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Abbreviated water-quality units used in this report: Chemical concentrations and water
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per liter. For concentrations less than 7,000 mg/L, the numerical value is the same as for
concentrations in parts per million. Specific conductance is given in microsiemens per
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*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, feet per day (ft/d), is used for convenience.

Hydraulic gradient: Hydraulic gradient is given in feet per foot; the difference in measured

hydraulic head at two points divided by the distance (vertical or horizontal) between the

points of measurement.

Other abbreviations:

g/cm®  grams per cubic centimeter
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Lithostratigraphic and Hydrogeologic Characteristics
of the Ordovician Sinnipee Group in the Vicinity of
Waupun, Fond du Lac County, Wisconsin, 1995-96

By Charles P. Dunning and Douglas J. Yeskis

Abstract

Three boreholes were drilled at afarm site near
Waupun, Wis., to improve the understanding of regional
hydrogeology of the Ordovician Sinnipee Group. At the
site the Sinnipee Group is the uppermost bedrock unit
and isfound to be about 183 ft thick. On the basis of core
descriptions by the lllinois State Geological Survey, the
Sinnipee Group at the site comprises (stratigraphically
lowest to highest) the Platteville Formation (about 51 ft
thick), the Decorah Formation (about 14 ft thick), and the
Galena Dolomite (about 119 ft thick). The Illinois State
Geological Survey noted that hardgrounds were common
in the rock core, some having stratigraphic significance.
Four very well devel oped hardgrounds were identified,

three of which were used as formation or member contacts.

The hardground at about 797 ft NGVD 29 represents the
top of the Platteville Formation, the hardground at about
754 ft represents the top of the Pecatonica Member of the
Platteville Formation, and the hardground at about 746 ft
represents the top of the Glenwood Formation.

On the basis of samples collected from one borehole,
the ground water at the siteis of the calcium-magnesium
bicarbonate type. Trichloroethene was detected in one
sample at a concentration of 1 pg/L, and the concentration
of antimony in one sample exceeded the U.S. Environmen-
tal Protection Agency (USEPA) Primary Drinking Weter
Standard. Other water samples contained aluminum and
sodium in concentrations that exceeded the USEPA Sec-
ondary Drinking Water Standard and the USEPA Drinking
Water Equivalent Level, respectively. Samples from vari-
ous depths contained concentrations of iron, manganese,
or dissolved manganese that were near or exceeded the
USEPA Secondary Drinking Water Standard.

The cross-borehole radar tomography data show dif-
ferences in velocity and attenuation among the three major

units in the Sinnipee Group. Matrix porosity measured

in rock-core samples correlates well with these velocity
and attenuation tomograms. The Galena Dolomite has

the lowest mean porosity at 2.4 percent (7 samples) and

is represented in the tomograms as generally having the
lowest attenuation and greatest velocity. Below the Galena
Dolomiteis atransition to a zone with the greatest attenu-
ation and lowest velocity on the tomograms. The rock core
shows this interval to be the shaley dolomite of the Deco-
rah Formation which has a mean porosity of 8.3 percent

(2 samples). Below the Decorah Formation, the Platteville
Formation has a mean porosity of 3.6 percent (6 samples)
and is represented in the tomograms as having vel ocity
and attenuation generally intermediate between the Galena
Dolomite and the Decorah Formation. The evaluation of
the single-hole directional ground-penetrating radar reflec-
tion survey in FL-800 identified 15 reflectors (secondary
permeability features). Some of the reflectors do correlate
with fractures and partings noted on geophysical logs and
rock core; however, many additional fractures and partings
identified by the televiewer log and/or core description
were not measured by the borehole radar survey. Horizon-
tal or sub-horizontal reflectors (bedding-plane partings)
which do correlate with indications of bedding-plane
partings on the acoustic televiewer intersect the borehole at
about 917 ft, 907 ft, 870 ft, 805 ft, and 797 ft.

The flowmeter profilesindicate that water entering
and exiting the boreholes at seven bedding-plane partings
accounts for most of the total borehole transmissivity.

The flowmeter profilesin al three boreholes show that
more than 90 percent of the total borehole transmissivity

is provided by bedding-plane partings found at 870 ft and
higher—stratigraphically within the Galena Dolomite.
Static water levels were measured in selected intervals of
the three boreholes, and vertical hydraulic gradients were
estimated by comparing levelsin adjacent intervals. Gradi-
ents were found to be almost uniformly downward, ranging
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from -0.040 to -1.251 ft/ft. On the basis of displacement
recovery tests, estimates of horizontal hydraulic conductiv-
ity for the isolated intervalsin the three boreholes ranged
from 0.3 to 61 ft/d. Intervals that included partings had
estimated conductivities over the entire range from 0.3

to 61 ft/d; intervals that were primarily rock matrix had
estimated conductivities ranging from 0.4 to 5 ft/d. Two
intervals were selected for multiple-well constant-dis-
charge testing on the basis of evaluation of the core and
geophysical logs, and the relatively high permeability
exhibited by displacement/recovery tests. These intervals
are within the Galena Dolomite and contain bedding-plane
partings that appear to be present in al three boreholes.
Multiple-well constant-discharge tests were conducted for
each interval independently. The hydraulic conductivity
for the stratigraphically higher interval (about 863 to 877
ft) ranged from about 94 to 201 ft/d. This conductivity was
consistently greater than that estimated for the stratigraphi-
cally lower interval (about 803 to 817 ft) which ranged
from 7 to 9 ft/d. During the constant-discharge multiple-
well testing of these intervals, a greater hydraulic response
was observed between boreholes aligned in a southeast-
ern direction. A lower hydraulic response was observed
between boreholes aligned in a northeastern direction,
roughly orthogonal to the orientation of greater response.

Introduction

Most private wells and some municipal -water-supply
systemsin the vicinity of Waupun, Wis., withdraw water
from the Ordovician Sinnipee Group bedrock aquifer
(Brown and others, 2000). Ground water in the Sinnipee
Group aquifer is generally susceptible to contamination
because it is near land surface over much of the study area,
and secondary permeability in the form of fractures and
bedding-plane partings allow rapid movement of water,
providing limited capacity to attenuate contaminants
(Brown and others, 2000). Because of this susceptibility to
contamination, a better understanding of the hydrogeologic
characteristics of the Sinnipee Group aquifer would be
very useful in managing and protecting this ground-water
supply.

In 1995, the U.S. Geological Survey (USGS), in
cooperation with the U.S. Environmental Protection
Agency (USEPA), began a hydrogeol ogic study of the
Ordovician Sinnipee Group at afarm site located 4.3 miles
north of Waupun, in Fond du Lac County, Wisconsin (fig.
1). Datawere collected from three boreholes at the study
site to support an ongoing effort by the USEPA and USGS

to characterize the hydrogeology of the Sinnipee Group in
Wisconsin and the stratigraphically equivalent Galena and
Platteville Groupsin lllinois. The site north of Waupun
was chosen because of its location between previously
investigated study sites to the south in northern Illinois
and to the north in De Pere, Wisconsin (Batten and others,
1999; Kay and others, 2000).

The study, which began in October 1995 with the
drilling of three boreholes (FL-800, FL-801, and FL-802),
and concluded in July 1997 with their abandonment, com-
prised six principal efforts: (1) collection and description
of rock core, (2) geophysical logging using conventional
techniques, (3) collection of static water-level measure-
ments, (4) aquifer testing, (5) geophysical logging using
ground-penetrating radar for single-borehole directional
reflection surveys and cross-borehol e tomography, and (6)
water-quality sampling and analysis.

Purpose and Scope

This report presents the hydrogeol ogic properties that
were found to be characteristic of the Sinnipee Group near
Waupun, Wis., along with water-quality data for seven
samples collected from the boreholes on April 8, and
May 24 and 25, 1996. This report provides details on the
drilling and coring of three boreholes, aswell as borehole
geophysical data, adescription of the rock core, lithostrati-
graphic interpretation, and density and matrix porosity
measurements of 17 core samples. Also discussed isthe
vertical distribution of static water levels measured in 11
packed intervals and the vertical gradients calculated from
those water-level measurements. In addition, this report
presents the vertical distribution of estimated horizontal
hydraulic conductivity based on displacement/recovery
tests and multiple-well constant-discharge aquifer tests.

Description of Study Area

The study site lies within the Eastern Ridges and
Lowlands Geographic Province of Wisconsin (not shown)
as defined by Martin (1965). Topography within this
provinceis generally flat to gently rolling, typified by the
presence of numerous marshlands. The most prominent
topographic feature in Fond du Lac County is a generally
northeast-trending dolomite ridge, the Niagarian Escarp-
ment, which is exposed approximately 10 miles east of the
site (fig. 1).
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Figure 1. Location of study site in the vicinity of Waupun, Fond du Lac County, Wis.
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In southern and eastern Wisconsin, crystalline rocks
of the Proterozoic and Archean Eons underlie sedimentary
rocks of Cambrian through Devonian Periods (table 1).
The sedimentary bedrock dips gently to the east and south-
east into the Michigan Basin. The Ordovician Galena-Plat-
teville bedrock unit is identified as the Sinnipee Group in
Wisconsin, and as the Galena and Platteville Groupsin
Illinois (Brown and others, 2000). The Sinnipee Group is
considered a confining unit in those areas where it is over-
lain by other bedrock units; it is generally considered an
aquifer where it is the uppermost bedrock unit (subcrop),
asin most of northern Illinois and much of central and
southern Wisconsin. The Sinnipee Group is predominantly
dolomite, though with a greater proportion of limestonein
Some areas.

In the eastern part of Fond du Lac County, the Ordo-
vician Sinnipee Group is overlain by the younger Ordovi-
cian Maquoketa Shale and the Silurian Dolomite (Conlon,
1998). West of the Niagarian Escarpment (fig. 1) the
Maquoketa Shale and Silurian Dolomite units are absent
(Mudrey and others, 1982), and the Sinnipee Group is
considered to be an aquifer. At the study site, the Sinnipee
Group bedrock is overlain by athin layer of unconsoli-
dated deposits (less than 20 ft) of Quaternary age.

The study site falls within the Glaciated Paleozoic
Hydrogeol ogic Province of Wisconsin (Zaporozec and

Cotter, 1985). Within this province, the siteisin the East-
ern Drift Hydrogeologic District, which is characterized as
athick, multilayered complex of productive water-bearing
Pal eozoi ¢ sandstone and dolomite with interbedded resis-
tive layers, locally overlain by productive water-bearing
sand and gravel.

Nearly al ground water in this area of the State
originates as precipitation. Average annual precipitationis
30.15 in. based on data for 1971 to 2000 from the National
Oceanic and Atmospheric Administration/National
Weather Service Cooperative Observer Network Station at
Fond du Lac (Coop Station ID 472839), located approxi-
mately 10 mi northeast of the study site (not shown) (Wis-
consin State Climatologic Office, 2002). A small amount
of recharge may be attributed to infiltration from streams
and ponds (Newport, 1962). Ground water in the dolomites
of the Sinnipee Group is recharged primarily by the direct
downward percolation of precipitation through Quater-
nary depositsto the water table. As aresult, the Sinnipee
Group at the study site has likely been exposed to greater
infiltration and dissolution than in areas to the east where
younger bedrock units overlie it. The general direction of
ground-water movement at the site is to the southeast, with
ahorizontal hydraulic gradient of about 10 to 20 ft per
mile (Newport, 1962).

