the black-and-white camera was limited by cable
length to a depth of 120 ft. Logging of borehole B305
was limited to inspection of a well obstruction because
the camera could not be adequately focused in the 10-in.
diameter well; most boreholes were 6 in. in diameter.
Water clarity in the boreholes typically was adequate for
camera logging.

Various observations specific to individual bore-
holes were made during camera logging. Bedding-plane
partings were identified at altitudes of about 660 and 525
FANGVD?29 (referred to in previous reports as the 125-ft
and 260-ft partings on the basis of depth at the PCHSS
and referred to as the 660-ft and 525-ft partings in this
report) in borehole B128GP (table F1, fig. 35). On the
basis of the camera log from this borehole, the aperture
of the 525-ft parting is estimated at about 2 in. This
altitude is about 5 ft lower than the location of the grav-

Table F1. Principal bedding-plane partings identified in the units that compose the Galena

and Platteville groups underlying Belvidere, lll.
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elly mud is described in the core collected from bore-
hole B128GP, indicating either that this is not the same
feature or that the core depth was inaccurate because of
breakage. Although no fracture was identified at this
altitude, material suspended in the water column was
observed moving out of borehole B128GP and into the
aquifer at about 485 FANGVD?29, indicating the pres-
ence of a permeable feature.

The 660-ft parting was identified in borehole
B436GPD (fig. 30, table F1). The water in this bore-
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
FANGVD29, possibly indicating a permeable fracture at
this altitude.

The 660-ft parting and an inclined fracture at an
altitude of about 630 FANGVD29 were identified in
municipal well BMW2 (fig. 30, table F1). Although ver-
tical offset across the wall of the well was noted, the dip
angle was not quantified. The aperture of the fracture is
estimated at about 1 in. Camera logging indicated that
many of the enlargements in the well that appeared to be
fractures or partings in geophysical logs, were the effects
of drilling—that is, change in the size of the drill bit or
off-center movement of the bit. The distinct transition
from dolomite of the Platteville Group to the sand-rich
deposits of the underlying Glenwood Formation and St.
Peter Sandstone were identified readily in the camera
log.

Vugs were identifiable in all of the camera-logged
boreholes; vuggy intervals were recorded that generally
correlate with intervals identified in rock cores. Bed-
ding-plane partings and inclined fractures with apertures
greater than about 0.5 in. generally were identifiable.
Many of the smaller partings identified with camera logs
were not identified in the bore-
hole-geophysical logs. Bed-
ding-plane partings and frac-
tures were identified readily in

Approximate altitude
of parting

(feet above National Formation where

the wells logged with the color
camera; the depths of most of
these features were greater than
the cable length of the black-
and-white camera. Cavities

Geodetic Vertical parting was
Datum of 1929) identified Borehole or well where parting was identified

740 Dubuque/Wise Lake BMW2. B115BD, B124GP, B125BD, B126BD, B128GP,
B126GP, TS, T6. T7, T8

660 Dubuque/Wise Lake T1, T2. T3, T4, T5, T6. T7, T8, B305SP, BMW2,
B124GP, B126GP, B128GP. B130GP, B133GP,
B134GP. B136GP. B436GBD

590 Dunleith B305SP, BMW2, B128GP,

560 Quimbys Mill B124GP, B128GP, B130GP

525 Grand Detour B305SP, B124GP, B126BD. B127GP, B128GP, B133GP,
B136GP, G137GP

485 Mifflin B128GP, BMW2

immediately below the cas-
ings of boreholes B115BD and
B126BD also were identified
readily. The cavities indicate
that the boreholes may not have
been cased adequately into the
competent deposits below the
weathered-bedrock surface.
Images with the best resolu-
tion were obtained using the
black-and-white camera. For
the color camera, images from




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 geophysi-
cal-logging tools had to be accounted for when compar-
ing 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. F1, 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, B137GP and 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 T1 (fig. A3, table
19) and T2. The caliper log from that part of bore-
hole open to the Galena-Platteville deposits indicated
areas of enlargement at about 502, 525, 582, and 664
FANGVD?29 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 litho-
logic logging in boreholes T1, T2, T6, and T8 (table
19). Altitudes of many intervals of increased borehole
diameter identitied with the caliper logs corresponded
to the approximate location of possible fractures identi-
fied with camera logging in boreholes B128GP and well
BMW?2. 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-perme-
ability features.

Natural gamma

Natural-gamma logs run in boreholes B125BD,
BI115BD, B127GP, B128GP, and B127SP in the vicin-
ity 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. Natural-
gamma logs from these boreholes then were compared
with natural-gamma logs from 22 other boreholes and
wells located throughout the Belvidere area (figs. F1-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 approxi-
mate 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 bore-
holes and wells distributed over the 1.5-mi’ logging
area and was present in all of the boreholes near the
PCHSS. This marker bed appears to be either a potas-
sium-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 B115BD, indicated variable response in
borehole B125BD, indicated essentially no change in
borehole B126BD, and increased gradually between
704 and 744 FANGVD?29 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-Platteville
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. F1, 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 BMW?2 open to the Galena-Plat-
teville 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 second-
ary-permeability features identified with other methods.
Although never strong, the correlation was most consis-
tent 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 thick-
ness 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, F1, F2. F4, F5, F6; table 17) typically
mirrored the signal responses of the SPR logs (fig. F1)
and indicated an approximately inverse relation with
natural-gamma response. High normal resistivity read-
ings in the upper part of boreholes T6 and T1 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 resis-
tivity 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 varia-
tions 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 FANGVD?29 (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 FANGVD?29. Count rates
of about 500 cps were detected between about 702
FANGVD29 and the top of the Galena-Platteville dolo-
mite at about 750 FANGVD?29.

Neutron logs calibrated against porosity in bore-
holes T1 (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 par-
ticular, the elevated porosity in the 590-700 FANGVD29
interval at borehole B128GP and in parts of this interval
at boreholes T1, T6, and T8 correlates well with the high
porosity values (typically about 10-20 percent) deter-
mined 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 varia-
tions 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 near-
neutron logs) run in borehole B128GPD indicated some
changes potentially associated with many of the potential
secondary-permeability features identified with the cali-
per, SPR, or resistivity logs (fig. F1; table 19). However,
these changes also correlate with areas of increased clay
content identified with the natural-gamma logging, indi-
cating 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 difter-
ent from nearby depths and the degree of response to the
features is unclear. Porosity values obtained from the
neutron log at borehole T1 did not indicate an increase
associated with potential secondary-permeability fea-
tures identified with lithologic and caliper logging.
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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, F1, F2) indicating that these are geographi-
cally widespread features. The 525-ft parting is associ-
ated 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 litho-
logic characteristics (which may affect hydraulic charac-
teristics) 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 T5-
T8 at the PCHSS.