Table 1. Regional stratigraphy of southern and eastern Wisconsin (modified from Conlon, 1998).
Geologic age Geologic unit Principal lithology
Quaternary Period Unconsolidated deposits Unconsolidated sediments of
gravel, sand, silt, and clay
Devonian Period Devonian dolomite Dolomite, shaley
Silurian Period Silurian dolomite Dolomite, shaley
Ordovician Period Maquoketa Shale Shale, dolomitic
Galena Dolomite Dolomite and shale
Sinnipee Group Decorah Formation Dolomite and shale
Platteville Formation Dolomite and shale
Glenwood Formation Dolomite, shaley
Ancell Group
St. Peter Sandstone Sandstone
Cambrian Period Prairie du Chien Group Dolomite, cherty
Trempealeau Group Sandstone
Tunnel City Group Sandstone
Elk Mound Group Sandstone

Proterozoic and Archean Eons Undifferentiated

Crystalline rock




Methods of Study

Data collection at the study site involved construc-
tion and development of boreholes, rock coring, borehole
geophysics, ground-penetrating radar, displacement/recov-
ery and multiple-well constant-discharge aquifer tests, and
water-quality sampling. The methods employed for collec-
tion of these data are discussed below.

Borehole Construction and Development

Three boreholes—identified as FL-800, FL-801, and
FL-802—were drilled from October 13 through 19, 1995.
FL-802 was drilled 82 ft to the southeast of FL-800 (fig.
2), and FL-801 was drilled 58 ft to the west of FL-802.
The horizontal distance between FL-800 and FL-801 could
not be measured directly because a building is located
between the two boreholes. A surveying level was used to
determine the angle created by the three boreholes and the

Methods of Study 5

distance between FL-800 and FL-801 was cal culated to be
about 70 ft.

The three boreholes were drilled using a Portadrill
524 air/mud rotary rig. The general drilling procedure used
for each borehole follows.

1. Drill anominal 97s-in. borehole through approxi-
mately 16 ft of unconsolidated Quaternary deposits
and about 3 ft into the top of the bedrock.

2. Set 6-in. steel casing in the borehole and fill the annu-
lus with cement grout.

3. Drill anominal 6-in. borehole to atotal depth (TD) of
206 ft.

An exception to the above procedure was FL-800,
which was cored from the bottom of the 6-in. casing to
TD. The coring resulted in the recovery of 3-in. diameter
rock core and left aborehole about 5-in. in diameter. Fol-
lowing completion of coring operations, the borehole was
reamed to anominal 6-in. diameter.

D =
\\ . -',
y EXPLANATION
FL 800. MW-1B
MW-1A L] Building
~-% - Fence
FL-800 Borehole
FL-801 and name
°
FL-802 MW-1B Monitoring well
° o
and name
MW-3B
o
0 50 100 FEET
I I |
I I I
0 15 30 METERS

Figure 2. Approximate location of boreholes FL-800, FL-801, and FL-802, and monitoring wells at the study site in the vicinity of

Waupun, Fond du Lac County, Wis.
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Thetop of casing of FL-800 was established as the
site datum with an elevation of 950 ft above NGVD 29
using USGS topographic maps. Using asurveying level,
the relative elevations of the top of casing of FL-801
and FL-802 were measured to be 952.00 ft and 950.10 ft
respectively. The top of the casing of FL-800 was used as
the datum for all geophysical logging and aquifer testing.
The ground surface at FL-800 (estimated to be 949 ft) was
the datum for the rock core.

Borehole development requires that water be pumped
from the productive intervals of the borehole at sufficient
rates and total volumes to overcome the effects of drill-
ing. These three boreholes were developed on April 8 and
9, and May 23, 1996, by lowering an electric pump to the
bottom of each borehole and pumping at arate of about 30
gal/min for approximately 110 minutes. During devel op-
ment, each pumped borehole was monitored with pressure
transducers and a data logger, as was each of the other
boreholes and three existing monitoring wells, MW-1A,
MW-1B, and MW-3B (fig. 2). Only FL-800 and FL-802
were developed during the first visit because an inflatable
packer was stuck in FL-801 at about 60 ft of depth (890 ft
above NGV D 29), preventing pump placement. The packer
was recovered from FL-801 and the borehole was devel-
oped on May 23, 1996. FL-800 was developed a second
time on May 23, 1996, because of low confidence in the
drawdown data collected during the original development
of the borehole.

Rock Core Evaluation

The rock core recovered from FL-800 was delivered
to the Illinois State Geological Survey (1SGS) on Febru-
ary 7, 1996, for lithologic description and stratigraphic
interpretation. The core was transferred to the USGS
I1linois Water Science Center on March 21, 1996, for the
determination of rock matrix properties of 17 samples of
the core using methods described in Appendix A (Patrick
Mills, U.S. Geological Survey, written commun., 1996);
the specific matrix properties determined were porosity,
grain density, and bulk density.

Borehole Geophysical Surveys

Natural gamma, short-normal resistivity, spontaneous
potential, fluid resistivity, caliper, and acoustic televiewer
tools, aswell as a heat-pulse flowmeter, wererunin all
three boreholes on October 30 and 31, 1995. In addition, a
neutron log was run in FL-800. Brief descriptions of these

electric logging methods follow; however, Keys (1990) and
Kay and others (2004) provide detailed explanations of the
use of these logsin interpreting lithologic properties.

The natural gamma log records the amount of radia-
tion emanating from naturally occurring sourcesin the
rock, including uranium, thorium, and potassium. The
amount of radiation emitted by most sedimentary rocksis
related directly to the clay content.

Resistivity logs are electric logs that measure forma-
tion resistance to an electric current between an elec-
trode on the tool moving up the borehole and an el ectri-
cal ground at land surface. Generally, resistance to the
imposed el ectric current decreases with increasing poros-
ity, borehole diameter, fracture density, and concentration
of dissolved solids in the water. For the short-normal resis-
tivity tool, the spacing between the current-emitting and
potential-measuring pointsis set at 16 in. Aswith other
electric logs, the effectiveness of these logs is affected by
vertical flow within aborehole that may obscure differ-
encesin the electrical resistivity and conductivity of the
water.

The spontaneous potential (SP) log is an electric log
that measures the natural differencesin electrical potential
between an electrode in the borehole and a reference elec-
trode at land surface. SP logging can be done only in the
uncased part of water- or mud-filled boreholes. Changes
in SP voltage require the presence of water with differing
chemical propertiesin the aquifer, ameans of segregat-
ing these waters within the aquifer, and a point where the
waters mix. SP logs can be used to identify primary and
secondary permeability featuresin the borehole. Normal
and SP resistivity logging can provide information on
changesin lithology and water quality, indicating the pres-
ence of secondary permeability features.

The caliper log is a mechanical tool that measures
the inside diameter of aborehole. Caliper logs can be run
in cased or open holes, and in fluid- or air-filled holes.
Changes in borehole diameter identified with the caliper
logs can be associated with a variety of borehole features
including fractures, washouts, solution openings, large
vugs, and well casing and screens.

The neutron log is created by measuring the returning
signal from a source that emits neutrons into the formation.
The emitted neutronsinteract with hydrogen in the forma-
tion; the amount of neutron energy adsorption is directly
proportional to the hydrogen content. The hydrogen
content is an indicator of water content, and by extension,
formation porosity.



The acoustic televiewer scans the borehole with an
acoustic beam generated by arotating, rapidly pulsed
piezometric source as the tool is moved through the
borehole. The amplitude and traveltime of acoustic signals
reflected from the wall are measured. A smooth, hard
borehole wall produces a uniform acoustic reflection; the
presence of a secondary porosity feature such as afracture,
avuggy interval, or a solution feature in the borehole scat-
ters the acoustic reflection, producing a dark feature on the
televiewer image. In this way, televiewer images can be
used to identify the type, apparent size, and orientation of
secondary permeability features intercepting the uncased
part of a borehole below the water table.

The heat-pulse flowmeter measures the velocity and
direction of vertical flow at various depths in an uncased
borehole. In aborehole of known diameter, water vel oc-
ity can be converted to flow volume, which can be plotted
to profile the vertical distribution of flow. Depth intervals
where there are appreciable changes in the volume of flow
between measurement stations are interpreted as intervals
over which thereisinflow to, or outflow from, the bore-
hole. The amounts of water entering and exiting a borehole
under any given hydraulic condition is proportional to the
product of fracture permeability and the head difference
driving the flow. A relative permeability profile can be
obtained by subtracting flow rates in a borehole measured
under two different head conditions. Ambient and steady
injection were used as two different head conditionsin
evaluating the boreholes at the study site; the data were
plotted as discrete flowmeter measurements (data) and as
“step profiles’ (interpretation) for each borehole (Paillet,
1998; Paillet, 2000).

Ground-Penetrating Radar Surveys

Ground-penetrating radar (GPR) uses the transmis-
sion and reflection of radar-frequency electromagnetic
waves to detect variations in subsurface properties. GPR
can be used in asingle borehole for adirectiona reflection
survey (transmitter and receiver in the same borehole) or in
two boreholes for a cross-borehole GPR tomography sur-
vey (transmitter in one borehole and receiver in the other).

A single-borehole directional radar reflection survey
was conducted in borehole FL-800 using a 60-MHz trans-
mitter and a 60-MHz directional receiver. Single-borehole
directional radar reflection surveys have been used to
identify the location and orientation of radar reflectors that
may be associated with secondary permeability features
(including fractures) at distances of 10 to 100 ft from
the borehole (Falk, 1992; Lane and others, 1994). The
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reflectors identified in the single-borehole survey can be
compared to the interpretation of fractures provided by the
acoustic televiewer.

A cross-borehole GPR tomography survey was
conducted between boreholes FL-800 and FL-802. Cross-
borehole GPR surveys measure the velocity and attenua-
tion of the radar pul se between the two investigated bore-
holes. Cross-borehole tomography is the process by which
atwo-dimensional depiction of physical propertiesin the
plane between two boreholes is made. For this survey, the
transmitting antenna was placed in borehole FL-802 and
the receiving antennain FL-800. Many individual radar
scans were made by positioning the receiver at regular
intervals in the borehole. Variations in the velocity of the
pulse through the dolomite were affected primarily by the
presence of water-bearing porous matrix and fractures.
Velocity datawere used to calculate the porosity of the
dolomite deposits between the two boreholes. Variations
in the attenuation of the pulse are affected primarily by the
mineralogy and competence of the rock. Areas of variation
in the velocity and attenuation of the signal identified from
the cross-borehol e radar-tomography survey can be inter-
preted as lithologic boundaries or intervals of variation
in primary or secondary porosity. Intervals of low signal
velocity and high attenuation typically are associated with
elevated porosity or high amounts of clay minerals.

The cross-borehol e radar tomography survey between
boreholes FL-800 and FL-802 was conducted using a
22-MHz transmitter. Data collected for the cross-borehole
survey consisted of measurements at pointsin a12.8 x
12.8 ft (4 x 4 m) grid from 26 ft to 180 ft below the top of
casing (924 to 770 ft above NGVD 29), with “level-run” or
common source-receiver data collected every 1.6 ft (0.5 m)
from 19 ft (6 m) to 183 ft (57 m) between the borehol es.

A more dense data set is usually desired for a cross-bore-
hole survey, but site and equipment restrictions prevented
the collection of these data. Vertical deviation logs are
necessary to accurately determine the spatial |ocations of
the transmitter and receiver in each borehole. Deviation
logs, however, were not available for these boreholes, so
for the analysis it was assumed that the boreholes do not
depart from vertical. Tomograms were generated using
TOMOCG (Ivansson, 1984; Day-L ewis and Lane, 2003),
a PC-based inversion software provided by the RAMAC
borehole-radar instrument manufacturer. Day-L ewis and
Lane (2003) provide additional explanation on the use of
cross-borehole radar tomography.
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Aquifer Tests

Two types of hydraulic aquifer tests were conducted,
displacement/recovery and multiple-well constant-dis-
charge tests. The tests were performed on selected inter-
vals (isolated using inflatable packers) in each of the
boreholes. On the basis of inspection of the rock core from
FL-800 and results of geophysical logging in all three
boreholes, 11 intervals were selected for further evaluation
in borehole FL-800 and 2 intervals in each of boreholes
FL-801 and FL-802 (fig. 3). These intervals were chosen
to evaluate the range of horizontal hydraulic conductivity
(K) of the rock intersected by the borehole. The lithology
of intervals chosen ranged from competent dolomite rock
matrix to bedding-plane partings.

Static Water-Level Measurement

Static water levels were measured in each of the
isolated intervals using an electric tape measure. Vertical
hydraulic gradients were estimated by comparing static
water levels measured in the intervals.

Displacement/Recovery Tests

Displacement/recovery tests (also called slug tests)
areinitiated by quickly lowering a solid cylinder (slug)
below the water surface in a borehole causing the water
level to quickly rise. The change in water level in the
borehol e due to the slug and the recovery of water level
to astatic level (falling-head test) were measured using a
pressure transducer and recorded using a data logger. Slug
tests were conducted using a 10-ft long solid polyvinyl
chloride slug with a0.625-in. radius. The riser pipe above
the isolated intervals in which the slug was lowered had a
0.935-in. radius. Considering the volume of the riser pipe
and the volume of the fully submerged slug, theinitial rise
in water level in the riser pipe was about 4.5 ft. All slug
tests were conducted using the solid slug with the excep-
tion of those for intervals E and F in FL-800. Because the
water column over the packed interval was insufficient,
slugs of 1 and 2 gallons of distilled water were used for
intervals E and F, respectively (fig. 3).

Displacement/recovery data were analyzed using the
technique of Hvorsglev (1951). This technique was devel-
oped for use in unconfined conditions and can be applied
to boreholes that fully or partialy penetrate a formation.
The following conditions are assumed in the application of
the Hvordlov technique:

1. Drawdown of the water table in the vicinity of the
borehole during the test is negligible,

2. Unsaturated flow above the water table can be
ignored,

3. Head losses as the water enters the borehole are negli-
gible, and

4. The hydraulic unit is homogeneous and isotropic.

These conditions are likely to be met or approximated at
the site boreholes over the small volume of rock affected
by the tests.

The Hvorslev equation used in estimating K is

L
K = rzin [r—] ,

- w

@

2LT,
Where,

K = horizontal hydraulic conductivity,

r. = effectiveradiusof the well casing (0.078
feet for all tests),

r, = ¢ffectiveradiusof thewell (0.25 feet for all
tests),

L = length of isolated interval (varies by test),
and

T, = timerequired for the head increasein the

well bore to dissipate.

Multiple-Well Constant-Discharge Tests

The hydraulic connection through specific perme-
able intervals between the three boreholes was eval uated
by multiple-well constant-discharge aquifer testsin which
water is pumped at a constant rate from one borehole,
and changesin water level are observed in the pumped
borehole and the other two. Packed intervals Jand K were
selected for multiple-well constant-discharge testing on the
basis of evaluation of the core and geophysical logs, and
the relatively high permeability exhibited by displacement/
recovery test results. These intervals contain bedding-plane
partings that appear to be present in all three boreholes.
Multiple-well constant-discharge tests were conducted for
each interval independently. To conduct the multiple-well
constant-discharge test, the same permeable interval was
isolated, using an inflatable packer above and below, in
each of the three boreholes. Water was pumped from the
isolated interval in one borehole at a constant rate using
a down-hole Grundfos pump, and changes in water level
were monitored in the isolated interval of all three bore-
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Figure 3. Intervals isolated by packers for boreholes FL-800, FL-801, and FL-802 at the study site in the vicinity of Waupun, Fond
du Lac County, Wis. (Letters represent intervals selected for evaluation; datum for geophysical logs is top of casing; altitude at top
of FL-800 casing is estimated to be 950 ft above NGVD 29; survey level measurement shows altitude of FL-801 is 952.00 ft; of FL-802

is 950.10 ft).
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holes. Changes in water levels above and below the packed
intervals were also monitored. The pump was moved to a
second borehole, and the interval was pumped again, with
water-level responses monitored in al the boreholes. The
pump then was moved to the third borehole, and the pro-
cedure was repeated. The rate of pumping during the tests
was set at about 4 gal/min for interval K (maximum rate
of the pump) and about 2 gal/min for interval J (maximum
rate that would not cause drawdown below the pump).

The transmissivity (T) of intervals Jand K in each
well bore was estimated using the Cooper and Jacobs
(1946) straight-line method:

T= 2.3Q
4rS ' @)
og
Where,
T = transmissivity,
Q = well discharge, and

Se = themeasured rate of drawdown increase per
common log cycle.
Estimated transmissivity was divided by the length
of theisolated interval in the observed well to obtain an
estimate of horizontal hydraulic conductivity.

K=T/b (3)
Where,
K = horizontal hydraulic conductivity,
T = transmissivity, and
b = length of theisolated interval.

An example of recent application of Cooper and
Jacob straight-line method to aquifer testsin Sinnipee
Group rocks can be found in Kay and others (2000).

Water-Sample Collection

Water samples collected from FL-800 and FL-802
during borehole development on April 8 and 9, 1996,
were submitted for analysis of organic constituents to the
USEPA Region 5 Central Regional Laboratory in Chicago,
Illinois. Water samples collected during aquifer testing of
selected intervals on April 24 and 25, 1996, were submit-
ted for analysis of organic and inorganic constituents to the
USEPA Region 5 Central Regional Laboratory in Chicago,
Illinois, and for analysis of inorganic constituents and
major ions to the USGS National Laboratory in Den-
ver, Colorado. Sampling and analytical procedures were
consistent with those outlined in the sampling and analysis

plan (U.S. Environmental Protection Agency and U.S.
Geological Survey, 1996). Field water-quality parameters
(pH, water temperature, specific electrical conductance,
and redox potential) were collected using a flow-through-
cell connected directly to the pump discharge.

Lithostratigraphy

On the basis of the detailed description of rock core
provided by the |SGS using nomenclature consistent with
Conlon (1998), borehole FL-800 intersects (from oldest
to youngest) the Glenwood Formation of the Ordovi-
cian Ancell Group and the dolomites of the Ordovician
Sinnipee Group (fig. 4). Approximately 3 ft of Glenwood
Formation was recovered in the rock core and is described
as amedium-grained, gray to brown sandstone. The Sin-
nipee Group at the site is about 183 ft thick and consists
of light-gray to medium-bluish-gray dolomite. A detailed
lithologic description of all these unitsis presented in table
2.

The Sinnipee Group comprises three units. From old-
est to youngest they are the Platteville Formation, the Dec-
orah Formation, and the Galena Dolomite. The Platteville
Formation is about 51 ft thick and is massive dolomite that
rangesin color from light brownish gray to very light pink-
ish gray. Three members are recognized in the Platteville
Formation—~Pecatonica, McGregor, and Quimby’s Mill
Members. The top of the Platteville Formation is marked
by awell-developed hardground, indicating the presence
of an unconformity separating the Platteville Formation
from the overlying Decorah Formation. The Decorah
Formation is about 14 ft thick and composed of light gray
to medium-light gray dolomite and shale. The dolomite to
shale ratio of the Decorah Formation increases from 60:40
at its base to 95:5 at its top. The Galena Dolomite over-
lies the Decorah Formation and is about 119 ft thick. The
Galena Dolomite comprises two members—the Dunleith
Dolomite and Wise Lake Members—and is generally an
argillaceous dolomite with awide range of grayish colors,
including light gray, pinkish gray, and yellowish gray.
Upward-fining sequences are common, with some termi-
nating in hardgrounds; shale partings are common as well.

Geophysical logs for the three borehol es indicate that
the nature of the Sinnipee Group is similar over therela-
tively short distance between boreholes (figs. 5, 6, and 7).
Therefore, the following comparisons between geophysical
logs for borehole FL-800 (fig. 5) and the descriptions and
physical analysis of the rock core can be extrapolated to
the other two boreholes.



In general, there is good correlation between the geo-
physical logs and the physical description of the core. For
instance, the described shale content of the Decorah For-
mation (table 2) is reflected on the natural-gammalog (fig.
5) as a zone of high gamma counts per second between
796 and 810 ft. The Galena Dolomite and Platteville For-
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mations, both described in core as more massive and less
argillaceous, have relatively low gamma counts per second
compared to the Decorah Formation. The shaley nature of
the Decorah Formation also is reflected in lower resistance
on the short-normal resistivity log (fig. 5).

Altitude,
in feet Geologic Age/
above NGVD 29 Stratigraphic unit Geologic Group
Undifferentiated deposits Holocene/Pleistocene
EXPLANATION
900 |:| Glacial deposits and soil
@ Dolomite
Galena Dolomite
% Shaley Dolomite
ﬁ Sandstone
850
Ordovician
Sinnipee Group
Decorah Formation E —E
g0 M
Platteville Formation
750
. Ordovician
Glenwood Formation Ancell Group
700

Figure 4. Generalized stratigraphy of the study site in the vicinity of Waupun, Fond du Lac County, Wis. (NGVD 29, National

Geodetic Vertical Datum of 1929).
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Table 2. Abbreviated lithologic description and stratigraphic interpretation by the lllinois State Geological Survey of core from
borehole FL-800 at the study site in the vicinity of Waupun, Fond du Lac County, Wis.

[Modified from Michael L. Sargent and Zakaria Lasemi, Illinois State Geologica Survey, written commun.,1997; full description is available upon
request from U.S. Geological Survey; datum is ground surface, estimated to be 949.00 ft National Geodetic Vertical Datum of 1929 (NGVD 29); codesin
parentheses are from the rock-color chart published by The Geologica Society of America (1980)]

(feet a:(::rILUSZVD 29) Lithologic description of core and drill cuttings

929.50 — 949.00 Undifferentiated glacial deposits and soil, not described.

826.80 — 929.50 Galena Dolomite—Wise L ake and Dunleith Dolomite M embers - mostly pinkish gray to yellowish
gray (5Y 8/1to5Y 8/1), from pinkish at the base (826.80 ft) they progressively become very slightly
more gray upward to 852.85 ft. From 852.85 ft upward to 875.60 ft there are about seventeen upward-
fining cycles in which the rocks generally become more argillaceous and darker gray, some cycles then
terminate with a hard-ground that can range from medium gray to dark gray, (N5 to N3), overlying each
hard-ground is alighter-colored pinkish-gray to yellowish-gray purer dolomite that sometimes contains
some olive-gray (5Y 4/1) shale partings and shadowy gray mottling; the gray zone, which is topped by
ahard-ground and ranges from 852.85-854.50 ft, could be interpreted as the upper phase of a cycle for
which the underlying, purer dolomite phase extends from 849.30-852.85 ft; the seventeen cycles range
from about 0.4-2.0 ft thick.

823.30 - 826.80 Galena Dolomite—Wise L ake and Dunleith Dolomite Members - nearly al pinkish gray (5 YR 8/1)
with alittle medium light gray to light gray mottling, mostly along styolites, as at 824.10 and 824.00
ft; one weak very faint hard-ground marked by flat gray line in calcarenite at 826.30 ft; mostly medium
grained and slightly porous, the more pure beds have spongy porosity and vugs up to about 0.5 ft across,
some vugginess seems to be fossil moldic; Hormatoma-like fossil mold at 826.50 ft, fracturing in the
interval at 826.00-825.60 ft appears to be mechanical.

810.90 — 823.30 Galena Dolomite—W ise L ake and Dunleith Dolomite Members - mostly pinkish gray to yellowish
gray (5Y 8/1to5Y 8/1) slightly argillaceous dolomite interbedded and interlaminated with olive gray
to brownish gray (5Y 4/1to 5 YR 4/1) paper-thin wavy-bedded shales (3-5%). Severa distinct beds
of light gray to very light gray (N7 to N8) slightly vuggy to vuggy dark-gray specked cal carenite beds
0.5-3.0 ft thick. The less argillaceous they are, the lighter their color and more vuggy they appear. These
beds are medium to coarsely crystalline; most of thisinterval isfine- to medium-crystalline dense do-
lomite. Some beds are medium to coarsely crystalline and porous to vuggy, these coarser beds are quite
pure dolomite and generally grade upward into finer more argillaceous and shaley dolomite.