Acoustic-televiewer logs identified near-vertical
fractures between about 699 and 709 FANGVD?29 at
boreholes T1 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 B 134GP at about 550 and 715 FANGVD?29.
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 FANGVD?29 in well BMW?2
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 vug-
gier 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 FANGVD?29 in borehole B124GP (fig. F4),
at 693-708 FANGVD29 in borehole B130GP (fig. F5),
673-698 FANGVD?29 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
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B128GP (fig. F1). Vuggy intervals identified with the
televiewer logs generally indicated moderate agreement
with intervals of increased porosity identified with the
neutron logs in boreholes T1, T6, T8, and B128GPD
(table 19). Vuggy intervals identified with the televiewer
logs typically are similar to those identified with bore-
hole-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 cavi-
ties 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 identi-
fied in the acoustic-televiewer log. This relation par-
ticularly is true for the 660- and 525-ft partings. Acous-
tic-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 log-
ging. 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. Inter-
pretation 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 reflec-
tors 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 in®) have not
been detected with other methods.

Dips of the GPR reflectors interpreted as fractures
(excluding the bedding-plane fracture assumed to repre-
sent the 525-ft parting) range from about 33° to 86°. The









strike of the reflectors tends to be randomly oriented,
ranging from N. 0° W. to N. 140° W.; however, orienta-
tions 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 out-
crops 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 frac-
tures 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 car-
bonate units in northern Illinois (Csallany and Walton,
1963).

Single-hole directional GPR-reflection surveys
done in boreholes T1, 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 direc-
tion of reflector strike near boreholes T1, 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 T1, T2, and T6
and the SAR survey done near borehole BI27GP. 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 horizon-
tal. 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 frac-
ture identified with the televiewer logging in boreholes
T1 and T2 was identified with the GPR reflection survey
in borehole T3. This fracture was not identified during
the reflection survey done in borehole T1. 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 identi-
fied 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-per-
meability features identified with the single-hole direc-
tion 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 bedding-
plane 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 T1, 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 inter-
secting a given borchole 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-Plat-
teville 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 FANGVD?29 and is
characterized by low signal attenuation and high veloc-
ity 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
FANGVD?29 and between 681 and 693 FANGVD?29,
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porosity of about 13.5-15 percent at about 605-615
FANGVD?29, and porosity of about 12-13 percent at
about 676 FANGVD29. The upper unit extends from
about 700 FANGVD?29 to about 5 ft below the bottom of
the casings (about 744 FANGVD?29), 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
T1 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) verti-
cal flow directions, (2) hydraulic connection within and
between aquifers, (3) the location of permeable features,
and (4) response to climatological events and withdraw-
als 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-Plat-
teville 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-Plat-
teville aquifer.

Water levels in the Galena-Platteville aquifer ranged
from about 740 to 900 FANGVD?29 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 gener-
ally 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 radar tomographic anomalies, Belvidere, Ill.

[<, less than altitude of bottom of borehole; 737*, top of signal reading; d, discontinuous feature]

Altitude of low-velocity
intervals (feet above National

Altitude of high-velocity
intervals {feet above National

Altitude of low-attenuation
intervals (feet above National

Altitude of high-attenuation
intervals (feet above National

Borehole  Geodetic Vertical Datum of Geodetic Vertical Datum of Geodetic Vertical Datum of Geodetic Vertical Datum of
pair 1929) 1929) 1929) 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
T3-12 611.5.651-684 <567-602, 701-737* 703-737* 651-667
T3-T8 615. 6484, 667, 690 <567-592, 710-737* <567-608, 611.5, 700-737* 638, 657.3
T7-T3 611.5, 6444d, 667, 690 <567-602, 704-737* <567-618, 704-737* Alternating high and low; 628-
664
T7-T8 615, 6484, 667. 690 <567-600, 704-737* <567-615, 700-737* 657.3-661




levels appear to be associated with pumping from quar-
ries, 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 identify-
ing the climatic and anthropogenic factors affecting
water levels and the variability of flow direction as well
as the locations of permeable features within the Galena-
Platteville aquifer underlying the Belvidere area.

Water levels were measured on a 15-minute sam-
pling 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 FANGVD?29 (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 BMWG 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 indi-
cated in wells open to shallower parts of the aquifer
(fig. F7a). For example, water levels in well G115BD,
open at about 630 FANGVD?29 (depth about 150 ft),
frequently changed by about 3 ft in the span of less than
1 day. Water levels in well G115B, open at about 730
FANGVD?29 (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 BMW35 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 con-
sistent with those observed during subsequent continu-
ous 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-Platte-
ville aquifer, did not respond to pumping.

Analysis of the continuous water-level data indi-
cate 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, BMWS5,
and BMW6, and perhaps other domestic, industrial-
and 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 part-
ing, 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 increas-
ing 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 measure-
ments. Also, when storing a reference water level in an
automatic data logger, setting the reference level imme-
diately following manual measurement was necessary to
avoid error in the reference level for subsequent auto-
matic measurements.

Periodic measurements

Water levels were measured periodically in 11 wells
located in the city of Belvidere (table 17). Measure-
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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 water-
level trends (up to 12 years) in response to climatalogi-
cal 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
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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-Plat-
teville aquifer has sufficient hydraulic
connection to respond to ambient
hydraulic effects as a single aquifer.
However, as indicated by the con-
tinuous measurements, the upper part
of the aquifer seemed to be partly
hydraulically isolated from the deeper
parts of the aquifer. The partial isola-
tion 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 dif-
fer 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 differ-
ence in flow directions between the
middle and upper parts of the Galena-
Platteville 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. Measure-
ments 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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74313 is water level on June 11, 1991. Bottom number is water fevel on
October 9, 1991

Figure F9. Water-level altitudes and approximate ground-water-flow directions in the
Galena-Platteville aquifer, Belvidere, lll,, 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 avail-
able 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, partic-
ularly 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, vertical-
hydraulic 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 vicin-
ity of the PCHSS (Mills, 1993a, b, c¢; Mills and others,
1998; Mills and others, 2002a) (table 17). These water-
level data improved understanding of the magnitude of
the vertical variations in water level within the Galena-
Platteville aquifer and the factors that affect these varia-
tions.