797.20 — 810.90 Decor ah For mation—Spechts Ferry Shale - Dolomite and shale and intermixtures of these two, dolo-
mite ranges from light gray to medium-light gray (N7 to N6) with much darker gray very fine “salt and
pepper” speckling, very light gray to white (N8 to N9) dolomitized bryzoan fossils; shales range from
grayish olive green to dark greenish gray (5GY 3/2to 5GY 4/1); dolomite is predominately medium-
grained calcarenite. Overall the formation grades upward from a 60:40 dolomite to shale ratio at the base
to at least 95% dolomite at the top. Within this 13.7-ft-thick upward-increasing carbonate cycle there are
severa second-order cyclesthat begin with arelatively flat bottomed carbonate phase and grade upward
into a shale mixed with dark-gray-speckled nodul ar-dolomite phase.

769.30—797.20 Platteville For mation—Quimby’s Mill Member - Dolomite, virtually al light brownish gray (5YR 7/1),
the upper foot is very light olive gray mottled with olive gray (5Y 7/1 with 5Y 5/1); burrow mottling of
light gray to medium light gray (N7 to N6) is most prominent in zone from 794.50-789.00 ft and at the
base of the unit, 770.50-769.30 ft. A very prominent well-developed hard-ground at the top of the Plat-
teville Formation indicates that the Decorah Formation unconformably overlies the Platteville Formation.

753.80 - 769.30 Platteville Formation—M cGregor Member; Dolomite, 95% fine-grained dolomite that is very light
pinkish gray (5YR 7/1) streaked with argillaceous and shaley beds that range from light olive gray to
olivegray (5Y 6/1to 5Y 4/1); the several calcarenite beds, which range from 0.5-2 inches thick, range
from medium light gray to very light gray to pinkish gray (N6 to N8 to 5YR 8/1) and generally show
mottling and speckling of tones as dark as dark gray (N3).
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Table 2. Abbreviated lithologic description and stratigraphic interpretation by the lllinois State Geological Survey of core from
borehole FL-800 at the study site in the vicinity of Waupun, Fond du Lac County, Wis.—Continued.

[Modified from Michael L. Sargent and Zakaria Lasemi, |llinois State Geologica Survey, written commun.,1997; full description is available upon
request from U.S. Geological Survey; datum is ground surface, estimated to be 949.00 ft National Geodetic Vertical Datum of 1929 (NGVD 29); codesin
parentheses are from the rock-color chart published by The Geological Society of America (1980)]

(feet a:;::;ulsgvn 29) Lithologic description of core and drill cuttings

746.20 — 753.80 Platteville For mation—Pecatonica M ember ; Dolomite, mostly very light brownish gray (5 YR 7/1), in
the basal foot becoming mottled on a background of light gray to yellowish gray (N7 to 5Y 8/1), also
some medium light gray to medium dark gray (N6 to N4) mottling in the lower part above the basal foot;
becomes less sharp and lighter toward the top; the top foot has very little mottling except in the top one

inch, which is dark gray around the edges, this zone carries on the well-devel oped hard-ground at the top
of the member.

743.00 - 746.20 Ancell Group—Glenwood For mation; Sandstone, light gray to very light gray (N7 to N8) “salt and pep-
per” near top (approximately upper 2 ft) becoming more light gray streaked on light gray toward bottom
of the core. The top 2-inch section of coreislight gray horizontally streaked with much darker tones of
grayish black to olive black (N2 to 5Y 2/1), this 2-ft section also contains pebble and smaller clasts rang-
ing from pinkish brown (10 YR 7/4 to 10 YR 5/4), many of these clasts are mantled with pyrite cement
in the surrounding sandstone of a much thinner black mantle.
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Hydrogeological Characteristics

The hydrogeol ogic characteristics of the Sinnipee
Group in the vicinity of Waupun are interpreted from the
collected data. Measurement of rock-matrix properties
provides a fundamental assessment of hydrogeologi-
cal properties, the chemistry of water sampled from the
borehol es reflects aquifer lithology, and comparison of the
physical description of the rock core and geophysical data
allows a broader interpretation of the local hydrogeologic
characteristics of the Sinnipee Group.

Rock-Matrix Properties

Seven samples of the Galena Dolomite, two samples
of the Decorah Formation, six samples of the Platteville
Formation, and two samples of the Glenwood Formation
were analyzed by hydrologists at the USGS Illinois Water
Science Center for selected rock-matrix properties (table
3). The chosen samples did not have obvious devel opment
of secondary permeability. The greatest measured porosity

Table 3.
Fond du Lac County, Wis.
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is 14.6 percent in the Glenwood Formation; this porosity
fallsin the middle of the range of porosity for sandstones
(Freeze and Cherry, 1979). Among the Sinnipee Group
samples, porosity values ranged from 1.6 percent at the
top of the Galena Dolomite to 9.7 percent in the Decorah
Formation. The mean porosity of the two Decorah Forma-
tion samplesis 8.3 percent, of the seven Galena Dolomite
samplesis about 2.4 percent, and of the six Platteville For-
mation samplesis 3.6 percent. On the basis of this limited
number of samples, it appears that the Decorah Formation
has higher matrix porosity than either the Galena Dolomite
or the Platteville Formation (table 3). The relatively low
porosity of the Galena Dolomite and Platteville Formation
appears due to the overall massive crystalline nature of the
dolomites in these units.

No substantial difference is apparent in either the bulk
or grain densities in samples of the three Sinnipee Group
units. Bulk density ranges from 2.4 to 2.8 g/cmé. Grain
density ranges from 2.5 to 2.9 g/cm? (table 3), the higher
of whichisatypical value for pure dolomite (Hurlbut and
Klein, 1977, p. 308).

Physical properties of selected rock core intervals from borehole FL-800 at the study site in the vicinity of Waupun,

[analyses conducted by the USGS Illinois Water Science Center; datum is land surface, estimated to be 949.00 feet above National Vertical Geodetic

Datum of 1929 (NVGD 29)]

Stratigraphic Interval Core interval Porosity Bulk d(_ensity _ Grain d_ensily _
(feet above NGVD 29) (percent)  (grams per cubic centimeter) (grams per cubic centimeter)
Galena Dolomite 927.70 —927.95 16 2.8 29
905.30 — 905.70 19 24 25
868.40 — 868.80 21 2.8 29
851.05-851.30 32 2.8 29
829.05 — 829.30 1.7 2.7 2.7
824.45—-824.70 3.8 2.7 2.8
812.85-813.10 23 2.8 2.8
Decorah Formation 806.00 — 806.45 6.9 2.6 2.7
798.05 —798.40 9.7 25 2.8
Platteville Formation 793.44 — 793.60 18 2.8 2.8
784.75 —785.05 3.7 2.7 2.8
770.55—-770.85 4.0 2.7 2.8
764.00 — 764.80 4.3 2.7 2.8
753.80 — 754.10 4.1 2.7 2.8
746.50 — 746.80 3.7 2.7 2.8
Glenwood Formation 745.70 — 746.20 30 27 2.8
743.65 —743.90 14.6 2.3 2.6
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The higher measured porosity of the Decorah Forma-
tion compared to the rest of the Sinnipee Group (table 3) is
reflected in the neutron-porosity log (fig. 5). The maxi-
mum neutron-porosity data (limestone calibration) indicate
an apparent porosity of 10 to 20 percent in the shaley inter-
val from 798 to 810 ft. Analysis of two core samples from
the Decorah Formation provided porosity values of 6.9 and
9.7 percent. Thisisin contrast to the range of measured
porosity of 1.6 to 4.3 percent for the rest of the Sinnipee
Group. Assuming that pure shale would have an apparent
porosity of about 30 percent (on the basis of log response
in other areas), this means the maximum shale fraction is
30 to 60 percent, and probably averages 15 to 20 percent
inthisinterval (Paillet and Crowder, 1996; Paillet, 1994).
Neutron logging was performed in FL-800 only.

Except for the shaley interval from 798 to 810 ft
mentioned above, the neutron log of borehole FL-800
(calibrated for limestone porosity) shows porosity values
of -4 to -2 percent. Quartz lithology correction to neutron
porosity logs gives about a+4 percent correction, whereas
the dolomite lithology correction is about -5 percent for a
nominal limestone calibrated value of 0. The small nega-
tive values for porosity in the -4 to O percent range indicate
the presence of substantial quartz (possibly chert) in the
dolomite (Paillet and Crowder, 1996; Paillet, 1994).

Radar-propagation velocity and radar-wave attenu-
ation tomograms produced from the FL-800 to FL-802
cross-borehole data (figs. 8aand b) indicate the average
velocity of 60-MHz radar waves at the site is about 305
feet per microsecond (95 meters per microsecond), and the
average attenuation of radar waves is about 6.7 decibels
per foot (21 decibels per meter). Thereisan inverserela-
tion between velocity and attenuation at this site, consis-
tent with the results of many other cross-borehole radar
tomography studies. The decrease in radar-propagation
velocity and the increase in radar-wave attenuation has
been associated with, and is theoretically consistent with,
increased water content and el ectomagneti c-wave attenua-
tion due to the presence of high-porosity, electrically con-
ductive rocks (Lane and others, 1994; Singha and others,
2000; Williams and Lane, 1998).

The cross-borehole radar tomography data show
differencesin velocity and attenuation (fig. 8) among the
three major units in the Sinnipee Group. Matrix poros-
ity measured in rock-core samples (table 3) correlates
well with these velocity and attenuation tomograms. The
Galena Dolomite has the lowest mean porosity at 2.4 per-
cent and is represented in the tomograms as generally hav-
ing the lowest attenuation and greatest vel ocity. Below the
Galena Dolomite is atransition to a zone with the greatest

attenuation and lowest velocity on the tomogram (fig. 8).
The rock core shows thisinterval (about 796 to 815 ft) to
be the shaley dolomite of the Decorah Formation which
has the greatest measured porosity of samples analyzed in
the core—a mean porosity of 8.3 percent. Below the Deco-
rah Formation, the Platteville Formation has a mean poros-
ity of 3.6 percent and is represented in the tomograms as
having velocity and attenuation generally intermediate
between the Galena Dolomite and the Decorah Formation.

Two limitations were experienced with this cross-hole
redar data collection. First, the density of the data was less
than desired, limited as aresult of logistical and equip-
ment problems. Second, deviation logs were not run in
boreholes FL-800 and FL-802, so borehole deviation is not
known. Deviation information would provide more detail
in locating the transmitter and receiver in each borehole.
Assuming that boreholes are vertical usualy is not a safe
assumption, but the lack of deviation data does not appear
to have an important effect on the interpretation in this
case (John Lane, U.S. Geological Survey, written com-
mun., 1999).

Water Type and Chemical Characteristics

Water-quality analyses were conducted for samples
collected from FL-800 and FL-802. Samples were col-
lected from both boreholes on April 8 and 9, 1996, imme-
diately prior to the cessation of pumping during borehole
development, and on April 24 and 25, 1996, from four
packed intervals in FL-800 only. Theintervals from shal-
lowest to deepest are interval F (917 to 922.5 ft), interval
E (905 to 907 ft), interval D (870 to 872 ft), and interval C
(808 to 810 ft).

A single packer at 917 ft defined interval F, with the
tested interval extending to the water table at 922.5 ft (fig.
3). When sampling interval F, the packed interval was
pumped dry after approximately 18 minutes of pumping.
Theinterval was alowed to recover for approximately 30
minutes, and then pumped again. Sample volumes recov-
ered were sufficient for analysis of organic constituents
and trace elements; however, the interval was pumped
dry again with only enough water collected for analysis
for some inorganic constituents. Therefore, interval F of
borehole FL-800 could not be evaluated properly for water
type.

The other sampled intervals, C, D, and E, were iso-
lated by a packer on either side of a 2-foot screen. Inter-
vals C and D are shorter packed intervals that fall within
intervals Jand K of FL-800, respectively (fig. 3). Results
of analysis for inorganic constituents, trace elements, and
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Figure 8. Attenuation tomagram (a) and velocity tomagram (b) from cross-bhorehole radar data collected between boreholes FL-
800 and FL-802 at the study site in the vicinity of Waupun, Fond du Lac County, Wis.



20 Lithostratigraphic and Hydrogeologic Characteristics of the Ordovician Sinnipee Group in the Vicinity of Waupun, Wis.

major ions in samples collected from the four intervals are tent with previous interpretations of water-quality datain
presented in tables 4 and 5; results for organic constituents ~ Wisconsin (Kammerer, 1984; Saad, 1996). The ion balance

are presented in table 6. indicated by analysis of water from interval F was a depar-
The hydrogeochemical classification of the water ture from that of the other intervals, believed to be due to

types from intervals C, D, and E were determined using the fact that interval F was pumped dry during sampling.

Piper diagrams (fig. 9) and found to be cal cium-magne- Except for one sample containing trichloroethene

sium bicarbonate type waters. The occurrence of thiswater (1 microgram per liter) that was collected during bore-
typeis believed to be due to the carbonate-rich mineralsin hole development of FL-800 (table 6), all of the organic
the Ordovician aquifer and the generally short flow paths compounds detected were estimated or quantified due to
within the aquifer (Olcott, 1992); these findings are consis- ~ presence in alaboratory blank. Results of analyses for

Table 4. Results of analyses for trace elements, major ions, and physical properties in water samples collected from intervals
F, E, D, and C in borehole FL-800 on April 24 and 25, 1996, at the study site in the vicinity of Waupun, Fond du Lac County, Wis.

[MCL, maximum contaminant level; - -, no established MCL; —, not analyzed; ND, not determined; mg/L, milligrams per liter; CaCO,, calcium carbon-
ate; pg/L, micrograms per liter; uS/cm, microsiemens per centimeter; °C, degrees Celsius; analyses were conducted by U.S. Geological Survey labora-
tory in Denver, Colo.; atitude of packed intervals defined in table 3; intervals depicted in figure 3]

Constituent el Units |n|:|ér?:gl|) F Inlt::;rsgtll E ..:ng?o |n::r3:? c
pH standard units 7.67 7.4 7.4 7.2
Hardness, total -- mg/L as CaCO, — 610 570 640
Calcium (Ca), dissolved -- mg/L asCa — 130 120 130
Magnesium (Mg), dissolved -- mg/L asMg — 70 66 76
Sodium (Na), dissolved -- mg/L asNa — 10 15 17
Sodium adsorption ratio -- ratio — 0.2 0.3 0.3
Sodium, percent -- percent — 4 6 6
Potassium (K), dissolved -- mg/L asK — 55 15 31
Chloride (Cl), dissolved -- mg/L asCl 190 81 95 130
Sulfate (SO,), dissolved -- mg/L as SO, 110 120 140 150
Fluoride (F), dissolved -- mg/L asF A 2 2 2
Silica(Si0,), dissolved -- mg/L as SIO, 19 15 13 14
Iron (Fe), dissolved 300 Hg/L asFe 25 190 330 250
Manganese (Mn), dissolved 50 Mg/l asMn 140 34 74 93
Residue, dissolved 180°C -- mg/L° 1,080 700 692 884
Dissolved solids, sum -- mg/L° ND 665 672 796
Bromide (Br), dissolved -- mg/L asBr 0.06 0.1 0.09 0.11
Specific conductance -- uS/em 1,490 1,110 1,130 1,400
Alkalinity as CaCO, -- mg/L as CaCO, 317 388 345 412
lon balance -- percent difference ND 1.14 -0.09 -2.53

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

® For the purposes of this report, concentrations reported in milligrams per liter (mg/L) are equivalent to parts per million (ppm).
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inorganic constituents indicate that the USEPA Primary tions of iron in samples collected from all four tested inter-
Drinking Water Standard for antimony was exceeded in a vals exceeded the USEPA Secondary Drinking Water Stan-
sample collected from interval D (table 5). Water collected dard (table 5), and all concentrations of manganese and
frominterval F exceeded the USEPA Secondary Drinking dissolved manganese were near or exceeded the USEPA
Water Standard for aluminum and the USEPA Drinking Secondary Drinking Water Standard (tables 4 and 5).
Water Equivalent Level for sodium (table 5). Concentra-

Table 5. Results of analyses for inorganic constituents in water samples collected from intervals F, E, D, and C in borehole
FL-800 on April 24 and 25, 1996, at the study site in the vicinity of Waupun, 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;
analyses were conducted by U.S. Environmental Protection Agency Central Regional Laboratory in Chicago, Illinois; atitude of packed intervals defined
intable 4]

Constitent et moalf  menalE  ionald  ntomaC
Aluminum 50-200? 272 <80 <80 <80
Antimony 6° 1 2 21 9
Arsenic 50° <2 41 5.1 <2
Barium 2,000° 208 175 209 216
Beryllium 4v <1 <1 <1 <1
Cadmium 5b <0.2 <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 1,0002 48.7 43.2 <6 <6
Iron 3002 778 456 775 432
Lead 15° 5 <2 2 <4
Magnesium -- 87,900 68,000 65,200 77,100
Manganese 502 149 40.9 88.2 108
Nickel 1000 33.8 74.4 374 35.2
Potassium -- 99,200 8780 18,700 36,900
Selenium 50° <2 <2 <2 <2
Silver 1002 <6 <6 <6 <6
Sodium 20,000¢ 25,400 10,700 15,500 18,000
Thallium 2v <2 <2 <2 <2
Vanadium -- <5 <5 <5 <5
Zinc 5,000 43.6 <40 56.4 307

@ Secondary Drinking Water Standard (U.S. Environmental Protection Agency, 2000)
® Primary Drinking Water Standard (U.S. Environmental Protection Agency, 2000)
¢ Drinking Water Equivalent Level (U.S. Environmental Protection Agency, 2000)
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Table 6. Results of analyses for organic compounds in water samples collected from borehole FL-800 during borehole
development on April 8 and 9, 1996, and from intervals F, E, D, and C sampled during aquifer testing on April 24 and 25, 1996
at the study site in the vicinity of Waupun, Fond du Lac County, Wis.

[all values reported in micrograms per liter; MCL, maximum contaminant level; - -, no established MCL; <, less than detection limit; (J), estimated
value; (B), detected in laboratory blank; —, not analyzed; altitudes of packed intervals defined in table 4; intervals depicted in figure 7; analyses were
conducted by U.S. Environmental Protection Agency Central Regional Laboratory in Chicago, Illinois]|

FL-800 FL-800

Compound McL FL-800 development, FL-800 FLB00" | tervalE | P800 FL-800
development duplicate Interval F  Interval E (duplicate) Interval D Interval C

Chloromethane -- <1 <1 <3 <3(J) <3 <3 <3
Vinyl chloride 2 <1 <1 <3 <3(J) <3 <3 <3
Bromomethane -- <1 <1 <3(J) <3(J) <3(J <3(J <3(J)
Chloroethane -- <1 <1 <3(J) <3(J) <3 <3 <3
1,1-Dichloroethene -- <1 <1 <2 <2(J) <2 <2 <2
Acetone -- <3 <3 <10 6 <10 <10 <10
Carbon disulfide -- <1 <1 <2 <2(J) <2 <2 <2
Methylene chloride -- 1(B) 2 (B) <2 <2(J) <2 <2 <2
trans-1,2-Dichloroethene -- <1 <1 <2 <2(J) <2 <2 <2
1,1-Dichloroethane -- <1 <1 <2 <2(J <2 <2 <2
2,2-Dichloropropane 5 <1 <1 <2 <2(J <2 <2 <2
cis-1,2-Dichloroethene -- <1 <1 <2 <2(J) <2 <2 <2
2-Butanone -- <3 <3 <10 <10(J) <10 <10 <10
Bromochloromethane -- <1 <1 <2 <2(J) <2 <2 <2
Chloroform -- <1 <1 <2 <2(J) <2 <2 <2
1,1,1-Trichloroethane 200 <1 <1 <2 <29 <2 <2 <2
Carbon tetrachloride 5 <1 <1 <2 <2(J) <2 <2 <2
1,1-Dichloropropene -- <1 <1 <2 <2(J) <2 <2 <2
Benzene 5 <1 <1 <2 <2 <2 <2 <2
1,2-Dichloroethene -- <1 <1 <2 <2(J) <2 <2 <2
Trichloroethene -- 05(J) 1 <2 <2(J) <2 <2(J <2
1,2-Dichloropropane 5 <1 <1 <2 <2(@J <2 <2 <2
Dibromomethane -- <1 <1 <2 <2(J) <2 <2 <2
Bromodichloromethane -- <1 <1 <2 <2(J) <2 <2 <2
cis-1,3-Dichloropropene -- <1 <1 <2 <2(@J <2 <2 <2
Toluene 1,000 <1 <1 1) <29 0.7 (J) <2 05(@)
4-Methyl-2-Pentanone -- <2 <2 <5 <5() <5 <5 <5
trans-1,3-Dichloropropene -- <1 <1 <2 <2(J) <2 <2 <2
Tetrachloroethene -- 05() <0.5(J) <2 <2(J) <2 <2 <2
1,1,2-Trichloroethane 5 <1 1 <2 <2(J) <2 <2 <2
1,3-Dichloropropane -- <1 <1 <2 <2(J) <2 <2 <2
2-Hexanone -- <2 <2 <5 <5() <5 <5 <5
Dibromochloromethane -- <1 <1 <2 <2(J) <2 <2 <2

1,2-Dibromoethane -- <1 <1 <2 <2(J) <2 <2 <2



Hydrogeological Characteristics 23

Table 6. Results of analyses for organic compounds in water samples collected from borehole FL-800 during borehole
development on April 8 and 9, 1996, and from intervals F, E, D, and C sampled during aquifer testing on April 24 and 25, 1996
at the study site in the vicinity of Waupun, Fond du Lac County, Wis.—Continued.

[all values reported in micrograms per liter; MCL, maximum contaminant level; --, no established MCL ; <, less than detection limit; (J), estimated
value; (B), detected in laboratory blank; —, not analyzed; altitudes of packed intervals defined in table 4; intervals depicted in figure 7; analyses were
conducted by U.S. Environmental Protection Agency Central Regional Laboratory in Chicago, Illinois]

FL-800 FL-800

Compound mcL’ FL-800 development, FL-800 FL-800° Interval E FL-800 FL-800
development duplicate Interval F  Interval E (duplicate) Interval D Interval C
Chlorobenzene 100 <1 <1 <2 <2(J) <2 <2 <2
1,1,2,2-Tetrachloroethane -- <1 <1 <2 <2(J) <2 <2 <2
Ethylbenzene 700 <1 <1 <2 <2 <2 <2 <2
m &/or p-Xylene -- <1 <1 <2 <2(J) <2 <2 <2
o-Xylene -- <1 <1 <2 <2(J) <2 <2 <2
Styrene 100 <1 <1 <2 <2(J) <2 <2 <2
Bromoform -- <1 <1 <2 <2(J) <2 <2 <2
| sopropylbenzene -- <1 <1 <2 <2(J <2 <2 <2
Bromobenzene -- <1 <1 <2 <2(J) <2 <2 <2
1,2,3-Trichloropropane -- <1 <1 <2 <2(J) <2 <2 <2
1,1,2,2-Tetrachl oroethane -- <1 <1 <2 <2(J) <2 <2 <2
n-Propylbenzene -- <1 <1 <2 <2(J) <2 <2 <2
2-Chlorotoluene -- <1 <1 <2 <2(J) <2 <2 <2
4-Chlorotoluene -- <1 <1 <2 <2(J) <2 <2 <2
1,3,5-Trimethylbenzene -- <1 <1 <2 <2(J) <2 <2 <2
tert-Butylbenzene -- <1 <1 <2 <2(J) <2 <2 <2
1,2,4-Trimethylbenzene -- <1 <1 <2 <2(J) <2 <2 <2
sec-Butylbenzene -- <1 <1 <2 <2(J) <2 <2 <2
1,3-Dichlorobenzene -- <1 <1 <2 <2(J) <2 <2 <2
1,4-Dichlorobenzene -- <1 <1 <2 <2(J) <2 <2 <2
p-1sopropyltoluene -- <1 <1 <2 <2 <2 <2 <2
1,2-Dichlorobenzene -- <1 <1 <2 <2(J <2 <2 <2
n-Butylbenzene -- <1 <1 <2 <2 <2 <2 <2
1,2-Dibromo-3- -- <1 <1 <2 <2(J) <2 <2 <2
chloropropane
1,2,4-Trichlorobenzene -- <1 <1 <2 <2 <2 <2 <2
Naphthalene -- <1 <1 <2 <2(J) <2 <2 <2
Hexachlorobutadiene -- <1 <1 <2 <2(J) <2 <2 <2
1,2,3-Trichlorobenzene -- <1 <1 <2 <2(J) <2 <2 <2
3-Heptanone -- — — 4(J) — — — —
Phenol 5o <5 <5 — — — _ _
bis(2-Chloroethyl)ether -- <5 <5 — — — — —
2-Chlorophenol = <5 <5 — — — — —
1,3-Dichlorobenzene -- <5 <5 — — — — —

1,4-Dichlorobenzene oy <5 <5 — — — — _
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Table 6. Results of analyses for organic compounds in water samples collected from borehole FL-800 during borehole
development on April 8 and 9, 1996, and from intervals F, E, D, and C sampled during aquifer testing on April 24 and 25, 1996
at the study site in the vicinity of Waupun, Fond du Lac County, Wis.—Continued.