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 T1, T6,
(table F4), T2, T3, TS, 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,
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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 FANGVD?29). Water levels measured in the test
intervals open at or near the marker bed at about 660
FANGVD?29 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 beiow 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 conduc-
tivity of the Galena-Platteville aquifer decreases with
depth. This decrease in permeability indicates that verti-
cal secondary-permeability features in the Galena-Plat-
teville aquifer are fewer, smaller, and less interconnected
with depth at the PCHSS, and presumably the entire Bel-
videre area. The small difference in water levels within
the Galena-Platteville aquifer above the marker bed at
660 FANGVD?29 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 bore-
holes T1-T8 at the PCHSS. Data from borehole T6 are
representative of boreholes T5-T8. Water levels in bore-
hole 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 subhorizon-
tal bedding-plane parting at about 744 FANGVD?29 (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 subhori-
zontal 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 T1 and T2 may be the most permeable fea-
ture 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 mi? in Belvidere,
but most were near the PCHSS. Many of the logs were
useful in enhancing characterization of the hydrologic
framework of the area.



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. F1). These inter-
vals correspond to lithologic contacts, particularly the
525- and 660-ft partings, that may correspond to perme-
able features in the Galena-Platteville aquifer. Gradual
increase in spontaneous potential was detected above
about 660 FANGVD?29 in boreholes B125GP, B126GP,
and B127GP. This interval also may correspond to per-
meable features in the aquifer. SP logs run in boreholes
B115BD, B436, B305, and B137GP did not indicate the
presence of permeable features.
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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, 11l.

[NA, not available; NT, measurement not taken; < less than]

Altitude of test in-

Altitude of water level

terval (feet above Open borehole (feet

Above test interval

Borehole National Geodetic ahove National Geo- (feet above National In test interval (feet ahove  Below test interval (feet
name Vertical Datum of  detic Vertical Datum of Geodetic Vertical National Geodetic Verti-  above National Geodetic
{fig. 31) 1929) 1929) Datum of 1929) cal Datum of 1929) Vertical Datum of 1929)
760,89

760.98

696732 I NA
T6 579589 760.77
589-599 760.78
606-616 760.74
616-626 760.72
627-637 760.75
682-692
742745
518-540
556-566
658-668
716-747
737-147
BI115BD 631-646
646-656 762.88
656-666 762.95
666-676 762.92
676686 762.97
686-696 762.93
696-706 762.86
710-720 763.79
724-734 763.62

742-745

NA
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FANGVD?29, 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 distinguish-
ing changes in diameter resulting from drilling or from
hydraulic features.

Temperature

Temperature logging was done in 12 boreholes and
1 well (table 17). Temperature logs typically indicated
an overall decrease in water temperature with increas-
ing depth, with particularly large changes across the first
5-10 ft of the water column. Temperature changes in the
upper part of the water column likely reflect the effect of
ambient temperature on the water and the probe, and not
the presence of permeable features. Abrupt changes in
fluid temperature were observed at about 525, 560, and
728 FANGVD29 in borehole B124GP (fig. F4); at about
525 FANGVD29 in borehole B127GP (fig. F3); at about
483 and 565 FANGVD?29 in borehole B128GP (fig. F1);
at about 521 FANGVD29 in borehole B133GP; at about
525 FANGVD29 in boreholes B134GP and B136GP
(fig. F6); and at about 525, 647, and 703 FANGVD29 in
borehole B137GP. Many of these intervals correspond to
bedding-plane partings identified with other methods and
may be permeable (tables F1, 20). Changes in the rate of
change in tluid temperature with depth were observed at
about 660 FANGVD?29 in borehole B134GP, and about
525 and above 702 FANGVD29 in borehole B127GP.
These intervals also may correspond to the locations of
permeable features in the aquifer (table 20).

Fluid resistivity

Fluid-resistivity logging was done in 11 boreholes
and 1 well (table 17). For the most part, resistivity mea-
surements did not vary except near the top of the water
column within the borehole casings. Resistivity logs did
indicate moderate to abrupt changes in signal response
at about 563 and 728 FANGVD29 in borehole B124GP
(fig. F4), at about 525 and 565 FANGVD29 in borehole
B128GP, at about 743 FANGVD29 in borehole B130GP
(fig. FS), at about 525, 660, and 720 FANGVD29 in
borehole B133GP, at about 683 FANGVD29 in borehole
B134GP, and at about 525 and 725 FANGVD29 in bore-
hole B136GP (fig. F6), and between about 655 and 665
FANGVD?29 in borehole B436. Many of these intervals
correspond to bedding-plane partings and appear to be
permeable (table 20). Fluid-resistivity logs from the
remaining boreholes indicated no changes in resistivity
that clearly would be indicative of permeable features.
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Heat-pulse flowmeter logs

Flowmeter logs were run under hydraulic conditions
of ambient flow in 16 boreholes and well BMW?2 (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.

Flowmeter logging in borehole B124GP indicates
inflow from bedding-plane partings and vugs from the
bottom of the borehole casing to the top of the 660-ft
parting, inflow from a subhorizontal bedding-plane
parting at about 564 FANGVD29, and outflow through
the 525-ft parting (fig. F4). Flow volumes in borehole
B127GP varied during different logging events for that
part of the borehole above 525 FANGVD?29, indicating
possible inflow from bedding-plane partings or vugs
at about 705-725 FANGVD?29 and through the 660-ft
parting (fig. F3). Flowmeter logging clearly indicated
outflow through the 525-ft parting in borehole B127GP.
Although predominantly downward, upward flow in the
borehole also was recorded. The variability in the amount
and direction of flow in borehole B127GP is in appar-
ent response to pumping from wells BMW4 and BMWé6.
Flowmeter logging in borehole B128GP indicates flow
through the 485-, 525-, and 660-ft partings (fig. F1).
Flowmeter logs run in borehole B 130GP indicate inflow
from a subhorizontal bedding-plane parting below the
bottom of the casing at about 746 FANGVD29 and
outflow through a subhorizontal bedding-plane parting
at about 567 FANGVD?209 (fig. F5). Flowmeter logs
in boreholes B133GP, B134GP, and B136GP (fig. F6)
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
in borehole B137GP indicates inflow below the bottom
of the casing at about 724 FANGVD29, outflow through
subhorizontal bedding-plane partings and vugs between
about 648 and 724 FANGVD29, and outflow through
subhorizontal bedding-plane partings at about 577 and
525 FANGVD29.