[all values reported in micrograms per liter; MCL, maximum contaminant level; --, no established MCL ; <, less than detection limit; (J), estimated
value; (B), detected in laboratory blank; —, not analyzed; altitudes of packed intervals defined in table 4; intervals depicted in figure 7; analyses were
conducted by U.S. Environmental Protection Agency Central Regional Laboratory in Chicago, Illinois]|

Compound MmcL’ FL-800 devzll-t;?):?ent, FL-800 FL-800° Inlt::;;\sl:(ll g L8 FL-800
development duplicate Interval F  Interval E (duplicate) Interval D Interval C
Benzyl alcohol -- <5 <5 — — — — —
1,2-Dichlorobenzene -- <5 <5 — = — — —
2-Methylphenol -- <5 <5 — — — — —
bis (2-Chloroisopropyl) - <5 <5 — — — — —
ether
4-Methylphenol -- <5 <5 — — _ _ _
N-Nitroso-di-n-propylamine -- <5 <5 — = — — —
Hexachloroethane -- <5 <5 — — — — —
Nitrobenzene - <5 <5 — — — — —
Isophorone -- <5 <5 — — — _ _
2-Nitrophenol -- <5 <5 — — — — —
2,4-Dimethylphenol -- <5 <5 — — — — _
Benzoic acid -1 <20 <20 — — — — —
bis(2-Chloroethoxy)methane - - <5 <5 — — — — —
2,4-Dichlorophenol == <5 <5 — — — — _
1,2,4-Trichlorobenzene 70 <5 <5 — — — — —
Naphthalene -- <5 <5 — — — — —
4-Chloroaniline -- <5 <5 — — — — —
Hexachlorobutadiene -- <5 <5 — — — — —
4-Chloro-3-methylphenol -- <5 <5 — — — — —
2-Methylnaphthalene == <5 <5 — — — — _
Hexachlorocyclopentadiene 50 <5 <5 — — — — —
2,4,6-Trichlorophenol -- <5 <5 — — — — —
2,4,5-Trichlorophenol -- <20 <20 — — — — _
2-Chloronaphthalene -1 <5 <5 — — — — _
2-Nitroaniline -- <20 <20 — — — — —
Dimethylphthalate == <5 <5 — — — — _
Acenaphthylene -- <5 <5 — — — — —
2,6-Dinitrotoluene -- <5 =5 — = — — —
3-Nitroaniline -- <20 <20 — — — — —
Acenaphthene =a <5 <5 — — — _ _

2,4-Dinitrophenol -- <20 <20 — — — — _
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Table 6. Results of analyses for organic compounds in water samples collected from borehole FL-800 during borehole
development on April 8 and 9, 1996, and from intervals F, E, D, and C sampled during aquifer testing on April 24 and 25, 1996
at the study site in the vicinity of Waupun, Fond du Lac County, Wis.—Continued.

[all values reported in micrograms per liter; MCL, maximum contaminant level; --, no established MCL ; <, less than detection limit; (J), estimated
value; (B), detected in laboratory blank; —, not analyzed; altitudes of packed intervals defined in table 4; intervals depicted in figure 7; analyses were
conducted by U.S. Environmental Protection Agency Central Regional Laboratory in Chicago, Illinois]

FL-800 FL-800

Compound MmcL® FL-800 development, FL-800 FLBOD" ervale | P800 FL-800
development duplicate Interval F  Interval E (duplicate) Interval D Interval C
4-Nitrophenol - <20 <20 — = — — —
Dibenzofuran -- <5 <5 — — — — —
2,4-Dinitrotoluene -- <5 <5 — — — — —
Diethylphthalate -- <5(J <5 — — — — —
4-Chlorophenyl-phenylether -- <5 <5 — — — — —
Fluorene -- <5 <5 — — — — —
4-Nitroaniline -1 <20 <20 — = — — —
4,6-Dinitro-2-methyl phenol -- <20 <20 — — — — —
N-Nitrosodiphenylamine (1) -- <5 <5 — — — — _
4-Bromophenyl-phenylether -- <5 <5 — — — — _
Hexachlorobenzene 1 <5 <5 = — — — —
Pentachl orophenol 1 <20 <20 — — — — _
Phenanthrene so <5 <5 _— — — — —
Anthracene -- <5 <5 — — — — —
Di-n-butylphthalate -- <1(B,J) <1(B,J) — — — — _
Fluoranthene -- <5 <5 — — — — —
Pyrene -- <5 <5 — — — — —
Butylbenzylphthalate -- <5 <5 — — — — _
3,3'-Dichlorobenzidine -1 <5 <5 — — — — —
Carbazole -- <5 <5 — — — — —
Benzo(a)anthracene - - <5 <5 — — — — —
Chrysene -- <5 <5 — — — _ _
bis(2-Ethylhexyl)phthalate -- 8(B) 10 (B) — — — — —
Di-n-octylphthalate -- <5 <5 — — — — —
Benzo(b)fluoranthene == <5 <5 — — — — _
Benzo(k)fluoranthene -- <5 <5 — — — — —
Benzo(a)pyrene 0.2 <5 <5 — — — — —
Indeno(1,2,3-cd)pyrene -- <5 <5 — — — — —
Dibenzo(a,h)anthracene -- <5 <5 — — — — _
Benzo(g,h,i)perylene -- <5 <5 — — — — —

@ Primary Drinking Water Standard (U.S. Environmental Protection Agency, 2000).

b All samples, except those from interval E, met internal standard (1S) area quality control (QC) requirements. This sample was analyzed on April 29
and on April 30, 1996. Because al three | S area responses were biased low on both days of analysis, all TLC results for this sample are flagged with
both “<” and “J" if less than detection limit, and flagged with “J" if detected.
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EXPLANATION

100

i\( FL-800 packed interval C
O FL-800 packed interval D
A FL-800 packed interval E

() FL-800 packed interval F

Total dissolved solids,
in parts per million
(size of symbol indicates value)
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<] 1080
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Ca Na +K CO0; +HCO; Cl

Figure 9. Hydrogeochemical classification of water from selected intervals of borehole FL-800 at the study site in the vicinity of
Waupun, Fond du Lac County, Wis. [Total dissolved solids is presented as residue (dissolved at 180°C).]



Hardgrounds, Fractures, and Bedding-Plane
Partings

Both fractures and lithol ogic hardgrounds were
described by the ISGS in the rock core from borehole
FL-800. ISGS noted that hardgrounds were common in
this core, some having stratigraphic significance. The
hardgrounds have been classified into four categories (very
well developed, well developed, weakly developed, and
very weakly developed) based on the subjective judg-
ment of the ISGS as to the degree of development. Four
very well developed hardgrounds were identified, three
of which were used as formation or member contacts
(fig. 10). The hardground at about 797 ft represents the
top of the Platteville Formation, the hardground at about
754 ft represents the top of the Pecatonica Member of the
Platteville Formation, and the hardground at about 746 ft
represents the top of the Glenwood Formation. The fourth
very well developed hardground, unrelated to a strati-
graphic contact, islocated at about 868 ft; however, this
hardground, along with two well developed hardgrounds
at about 871ft and 874 ft, appear related to two distinct
bedding-plane partings in FL-800 that were tested in the
packed intervals K and D. Additional well developed

Table 7.
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hardgrounds could be related to bedding-plane partings
between 893 and 895 ft.

Numerous fractures were noted to depths of about
177 ft, though fractures that appeared to be natural (not
mechanically induced) were limited to depths above 80
ft—the section from 870 ft and higher. Fractures were
more numerous near the top of the core and were noted to
be either vertical or nearly vertical, or at an angle of 30 to
40 degrees from vertical. The core was not oriented during
drilling, so the azimuth of the fracture planes could not be
estimated.

The evauation of the single-hole directional ground-
penetrating radar reflection survey in FL-800 identified 15
reflectors at the site. Radar reflectors may be associated
with secondary permeability features, including fractures.
Two reflectors have strikes of 40 to 60 degrees from
magnetic north, with a conjugate set of five reflectors at
130 to 150 degrees (table 7). Other strikes were interpreted
from the data at 190 degrees (three reflectors) and 300
degrees (five reflectors). The dip of areflector is measured
by the tool as an angle with respect to the borehole (Lane
and others, 1994). These data have been subtracted from
90 degrees (vertical borehole assumed) to obtain degrees
of dip from horizontal (table 7). Reflector dips greater

Single-hole ground-penetrating radar directional reflection survey indicating the strike directions, dips, and

intersection with borehole of reflectors in borehole FL-800 at the study site in the vicinity of Waupun, Fond du Lac County, Wis.

[datum is top of casing, estimated to be 950 feet above the National Geodetic Vertical Datum of 1929 (NGVD 29)]

Strike of reflector Dip of reflector

Projected altitude of intersection

(degrees from (degrees from with borehole
magnetic north) horizontal) (feet above NGVD 29)

40 88.9 3,693.24
130 84.4 1,013.00
130 75.5 970.67
130 28.3 932.94

60 28.4 924.74
190 60.8 922.11
190 0.0 916.53
190 0.0 906.69
150 Subhorizontal 869.94
150 1.6 852.55
300 0.0 847.63
300 145 815.48
300 0.0 804.65
300 0.0 797.43
300 235 744.61
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Altitude, MW-1B Top of geologic unit,
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<> Very well developed
Well developed

+005  Approximate
increase of flow
into borehole (gal/min)

005 Approximate
decrease of flow
from previous
measurement (gal/min)

Figure 10. Selected hydrogeologic features at boreholes FL-800, FL-801, and FL-802 at the study site in the vicinity of Waupun,
Fond du Lac County, Wis. (NGVD 29, National Geodetic Vertical Datum of 1929).



than 45 degrees are found for reflectors with strikes of 45,
130, and 190 degrees. Reflector dips less than 45 degrees
arefound for reflectors at all strikes except 45 degrees.
Sub-horizontal dips are found for reflectors with strikes of
150, 190, and 300 degrees. The interpretation of these data
includes a“ depth of intersection” for each reflector (table
7); thisis the depth at which the reflector would intersect
the borehole if it were large enough and areally extensive
enough to do so. These depths are “tie-points’ that allow
one to reconstruct the geometry and location of the reflec-
tors with respect to the borehole (Lane and others, 1994,
Singha and others, 2000).