Flowmeter logging done under ambient-flow condi-
tions in boreholes T1-T8 indicated variable flow direc-
tions during different logging events. Downward flow
was measured above 604 FANGVD29 during all log-
ging events. Between about 584 and 604 FANGVD29,
upward and downward flow was measured in boreholes
T1 (fig. A3), T2, T3, T6 (fig. F2), and T7 during at least
one of the three logging events in these boreholes. The
transition between upward and downward flow and the
transient nature of the change indicates a permeable fea-
ture may be present between 584 and 604 FANGVD29,
and that this feature is in better hydraulic connection
with the secondary-permeability network affected by
pumping in the municipal wells than the rest of the bore-
hole. However, analysis of the lithologic and geophysi-



cal logs did not identify a secondary-permeability feature
in this interval. Flowmeter logging in boreholes T1

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
FANGVD?29 (fig. A3). Flowmeter logging in bore-

hole T3 indicates inflow through vugs between about
684 and 694 FANGVD?29, and outflow through vugs
between 632 and 642 FANGVD29. Flowmeter logging
in borehole T5 indicates inflow associated with a subho-
rizontal 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 FANGVD?29, 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 Galena-
Platteville aquifer because of concerns over tool safety.
About 5 gal/min of downward flow at this point indi-
cated inflow from bedding-plane partings above 590
FANGVD?29, potentially including the 660-ft parting,
and (or) a steeply inclined fracture at an altitude of about
625 FANGVD?29 (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 B 136GP
identified the same permeable features that were identi-
fied during logging under ambient-flow conditions (figs.
F4, F6). Logging in conjunction with pumping tended
to emphasize the flow contribution from the perme-
able features above 660 FANGVD29, but the volume
of flow below 660 FANGVD?29 typically was similar to
the volume measured under ambient conditions. Dif-
ferences between the ambient and in-borehole pumping
profiles above 660 FANGVD?29 indicate that vertical
hydraulic gradients are smaller above than below 660
FANGVD?29, 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 conduc-
tivity 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 T1, T3, and T7 were pumped as
part of their development, flowmeter logs were run in the
other boreholes in the T1-T§ series. Analysis of flow-
meter data collected during this logging identified four
permeable features in that part of the Galena-Platteville
aquifer penetrated by these boreholes: (1) the subhori-
zontal bedding-plane parting at about 742 FANGVD29
in boreholes T3, T6, T7, and T8; (2) the inclined frac-
ture from 699 to 709 FANGVD?29 at boreholes T1 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 log-
ging. 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) cal-
culated the transmissivity of the subhorizontal bedding-
plane parting at about 742 FANGVD29 to be 216 ft¥/d,
with a storage coefficient of less than 1 X 107 (table F5).
The transmissivity of the inclined fracture from 697 to
707 FANGVD?29 was calculated to be 130 ft¥d, with an
undetermined storage coefficient. The transmissivity
of the vuggy interval from 682 to 692 FANGVD29 was
calculated to be 8.6 ft¥/d, with a storage coefficient of
2 X 10°. The transmissivity and storage coefficient of
the vuggy interval at about 602-642 FANGVD?29 were
calculated to be 43 ft*/d and 2 X 107, 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 moni-
toring 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;
GZA GeoEnvironmental, 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-Plat-
teville 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 564-
parting, and the 525-ft parting (fig. 35). Elevated Kh
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values for these intervals were not recorded at all loca-
tions 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. F1).
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 part-
ing 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 bore-

holes, Belvidere, lII.

[< less than; na. not applicable: nc. not calculated]

Cross-borehole flowmeter logging

Slug testing

Constant-discharge aquifer testing

Estimated

horizontal

hydraulic
conductivity
{feet per day)

Estimated
storage
coefficient
(dimension-
less)

Estimated
transmissivity
{feet squared

per day)

Estimated
transmissivity
(feet squared
per day)

Permeable
feature

Estimated

horizontal

hydraulic
conductivity
(feet per day)

Estimated
storage
coefficient
(dimension-
less)

Estimated

herizontal

hydraulic
conductivity
(feet per day)

Estimated
storage
coefficient
(dimension-
less)

Estimated
transmissivity
(feet squared
per day)

Subho-
rizontal
fracture

at about
742 feet in
boreholes
TS, T6, T7,
and T8

216 <0.001 na 516

Inclined 130 na na 1900
{racture

from about

699 to

709 feet in

boreholes

T1 and T2

8.6 .00002 0.9

Vuggy
interval
from about
682 to

692 feet in
boreholes
T1 through
T8

Vuggy .00002 1.1 18.2
interval

from about

602 to

642 feet in

boreholes

T1 through

T8

na 71.6 7414 0.02 na

na na .00076 na

na .56 nc nc nc

na 91 1.6




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 semicon-
fining 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 fea-
tures.

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 Galena-
Platteville 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 564-
ft 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 perme-
ability, 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 fea-
ture 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 great-
est 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-test-
ing 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

T1 and T2, and the 525-ft and 660-ft parting in many
boreholes (figs. 35, A3, F1, F2, F4-F6; table 20). How-
ever, areas of active flow identified in the vuggy inter-
vals at 602-642 and 682-692 in boreholes T1-T8 and
above 662 FANGVD?29 in boreholes B124GP, B126GP,
B127GP, B133GP, B134GP, and B136GP frequently
had Kh values of less than 0.50 ft/d, whereas the 658-
668 FANGVD?29 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
T1 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. F1), permeable fea-
tures 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 part-
ing near the bottom of the borehole, and less permeable
features in the middle of the borehole (such as the part-
ing 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 calcu-
lated of Kh in borehole B127GP, resulting in the lowest
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value reported for the 525-ft parting (0.13 ft/d). How- weathered bedrock. These differences likely are related
ever, flowmeter logging indicated that the 525-ft parting  to the importance of the vertical secondary-permeabil-
was permeable at this borehole. ity features on flow in the aquifer. These features were
The vertical distribution of permeability within underrepresented by the small amount of aquifer stressed
the Galena-Platteville aquifer identified from the slug by slug testing in the vertical boreholes, but were well

tests indicated moderate agreement with the distribution  represented in the large volume of aquifer (thousands of
identified with the continuous water-level measurements  cubic feet) stressed by the municipal-well pumping.
(table 20). Results from application of both methods
indicated that the 525-ft parting was permeable. How-
ever, water-level measurements, core analysis, and
single-hole GPR surveys indicated a decrease in aquifer
permeability with depth, whereas slug tests did not indi-
cate substantial changes in the Kh of the aquifer, which
were not associated with bedding-plane partings and the

Specific-Capacity Tests

Spatial variability in transmissivity and Kh of the
Galena-Platteville aquifer was computed from specific-
capacity data recorded on the driller’s logs of about 250
residential-supply wells open to the aquifer (table 17).
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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. Specific-
capacity 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 pen-
etrated. Transmissivity estimates from the residential-
supply wells ranged from about 30 to 7,700 ft*/d; with
about 90 percent of the wells being less than 1,000 ft/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 ft¥/d, 430
ft*/d, 270 ft*/d, and 1,100 ft*/d, respectively. Kh esti-
mates 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,
1993b). Borehole B127GP penetrated about 90 percent
of the thickness of the Galena-Platteville aquifer dur-
ing this test. Drawdown was measured in monitoring
wells G115B, G125B, and G111D open to the upper
10-20 1t of the aquifer and monitoring wells G115BD,
G125BD. and G126BD open to the aquifer above about
635 FANGVD?29 (fig. F11). Interpretation of the aqui-
fer-test data are complicated by changes in water levels
because of pumping from wells BMW4 and BMWO, 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 G111D
ranged from 0.01 to 0.37 ft and the cone of depression
was oriented approximately N. 45° W./S. 45° E. (fig.
F11). Drawdown in welis G115BD, 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 tomogra-
phy in borehole B127GP. The difference in the orienta-
tion 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 ft¥/d for the deep (100-200 ft) part of the aquifer and
from about 1,500 to 7,000 {t*/d for the shallow (40-100
ft) part of the aquifer using the method of Boulton and
Streltsova-Adams (1978). Kh estimates for these respec-
tive 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 gener-
ally 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 T1, T2, T3, TS, 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 T1 was pumped to
test the hydraulic properties of the upper and lower parts
of the permeable vuggy interval identified with cross-
borehole flowmeter logging at 618-638 FANGVD?29
in boreholes T1-T8 and the inclined fracture identified
at about 699-709 FANGVD?29 in boreholes T1 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 ft*/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 FANGVD?29. 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 frac-
ture at about 699-709 FANGVD?29, and lowest in bore-
holes T6-T8, which are open to the permeable subhori-
zontal bedding-plane parting at about 742 FANGVD?29.
The distribution of drawdown in these boreholes indi-
cates vertical hydraulic connection between aquifer
materials at 618-628 and above 628 FANGVD?29, 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 ft*/d and a Kh from 0.9
to 1.8 ft/d (table F5). Drawdown in the aquifer below



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

628 FANGVD29 typically was about
10 ft, indicating high vertical hydrau-
lic 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 FANGVD?29 were similar to those
observed during the test of the interval
at 618-628 FANGVD29.

Analysis of the constant-dis-
charge aquifer test done in the inclined
fracture at about 699-709 FANGVD29
in boreholes T1 and T2 indicated a
transmissivity of 22 ft*/d and a stor-
age coefficient of 7.6 X 10 (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 FANGVD?29 (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
FANGVD?29 at borehole T6 indicated
a transmissivity of more than 7,400
ft*/d and a storage coefficient of 2.0
X 107 (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 perme-
able enough to respond easily to the
small stress induced by pumping with
minimal drawdown.

The hydraulic properties cal-
culated from the constant-discharge
aquifer tests in the T series of bore-
holes are similar to those calculated
from the slug testing and analysis of
flowmeter data collected during cross-
hole pumping for the vuggy interval at
618-638 FANGVD29 (table F5). The
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continuous water-level measurements from the deeper
parts of the aquifer, but was not apparent readily from
the single water-level measurements.

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.

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 inter-
vals 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 Belvi-
dere, 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, indi-
cating ground-water flow and contaminant migra-
tion 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. How-
ever, 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

DEPTH TO TOP OF OPEN INTERVAL,
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no clear and direct correlation with aquifer permeabil-
ity (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 T3, in which water samples
were collected for VOC analysis from four packer-iso-
lated permeable intervals during drilling, immediately
following drilling, and about 1 month after drilling.
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VOC concentrations in the samples near the bottom of
the borehole increased by about one order of magni-
tude 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 aqui-
fer provided limited additional insight into the hydrogeo-
logic 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 bedding-
plane partings at about 485 and 525 FANGVD?29. Also,
concentrations of fluoride that generally were less than
0.3 mg/L increased to 1.8 mg/L in the test interval that
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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 natu-
rally occurring source of these constituents, or because
of preferential flow from a surficial source of these con-
stituents into these bedding-plane partings.

Near-Continuous Vertical Profiling of
Field Parameters

Field parameters were monitored in well BMW?2 by
in-situ, near-continuous vertical profiling with a multi-
parameter, water-quality monitor (Mills and others,
1998) (fig. F19). In well BMW?2, values of dissolved
oxygen (DO), oxidation-reduction potential (ORP), pH,
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Figure F18. Vertical distribution of horizontal hydraulic conductivity and total concentration of volatile organic compounds at select
boreholes open to the Galena-Platteville aquifer underlying Belvidere, lll.



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 para-
maters fluctuated (increased or decreased) between the
altitudes of about 680 and 635 FANGVD29. The fluc-
tuations may be indicative of inflow of water from the
660-parting and the inclined fracture identified at about
625 FANGVD?29 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 shal-
lower 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 moni-
tor.

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 mix-
ing 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 contrib-
uted 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). Uncon-
solidated 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 percola-
tion of precipitation through unconsolidated deposits to
the water table. As a result, the Sinnipee Group aquifer
likely has been exposed to greater dissolution and infil-
tration at the Waupun site than in areas where overly-
ing 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 Glenwood Sandstone of the Ancell Group (fig. 11),
the deepest unit encountered by the core, is a medium-
grained, 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 Forma-
tion (Pecatonica, McGregor, and Quimbys Mill mem-
bers), 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 uncon-
formity 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 For-
mation grades upward from 60:40 at the base to 95:5 at
the top. The Galena Dolomite overlies the Decorah For-
mation 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 con-
ducted on seven core samples of the Galena Dolomite,
two samples of the Decorah Formation, and six samples
of the Platteville Formation (table G1). 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 Forma-
tion 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/cm? (table G1); 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. G1, 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. G1, 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. G1, G2, G3)



222

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

Table G1. Physical properties of selected rock core intervals fram borehole FL-800 at the Waupun site, Fond du Lac County, Wis.