Comparison of the projected depth of intersection
of the reflectors with borehole FL-800 to the acoustic
televiewer and caliper logs indicate that some reflectors do
appear to intersect the borehole. Specificaly, horizontal or
sub-horizontal reflectors projected to intersect the borehole
at about 917 ft, 907 ft, 870 ft, 805 ft, and 797 ft are seen to
correlate with indications of bedding-plane partings on the
acoustic televiewer log and, for altitudes of 917 and 870
ft, a caliper diameter greater than the nominal 6 in. (fig.
5). Four of these five indications of horizontal partings
are within packed intervals subjected to slug or aquifer
tests—917 ft is the bottom of interval F, 907 ft is at the top
of interva E, 870 ft iswithin intervals K and D, and 797 ft
iswithin interval G. In addition, the reflector at 797 ft cor-
relates with a very well devel oped hardground described
in the rock core. Though some of the GPR reflectors do
correlate with fractures and partings noted on geophysical
logs and rock core, many additional fractures with arange
of dips and partings identified by the televiewer log and
(or) core description were not measured by the borehole
radar survey. Two possible explanations for this absence
are (1) the fractures are discontinuous over their length or
do not provide a high enough contrast in electromagnetic
properties to generate a good reflection, or (2) the steep
dip of the fractures combined with low-frequency ringing
in the data might have obscured the reflections (Kay and
others, 2004).

Theinformation provided by the core description
and ground-penetrating radar is consistent with interpreta-
tion of borehole permeability on the basis of heat-pulse
flowmeter logs. Downward flow, ranging from 0.2 to
0.8 gal/min, occurred under ambient conditionsin all
three boreholes. The flowmeter profiles (figs. 5, 6, and 7)
indicate that water entering and exiting the boreholes at
seven bedding-plane partings accounts for most of the total
borehole transmissivity. Although the same bedding planes
generaly are active in al three borehol es, the amount
of water contributed from each parting differs between
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boreholes. In addition, the water level at about 915 ft in all
three holes coincides with a prominent bedding plane as
evidenced by the caliper log. This bedding plane could not
be imaged with the televiewer because the televiewer only
worksin afluid-filled borehole.

The flowmeter profilesin all three boreholes show
that more than 90 percent of the total borehole transmis-
sivity is provided by bedding-plane partings found at
870 ft and higher (figs. 5, 6, and 7). Thisis the same part
of the rock core that has the greatest number of natural
fractures, though these fractures have been described as
(near) vertical or with 30- to 40-degree dips. The section
870 ft and higher is stratigraphically within the Wise Lake
and Dunleith Members of the Galena Dolomite (table 2).
On the basis of the interpretation of flowmeter data, the
bedding plane parting at about 905 ft contributes 10 to 20
percent of the total borehole transmissivity in FL-800 and
FL-802, but contributes none in FL-801. The bedding-
plane parting at about 890 ft contributes 20 to 25 percent
of the total borehole transmissivity in FL-801 and FL-802,
but contributes none in FL-800. Thisis an indication that
although bedding-plane partings are observed to be later-
ally extensive, they are not necessarily always hydrauli-
cally well-connected.

Ambient and steady injection conditions were used as
two different head conditions under which to measure flow
in the boreholes; the data are plotted as discrete flowmeter
measurements (data) and as “ step profiles’ (interpretation)
for each borehole (figs. 5, 6, and 7) (Paillet, 1995; Paillet,
1998; Paillet and others, 1987; Paillet and Reese, 2000).
Comparison of step profiles shows that the pair of bed-
ding-plane partings near 870 ft is much more permeable
than any of the other bedding-plane partings intersecting
the borehole. This statement is qualified by the recogni-
tion that the bedding plane parting near 915 ft is not fully
saturated, so flow data may not accurately reflect the rela
tive permeability of that parting. To compare the relative
permeability of the partings between boreholes, relative
flows must be normalized. Thisis done by measuring the
increase in measured head produced by the injection for
each borehole. The boreholes, however, were so produc-
tive that no head change could be measured (a common
problem of cascading water during injection and almost
instantaneous recovery). The head difference between the
top and bottom of each borehole is probably about the
same under ambient conditions (Fred Paillet, U.S. Geolog-
ical Survey, written commun., 1999). Nonetheless, the 870
ft zone of FL-802 may be somewhat less permeable than
the same zone in the other wells because the measured
ambient flow isless.
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Hydraulic Properties

The results of the aquifer tests are consistent with
the interpretation of lithologic data that ground-water
flow within the Sinnipee Group at the study siteis primar-
ily through horizontal bedding-plane partings. However,
evaluation of the responses to imposed aquifer stresses
suggests a complex vertical interconnection between bed-
ding-plane partings.

Vertical-Flow Characteristics

During the development of the boreholes, M\W-3B
demonstrated significantly more response to pumping of
FL-800 and FL-801 than did MW-1B (which essentially
showed no response), even though both wells are screened
over the same vertical interval and MW-1B is very close
to FL-800 (fig. 2). Well MW-1A did show aresponse to
the pumping, although it was small. This anisotropy may
be a further reflection of the influence of the sub-vertical
fractures observed in the televiewer logs and identified as
reflectors by ground-penetrating radar.

Static water levels were measured in selected inter-
vals of the three boreholes (fig. 3 and table 8), and vertical
hydraulic gradients were estimated by comparing levels
in adjacent intervals (table 9). Gradients were found to
be almost uniformly downward (identified with negative
value), ranging from -0.040 to -1.251 ft/ft. Upward gradi-
ents were found in adjacent intervals G/B, H/C, K/H, and
I/D and range from 0.006 to 0.797 ft/ft. The lowest static
water level was measured in interval G of FL-800 at 780.1
to 800.0 ft; the water level was more than 7 ft lower than
the next lowest measured level. This might indicate that
the water level in thisinterval had not reached equilibrium
at the time it was measured; however, the reported water
level was measured 17 hours after the packers were set
and had remained within a few hundredths of afoot for at
least 1.5 hours. The second lowest static water level in FL-
800 was measured in interval A, a zone that includes the
base of the Sinnipee Group and the top of the Glenwood
Formation. Neither interval G nor A contain observable
bedding-plane partings, and both exhibited extremely
long recovery times during their slug tests, indicating low
matrix permeability.

Although some secondary permeability development
is present in the Sinnipee Group, the generally massive
nature of the units restricts the easy passage of water
downward, resulting in the observed downward hydrau-
lic gradient. The overall nature of downward gradients,
however, indicates that ground water recharging the Sin-

nipee Group will ultimately move to underlying bedrock
units. Comparison of the two Sinnipee Group intervals that
were chosen for the multiple-well constant-discharge tests
(intervals K and J) shows a consistent downward gradient
in the three boreholes of -0.057 to -0.062 ft/ft (table 9).

During the multiple-well constant-discharge testing of
interval K (isolating the bedding plane parting at 870 feet
and three hardgrounds above [fig. 10]) the stress appears
to have been transmitted above the packed interval in all
three boreholes during all three tests (appendix B). Gener-
aly, the water levels monitored above the isolated pumped
interval exhibited a hydraulic response similar to the
observed response in the pumped interval, but at approxi-
mately one-half the magnitude (appendix B). Thisistrue
for all three boreholes except for pumping from FL-801; in
this case the response of the water levels monitored above
the isolated pumped interval was observed to be substan-
tially less than one-half the magnitude of the response of
the pumped interval. No other vertical transmission was
noted during these tests, either below the packed interval
for the K interval tests, or above or below the packed inter-
val for the Jinterval tests.

Also observed in borehole FL-801 during all of the
multiple-well constant-discharge tests was a slight oscilla-
tion in the water levels measured below the packed inter-
vals. The magnitude of the oscillation was approximately
0.02 ft and was observed on a cycle of approximately 80
minutes. Thiswould indicate the possibility of a hydraulic
connection to an outside aquifer stress, such as a pump-
ing well, present in FL-801 but not in the other boreholes.
A possible explanation is that FL-800 and FL-802 are
hydraulically well-connected to the bedrock at the bot-
tom of the borehole, as demonstrated by flowmeter results
showing 0.25 gpm of flow into the Ancell Group, whereas
FL-801 does not show that same flow at the bottom of the
borehole (figs. 5, 6, and 7). Without that same hydraulic
connection, FL-801 might be more likely to show very
subtle effects of local stresses in the Sinnipee Group
aquifer.



Hydrogeological Characteristics 31

Table 8. Measured static water levels in selected intervals in boreholes FL-800, FL-801, and FL-802 at the study site in the vicinity
of Waupun, Fond du Lac County, Wis.

[intervals are depicted in figure 3; NGVD 29, National Geodetic Vertical Datum of 1929]

Static water level

Borehole il::g:(:adl (fe:ta ::s:;:gv; Izg) Stratigraphic unit (interval, in feet above
NGVD 29)
FL -800° o 917.0—9225 Galena Dolomite—Wise Lake and Dunleith Dolomite 92245
Members
FL-800 E 905.0 — 907.0 Galena Dolomite—Wise Lake and Dunleith Dolomite 915.47
Members
FL-800 | 88218920 Galena Dolomite—Wise Lake and Dunleith Dolomite 914.71
Members
FL-800 b 870.0—872.0 Galena Dolomite—Wise Lake and Dunleith Dolomite 914.80
Members
FL-800 K 865.9 8774 Galena Dolomite—Wise Lake and Dunleith Dolomite 911.34
Members
FL-800 H 80418440 Galena Dolomite—Wise Lake and Dunleith Dolomite 91215
Members
FL-800 C 808.0 -810.0 Decorah Formation—Spechts Ferry Shale 912.70
Galena Dolomite—Wise Lake and Dunleith Dolomite
FL-800 J 805.9-817.4 Members, and Decorah Formation—Spechts Ferry 907.63
Shale
FL-800 G 780.1—-800.0 Platteville Formation—Quimby’s Mill Member 889.00
FL-800 B 765.0-767.0 Platteville Formation—McGregor Member 908.16
FL-800 Ac 743.0 — 755.0 Platteville Formati on—Pecatonica M ember and Ancell 896.22
Group—Glenwood Formation
FL-801¢ K 863.8— 8755 Galena Dolomite—Wise Lake and Dunleith Dolomite 911.32
Members
Galena Dolomite—Wise Lake and Dunleith Dolomite
FL-801 J 803.8-815.5 Members, and Decorah Formation—Spechts Ferry 907.84
Shale
FL-800¢ K 863.1- 8746 Galena Dolomite—Wise Lake and Dunleith Dolomite 911.32
Members
Galena Dolomite—Wise Lake and Dunleith Dolomite
FL-802 J 803.1-814.6 Members, and Decorah Formation—Spechts Ferry 907.90

Shale

aGround level of FL-800 estimated to be 949.00 ft above NGV D 29 on the basis of topographic maps. Datum for packed intervals and static water
levels are top of casing, estimated to be 950.00 ft above NGV D 29.

®Interval F defined by lower packer and top of static water surface.

Interval A defined by upper packer and bottom of borehole.

dPacked intervals and static water levels reflect +2.00 ft difference in top of casing elevation of FL-801 compared to FL-800.

¢Packed intervals and static water levelsreflect +0.10 ft difference in top of casing elevation of FL-802 compared to FL-800.
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Table 9. Vertical hydraulic gradients calculated between
selected intervals in boreholes FL-800, FL-801, FL-802 at the
study site in the vicinity of Waupun, Fond du Lac County, Wis.