[INGVD of 1929, National Geodetic Vertical Datum of 1929]

Core interval, in feet above

Bulk density, in grams  Grain density, in grams per cubic

Stratigraphy NGVD of 1929 Porasity, in percent  per cubic centimeters centimeters
Galena Dolomite 928.9-928.7 1.6 2.8 2.9
906.7 - 907.3 1.9 2.4 25
869.8 - 869.4 2.1 2.8 2.9
852.3 - 852.0 32 2.8 2.9
830.3 - 830.0 1.7 27 2.7
825.7 - 825.4 3.8 2.7 2.8
814.1-813.8 23 2.8 2.8
Decorah Formation 807.4 - 807.0 6.9 2.6 2.7
799.4 - 799.0 9.7 2.5 2.8
Platteville Formation 794.6-794.3 1.8 2.8 2.8
786.0 - 785.7 3.7 27 2.8
774.8-77L.5 4.0 2.7 2.8
765.8 - 765.0 43 2.7 2.8
755.1-754.8 4.1 2.7 2.8
747.8 - 747.5 3.7 27 2.8
Glenwood Formation 747.2-746.7 3.0 2.7
744.9 - 744.6 14.6 23 2.6

as a zone of higher gamma counts per second between
about 796 and 810 FANGVD29 (geophysical log alti-
tudes 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. G1, G2, G3). Short-
normal resistivity logs indicated no clear response to
areas of potential secondary-permeability features identi-
fied 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. Geologi-
cal 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 G1) is reflected in the neutron
porosity log (fig. G1). 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 per-
cent quartz environment, whereas all neutron-porosity
calibrations should tend toward the same value in 100-
percent 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 correla-
tion decreases linearly with increasing porosity. The
small negative values for porosity, from —4 to 0 percent,
probably indicate the substantial portion of quartz (pos-
sible chert) in the dolomite. The highest apparent poros-
ity 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 log-
ging 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 coin-
cides 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 bedding-
plane partings on the televiewer logs does not correlate
with the distribution of bedding-plane partings described
in the core, probably because the listing of bedding-
plane 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 FL-
800 and detected on the core (fig. G1). 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
FANGVD?29 in borehole FL-801. All of these fractures
dip to the ENE and strike to the WNW.

Borehole GPR

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 sub-
tracted 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 intersec-
tion 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
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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 con-
ducted 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 veloc-
ity 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 FANGVD?29, as indicated on the short-nor-
mal resistivity, neutron porosity, and natural-gamma
logs. This zone has been interpreted as a shaley dolomite
(Decorah Dolomite). The low-velocity/high-attenua-
tion zone, extending between FL-802 and FL-800 in
the velocity and attenuation tomograms at about 810
FANGVD?29, is consistent with the interpretation of a
fracture at this depth made with the other borehole-geo-

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

[NGVD of 1929, National Geodetic Vertical Datum of 1929; na, not appli-
cable]

Strike
Altitude (degrees from Dip
(feet above Angle magnetic (degrees from
NGVD 0f 1929)  (degrees) north) harizontal)
3.696 L1 40 88.9
1.019 5.6 130 84.4
970 14.5 na 75.5
933 61.7 na 28.3
925 61.6 60 28.4
922 29.2 10 60.8
916 90.0 na 0
907 90.0 na .0
870 Subhorizontal 150 Subhorizontal
853 88.4 na 1.6
848 90.0 300 0
816 75.5 na 4.5
805 90.0 na 0
797 90.0 na .0
745 66.5 na 23.5










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.

Water-level measurements

Water levels were measured once in nine test inter-
vals 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
tound 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

Fluid resistivity indicates a slight but consistent
increase at about 870 FANGVD?29 in all three boreholes
(figs. G1, 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 FANGVD?29 in borehole FL-800. These intervals
may correspond to the location of permeable features in
the Galena-Platteville aquifer.

Flowmeter Logging

The following discussion is from a summary of
logging results provided by Fred Paillet (U.S. Geo-
logical 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 8§10 and 870
FANGVD?29 in each of the boreholes, with flow at about
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890 FANGVD?29 in boreholes FL-801 and FL-802, and
about 905 FANGVD29 in boreholes FL-800 and FL-
802. There also is inflow from one or more features
above or near the water level (about 915 FANGVD?29)
in each of the boreholes, possibly the fracture identified
with the caliper log at about 915 FANGVD?29. 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 FANGVD?29,
the amount contributed from each parting varies between
boreholes.

FL-800 FL-801 FL-802
CALIPER, CALIPER, CALIPER,
IN INCHES IN INCHES IN INCHES

6 7 5 6 7 5 6 7

| S—— ]
LB
i
| —
1T
i

ALTITUDE, IN FEET ABOVE NATIONAL GEODETIC VERTICAL DATUM OF 1929

Figure G6. Caliper logs, packed intervals and test-interval
designation for boreholes FL-800, FL-801, and FL-802, Wau-
pun site, Wis.
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Table G3. 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 1929}

Altitude of test Water level altitude
Borehole  Test interval, in feet above in test interval, in feet

name interval NGVD of 1929 Stratigraphy ahove NGVD of 1929
FL-800 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 91547

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 817.4-8059 Galena Dolomite-Wise Lake and Dunleith Dolomite members, and Decorah For- 907.63

mation-Spechts Ferry Shale

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
FL-801 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 For- 905.84

mation-Spechts Ferry Shale

FL-802 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 For- 907.80

mation-Spechts Ferry Shale

The relative amounts of water entering and exiting
a borehole depends on the product of fracture perme-
ability and the head difference driving the flow. A true
relative permeability profile can be obtained by sub-
tracting inflows obtained under two different hydraulic
conditions. Ambient and steady injection conditions are
described here. The data are plotted as discrete flowme-
ter measurements (data) and as “step profiles” (the inter-
pretation) (figs. G1, 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 normal-
ized. Normalization is done by measuring the drawdown
(here build-up) produced by the pumping (here injec-
tion) (figs. G1, G2, G3). The boreholes were so produc-
tive that no change in water levels was measured during
injection and the data could not be normalized to com-
pare 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 indi-
cates the variability of the bedding-plane permeability.

The results indicate that the bedding-plane partings at
about 868-870 FANGVD29 are the main conduit. The
bedding-plane parting at about 915 FANGVD?29 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 resuits 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 frac-
tured 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-



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.

[-, denotes downward flow]

Borehole Test intervals Vertical hydraulic gradient,

name being compared in foot per foot
FL-800 F/E -0.393

EN -.040

I/'D .006

K -219

D/H -073

K/H .020

K/J -.062

H/C 024

H/I -.200

CIG -1.251

JIG -.863

G/B 797

B/A 724
FL-801 K/ -.058
FL-802 K/ -.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 1929}

Altitude of test Horizontal hydraulic
Borehole  Test interval, (feet above  conductivity, (feet per

name interval NGVD of 1929) day)
FL-800 F 917 - 930.5 02

E 907 - 905 1

1 892 - 882.1 8

D 872-870 55

K 877.4 - 865.9 117

H 844 - 824.1 4

C 810 - 808 7

J 817.4 - 805.9 7

G 800 - 780.1 .01

B 768 - 765 008

A 755 - 744 .002
FL-801 K 873.5-861.8 19

J 813.5-801.8 2
FL-802 K 874.5 - 863 55

I 814.5 - 803 7

Appendix G—Waupun Site Data 23

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

Constant-discharge aquifer tests

The hydraulic connection among the three boreholes
through specific intervals was evaluated by cross-bore-
hole 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 FANGVD?29) (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 FL-
800. During pumping from any of the three boreholes,
drawdown began immediately in the others. Regardless
of the magnitude of the drawdown in the pumped bore-
hole, 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 termi-
nation 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. Draw-
down 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 bore-
hole 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 perme-
able 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
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CROSS-HOLE AQUIFER TEST
4 GALLONS PER MINUTE PUMPED FROM FL-800 ZONE J
Water levels abserved in Zone J of FL-800, FL-801, and FL-802.
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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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Water levels observed in Zane K of FL-800, FL-801, and FL-802.
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Figure G8. Changes in water levels observed in packed interva! 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.

233



234

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
FANGVD?29 (fig. G6). Test intervals C, D, and E were
isolated by two packers on either side of a 2-ft screen.

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

Intervals C and D are shorter packed intervals that fall
within intervals J and K, respectively (fig. G7). Analyti-
cal 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-tri-
chloroethane, 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. Trichloro-
ethene 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 net-
work at the Waupun site.

REFERENCES CITED

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

Table G6. Inorganic and major ion analytical data for water from testintervals 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: uSiemens/cm, microSiemens per centimeter;
na, not analyzed; test interval reported as feet above National Geodetic Vertical Datum of 1929]

Testinterval F,

Testinterval E, from  Testinterval D, Test interval C,

Constituent McCL* Units from 917 to 930.5 feet 905 to 907 feet  from 870 to 872 feet from 808 to 810 feet
pH - Standard units 7.67 7.4 7.4 7.2
Hardness Total - mg/L as CaCo, 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 ratic - ratio na 2 3 3
Sodium percent - percent na 4 6 6
Potassium dissolved - mg/L as K na 5.5 15 31
Chloride dissolved - mg/L as Cl 190 81 95 130
Sulfate dissolved - mg/L as SO, 110 120 140 150
Fluoride dissolved - mg/L as F .1 2 .2 2
Silica dissolved - mg/L as SiO, 19 15 13 i4
Iron dissolved 300 ug/L as Fe 25 190 330 250
Manganese dissolved 50 ug/L as Mn 140 34 74 93
Residue dissolved 180C - mg/L 1080 700 692 884
Dissolved solids sum - mg/L na 665 672 796
Bromide dissolved - mg/L as Br .06 .1 .09 11
Specific conductance - uSiemens/cm 1490 1110 1130 1400
Alkalinity as CaCO3 - mg/L as CaCo, 317 388 345 412

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

Test interval F, Test interval E, Test interval D, Test interval C,
Constituent MCL from 917 to 930.5 feet from 905 to 907 feet from 870 to 872 feet from 808 to 810 feet
Aluminum 50-200* 272 < 80 <80 <80
Antimony 6 t 2 21 9
Arsenic 50 <2 41 5.1 <2
Barium 2,000 * 208 175 209 216
Beryllium 42 <1 <l <1 <1
Cadmium 5¢ <02 <0.2 <0.2 <0.2
Calcium - 145,000 129,000 122,000 140,000
Chromium 100 ¢ <8 <8 <8 <8
Cobalt - <6 <6 <6 <6
Copper 1,000° 48.7 43.2 <6 <6
Iron 300" 778 456 775 432
Lead 15® 5 <2 2 <4
Magnesium - 87,900 68.000 65,200 77.100
Manganese 50° 149 409 88.2 108
Nickel 100* 33.8 74.4 37.4 35.2
Potassium - 99,200 8780 18,700 36,900
Selenium 50+ <2 <2 <2 <2
Silver 100" <6 <6 <6 <6
Sodium 20,000 ¢ 25,400 10,700 15.500 18,000
Thallium 2° <2 <2 <2 <2
Vanadium - <5 <5 <5 <5
Zinc 5.000° 43.6 <40 56.4 307

* Primary Drinking Water Standard (U.S. Environmental Protection Agency. 2000)
* Secondary Drinking Water Standard (U.S. Environmental Protection Agency, 2000}
¢ 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. Environ-
mental 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 meth-
ods 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 char-
acterization 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 Hydro-
Search, 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 H1). Fractures were
infilled with silt and clay material. Lithologic logging
was not done below 566 FANGVD?29, where core was
available from this interval.

Core analysis

Continuous 3-in core was cut from the bottom of
the casing at 566 FANGVD?29 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).

Alithologic description and stratigraphic interpreta-
tion of the rock core from borehole BN-483 was com-
pleted by Michael Sargent and Zakaria Lasemi (Illinois
State Geological Survey, written commun., 1994)(table
H1). 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). Sand-
stone 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 bore-
hole BN-483. Choi interprets the Decorah Formation as
being absent in borehole BN-483, with the Galena Dolo-
mite unconformably overlying the Platteville Dolomite
at about 488 FANGVD?29 (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 Forma-
tion 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 Sin-
nipee Group. Grain density ranges from 2.67 to 2.87
g/cm?, 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 FANGVD?29 (depth of 36 to 45 ft) was identified.
This interval also is where no core was recovered, indi-
cating 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.

Natural Gamma

A sharp decrease in signal response on the natural-
gamma log occurs below about 485 FANGVD29 (depth
of about 116 ft). This transition is within 2 ft of the
altitude of the contact between the Decorah Formation
and Platteville Dolomite identified from the core analy-
sis. The sharp decrease in signal response on the natural-
gamma log represents the less argillaceous nature of the
Platteville Dolomite compared to the Decorah Formation
and the Galena Dolomite.

Single-Point Resistivity and Resistivity

A sharp increase in resistance values (SPR) and
resistivity (normal resistivity) values occurs at 485
FANGVD?29 (fig. 39). This increase is in response to the
lower clay content in the dolomite of the Platteville For-
mation relative to the Galena Dolomite and the Decorah
Formation.

Neutron

The neutron log indicates lower and less variable
porosity in the Platteville Formation than in the overly-
ing Decorah Formation and perhaps the Galena Dolo-
mite (fig. 39). These patterns generally are consistent
with the results of the porosity determined from the
core analysis, which indicate increased porosity associ-
ated with the Decorah Formation, but may be incon-
sistent with the porosity data indicating similar values
in the Galena Dolomite and the Platteville Formation.
The lower part of the wash out from about 556 to 565
FANGVD?29 corresponds to an interval of elevated log
response and appears to be a response to the enlarged
borehole at this interval.

Acoustic Televiewer

The major feature identified with the televiewer log
is the wash out from the bottom of the casing to about
557 FANGVD29 (fig. 39). This interval corresponds to
an area of weathered and fractured dolomite identified
with the caliper and camera logs. The acoustic-tele-
viewer log also shows some thin horizontal features from

Table H1. Lithologic description and stratigraphic interpretation by the lilinois 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, lilinois

State Geological Survey, written commun., 1994)

Galena Dolomite; light olive gray to light brownish gray to pale yellow brown, occassional argillaceous shale or calcarenite in-
terbeds, slightly fossiliferous becoming more fossiliferous in lower 7 feet, {ossils 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 10 43.5

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 fos-
siliferous 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

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 teet. Upper unit includes rocks of the Quimbys Mill, Nachusa, and Grand Detour Forma-

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 5-
feet 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 I-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

Depth below land
surface {feet) Litholegic description of core and drill cuttings
0-244 Undifferentiated glacial deposits and soil, mostly red-brown sandy clay with trace of gravel.
245-415 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
feet.
55.9-112.8
this dark colorization is probably phosphatization.
1129 - 1425
tions in Illinois, but cannot be readily subdivided here using either linois or Wisconsin nomenclature.
142.6 - 159.8
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 hema-
tite 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.




about 459 to 551 FANGVD29. Review of the geophysi-
cal 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 char-
acterized by use of water-level measurements, geophysi-
cal logs, slug tests, and the location of contaminants.

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, indi-
cating that equilibrium water levels had not been reached
because of unsaturated conditions or the slow recovery
rates resulting from the low permeability in the Galena-
Platteville aquifer.

The static water level measured in the wash-out
zone below the bottom of the casing (packed interval
A) was about 585.3 FANGVD?29. The static water level
measured in the interval from about 441 FANGVD29
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(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 (indi-
cated by packed interval H) relative to the Galena-Platte-
ville 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, indicat-
ing that the aquifer has a low vertical hydraulic conduc-
tivity and may be partly unsaturated.

Single Water-Level Measurements—Monitoring
Wells

Water levels were measured from monitoring wells
installed in borehole BN-483 on October 17, 1994, by
Simon Hydro-Search, the contractor to USEPA work-
ing 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 (bls). The deep bedrock well had a depth
to water of 119.65 ft bls 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 bls, had a depth to water of 55.97 tt bls. The water
table was about 9.70 ft bls 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 Packed interval {feet Date of test Static water level(feet above National
interval below land surface) Stratigraphic unit (month-day-year) Geodetic Vertical Datum of 1929)

A 135-52 Galena Dolomite 11-18-93 585.28

B 50-70 Galena Dolomite and Decorah [1-17-93 583.56

Formation

C 66-86 Decorah Formation 11-23-93 583.68

D 7292 Decorah Formation 11-18-93 * 587.03

E 86-106 Decorah Formation 11-23-93 586.67

F 112-132 Platteville Formation 11-19-93 2 586.56

G 131-151 Platteville Formation 11-22-93 2 501.19

H 3160-169 Glenwood Formation 11-17-93 2 452.02

! 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.

* Packed interval is less than 20 feet, extending from 160 feet to total depth of the test well.
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Geophysical logs

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

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. Geo-
logical Survey, written commun., 1999).

Fluid resistivity

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 553
FANGVD29 (depth of 46 ft). The fluid-resistivity log
indicated no change over the remainder of the borehole.
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Spontaneous potential

The slight decrease in SP readings at about 485
FANGVD?29 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 FANGVD?29 may be related to the effects of
flow from the underlying wash out.

Aquifer tests

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

Slug tests

Slug tests were attempted at eight test intervals
isolated with a packer assembly within borehole BN-
483 (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 Horizontal hydraulic
{feetbelow land  conductivity (feet per
surface) day) Comments
35-52! 2.0X 101 Fractured and weathered dolomite from 35 to 44 feet. Hydraulic conductivity of this zone probably
considerably higher than 0.2 feet per day.
50-70 - 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.
66-86 5.0x 107 Low-quality data in first 20 scconds of slug test.
72-92 -- No slug test. Water level recovered about 3 feet over a period of about 14 hours after pumping this
borehole interval dry.
86-106 34x10° Low-quality data in first 30 seconds of slug test.
112-132 -~ No slug test. Water level showed no measurable recovery for about 40 minutes after pumping this bore-
hole interval dry.
131-151 1.9x 103 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.
160-169 - No slug test. Water level showed no measurable recovery over a period of 4 hours after pumping this

borehole interval dry.

! Packed interval is less than 20 feet, extending from the bottom of the casing to 52 feet.

* Packed interval is less than 20 feet. extending from 160 feet to total depth of the test well.



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 upper-
most test interval isolated with a packer assembly at
549-566 FANGVD?29 (depth of 35-52 ft). The low
permeability of the unweathered dolomite in the remain-
ing test intervals prevented the collection of water-qual-
ity 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 pg/L 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 bed-
rock 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 shal-
low bedrock well had higher concentrations of chro-
mium, lead, manganese and zinc relative to the concen-
trations in the samples obtained by use of the packer
assembly. However, this difference could be related to
sampling method (bailers were used that could artifi-
cially increase turbidity) indicated by the color and clar-
ity 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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