[downward gradient is denoted by “-”; altitude of packed intervals
defined in table 4; intervals are shown in figure 7]

Borehole Packed intervals Gradient
compared (feet per foot)

FL-800 F/E -0.393

El -0.040

I1/ID 0.006

I/K -0.219

D/H -0.073

K/H 0.020

K/J -0.062

HIC 0.024

H/J -0.200

CIG -1.251

JG -0.863

G/B 0.797

B/A -0.724

FL-801 K/J -0.058

FL-802 K/J -0.057

Horizontal-Flow Characteristics

Estimates of horizontal hydraulic conductivity (K)
were made using the techniques of Hvorslev (1951) on
data from displacement/recovery tests. As an example,
data collected during the test of interval C of borehole
FL-800 and calculations using the Hvorslev equation are
presented in figure 11. Estimates of K for the isolated
intervalsin all three boreholes ranged over more than 2
orders of magnitude, from 0.3 to 61 ft/d (table 10). Inter-
vals that included partings had estimated conductivities
over the entire range from 0.3 to 61 ft/d. Intervals that did
not contain any partings identified by the caliper log (that
is, intervals used to evaluate rock matrix) had estimated
conductivities ranging from 0.4 to 5 ft/d. Because of long
recovery times, however, it was not possible to calculate
K for intervals A, B, and G in FL-800; the long recovery
times indicate that these interval s which tested matrix
permeability have low values of K.

The results of the displacement/recovery tests support
the interpretation of greater permeability for bedding-plane
partings identified by the caliper log than for the dolomite
matrix. Interval K consistently had the highest estimated

conductivity (26 to 55 ft/d) in all the well bores (table 10).
The test results are largely consistent with the interpreta-
tion of the heat-pulse flowmeter data that the partings pres-
ent at about 870 ft have the greatest relative permeability
encountered in the borehole, combining for about 60 to 90
percent of the total permeability in any borehole (figs. 5,
6, and 7). Interval D in FL-800 was chosen to isolate the
lower of the partings identified by the caliper and acoustic
televiewer in interval K. Assuming the lower parting was
successfully isolated by the test, the estimated conductivity
is61 ft/d, about 22 percent greater than that for interval K
(55 ft/d).

The results of the multiple-well constant-discharge
aquifer tests are shown in figures 12 and 13. During the
three separate tests of interval J, the maximum drawdown
in a pumped borehole was observed to be greatest in FL-
800 (drawdown of about 33 ft), and least in FL-801 (draw-
down of about 4.5 ft). In each of the three tests of interval
J, pumping from any of the three boreholes resulted in
amost immediate drawdown in the others. Regardless of
the magnitude of the drawdown in the pumped borehole,
the drawdown in the other boreholes was about 1 foot at
the end of the test (100 minutes). The pumped borehole
recovered more quickly than the un-pumped boreholes
during the tests when pumping was from FL-800 and
FL-801. In contrast, the recovery of borehole FL-802 fol-
lowing pumping was quick at first, but then matched the
recovery profiles of the un-pumped boreholes.

The maximum drawdown in a pumped borehole for
interval K was observed in FL-801 (drawdown of about
1.3ft), and least in FL-800 (drawdown of about 0.9 ft). As
was seen in evaluation of interval J, pumping from interval
K in any of the three boreholes resulted in almost immedi-
ate drawdown in the un-pumped boreholes. Regardless
of the magnitude of the drawdown in the pumped bore-
hole, the drawdown in the un-pumped borehol es ranged
from 0.6 to 0.7 ft at the end of the test (100 minutes). The
pumped borehole recovered quickly, but when it reached
the water level observed in the un-pumped boreholes, it
matched their recovery profiles. All the recovery profiles
for the multiple-well constant-discharge aquifer test of
interval K demonstrate that the recovering water levels
rose even above the static level observed prior to the test,
and also exhibited brief and slight indication of oscillation.

Maximum drawdown was much less for interval K
in the pumped boreholes during multiple-well constant-
discharge aguifer tests than was observed for interval J,
indicating greater transmissivity in interval K (though
there could be some contribution of water from above the



isolated pumped interval K as suggested by observation of
water levels [appendix B]).

The transmissivity and horizontal hydraulic conduc-
tivity of intervals Jand K in each borehole were estimated
using the Cooper and Jacobs (1946) straight-line method.
As an example, data collected on drawdown in interval J
of borehole FL-801 during pumping of borehole FL-800
and calculations using the Cooper and Jacobs equation are
presented in figure 14. The transmissivity and conductiv-
ity of intervals Jand K for all the multiple-well constant-
discharge tests are summarized in table 11; these results
show that estimated conductivities were consistent for each
interval. In addition, conductivity for interval K (about
94 to 201 ft/d) was consistently greater than for interval
J (7 to 9 ft/d). In applying the Cooper-Jacob straight-line
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method, Kruseman and de Ridder (1991) state that the
quality of the data (error) is related to the value of u
(u=r29/4T t) calculated during the straight-line part of
each aquifer test (where r = distance between pumped and
observed borehole, S = calculated storativity, T = calcu-
lated transmissivity, and t = elapsed time of the test). The
error associated with the datais = 5 percent if the value
of uislessthan 0.1 in the straight-line portion of the data,
and is+ 1 percent if the value of uislessthan 0.01. The
estimates of conductivity for interval Jin all boreholes
have an associated error of + 5 percent; the estimates for
interval K in all boreholes have an associated error of + 1
percent.
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Figure 11.

Slug test data collected from interval C of borehole FL-800 at the study site in the vicinity of Waupun, Fond du Lac

County, Wis., and estimated horizontal hydraulic conductivity using Hvorslev equation (1951). (Intervals are shown in figure 3.)
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Table 10. Horizontal hydraulic conductivity of intervals in boreholes FL-800, FL-801, and FL-802 estimated from slug tests at the
study site in the vicinity of Waupun, Fond du Lac County, Wis.

[- -, calculation was not possible because of unreliable data; —, calculation was not possible because of very long recovery time; altitude of packed inter-
vals defined in table 4; intervals are depicted in figure 7; conductivity estimated using Hvorslev, 1951]

Borehole E?g:(:adl pr?;s:li'?lg ;Z:fil)l(c;i-v;ta‘l,r:i;g Length of tested interval Horizonta I( :ley;r:::i:a(;t;nductivity
FL-800 F2 Matrix 55 --
EP Matrix 20 5
| Parting 10.0 8
D Parting 20 61
K Parting 115 50
H Matrix 20.0 04
C Parting 20 7
J Parting 115 0.3
G Matrix 20.0 —
B Matrix 20 —
A Matrix 12.0 —
FL-801 K Parting 11.7 26
J Parting 11.7 2
FL-802 K Parting 115 55
J Parting 115 0.7

aSlug was 2 gallons of distilled water.
®Slug was 1 gallon of distilled water.
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Figure 12. Changes in water levels observed in interval J during multiple-well constant-discharge aquifer tests at the study site

in the vicinity of Waupun, Fond du Lac County, Wis.: (a) well is FL-800, (b) well is FL-801, (c) well is FL-802 (intervals are shown in

figure 4).
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Figure 13. Changes in water levels observed in interval K during multiple-well constant-discharge aquifer tests at the study site
in the vicinity of Waupun, Fond du Lac County, Wis.: (a) well is FL-800, (b) well is FL-801, (c) well is FL-802 (intervals are shown in
figure 4).
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Figure 14. Multiple-well constant-discharge data collected from interval J of borehole FL-801 during pumping of borehole FL-
800 at the study site in the vicinity of Waupun, Fond du Lac County, Wis., and estimated transmissivity and horizontal hydraulic
conductivity using the Cooper and Jacob equation (1946). (Intervals are shown in figure 3.)
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Table 11. Horizontal hydraulic conductivity of intervals in boreholes FL-800, FL-801, and FL-802 estimated from multiple-well
constant-discharge aquifer tests at the study site in the vicinity of Waupun, Fond du Lac County, Wis.

[- -, calculation was not possible because of unreliable data; altitude of packed intervals defined in table 4; intervals depicted in figure 7; conductivity
estimated using graphical method (Cooper-Jacobs method, 1946)]

Length of Transmissivit Horizontal
Pumped Observed g Pumpage rate Y hydraulic
tested interval . log (square feet -
borehole borehole (cubic feet per day) (foot/log-cycle) conductivity
(feet) per day)
(feet per day)
Packed interval J
FL-800 FL-801 11.7 385 0.72 98 8
FL-802 115 385 0.71 99 9
FL-801 FL-800 115 385 0.87 81 7
FL-802 115 385 0.86 82 7
FL-802 FL-800 115 385 0.78 90 8
FL-801 11.7 385 0.78 90 8
Packed interval K
FL-800 FL-801 11.7 770 -- -- --
FL-802 115 770 0.06 2349 201
FL-801 FL-800 115 770 0.13 1084 94
FL-802 11.5 770 0.12 1174 102
FL-802 FL-800 115 770 0.12 1174 102

FL-801 11.7 770 0.08 1762 151




The conductivity of interval J, estimated using the
multiple-well constant discharge test, is about 4 to 30
times that estimated using the slug test. The conductivity
of interval K estimated using the multiple-well constant-
discharge test is about 2 to 8 times that estimated using the
slug test. Because the volume of the aquifer tested using
the multiple-well constant-discharge test is appreciably
greater than that tested using the displacement/recovery
tests, the results of the multiple-well constant-discharge
test are believed to better represent the true conductivity of
intervals Jand K in these boreholes.

Anisotropy

The response of water levelsto a hydraulic stress
during borehole development and to the multiple-well
constant-discharge aquifer testing was generally anisotro-
pic. The exact spatial nature of the anisotropy could not
be quantified because of an insufficient number of wells at
different orientations from the pumping borehole. How-
ever, the maximum amount of drawdown varied between
the boreholes, asindicated by the differencesin transmis-
sivity and horizontal hydraulic conductivity calculated
for the different tests (table 11), even though the pumping
rates for each interval were equivalent. Thisindicates the
anisotropic response in drawdown. During the testing of
both the Jand K packed intervals, the greater hydraulic
response was observed between FL-800 and FL-802 in a
southeastern direction. The lower hydraulic response was
between FL-801 and FL-800 for these same packed inter-
vals, corresponding to a northeastern direction, roughly
orthogonal to the orientation of greater response.

Summary

The lithostratigraphic and hydrogeologic character-
istics of the Ordovician Sinnipee Group were evaluated
at afarm sitein Fond du Lac County using a broad range
of descriptive, geophysical, and hydrologic methods. The
physical description of rock core from borehole FL-800
and results of the geophysical surveys (electric logs, natu-
ral gamma, caliper, neutron porosity, acoustic televiewer,
heat-pul se flowmeter, single-hole directional reflection,
and cross-borehol e radar tomography), hydraulic tests (dis-
placement/recovery and multiple-well constant-discharge),
and limited water-quality testing in al three boreholes
were evaluated and summarized.

The water type from the wells was shown to be cal-
cium-magnesium bicarbonate; this chemistry is reflective
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of the carbonate-rich mineralsin the Ordovician aquifer
and is consistent with previous interpretations of water
quality datain Wisconsin. Samples collected from inter-
valsC, D, E, and F in borehole FL-800 were analyzed

for trace elements, major ions, and organic compounds.
Results of analyses indicated that the concentration of
antimony ininterval D exceeded the U.S. Environmental
Protection Agency (USEPA) Primary Drinking Water
Standard; in interval F, concentrations of aluminum and
manganese exceeded USEPA Secondary Drinking Water
Standards, and the concentration of sodium exceeded the
USEPA Drinking Water Equivalent Level. The concentra-
tion of iron exceeded the USEPA Secondary Drinking
Water Standard in samples from all four intervals. With the
exception of one sample that contained trichloroethene at
1 pg/L, dl of the organic compounds analyzed were found
to be below the detection limit, estimated, or qualified due
to presence in alaboratory blank.

The investigation determined that at the Waupun site,
the Sinnipee Group is about 183 ft thick, overlain by 16 ft
of unconsolidated Quaternary deposits, and underlain by
the Glenwood Formation. The Sinnipee Group comprises
the Platteville Formation—massive dolomite (about 51 ft
thick); the Decorah Formation—dolomite and shale (about
14 ft thick); and the Galena Dolomite—argillaceous dolo-
mite (about 119 ft thick). Analysis of rock core indicated
that porosity for the Sinnipee Group ranged from 1.6 to
9.7 percent, bulk density ranged from 2.4 to 2.8 g/cm?,
and grain density ranged from 2.5 to 2.9 g/cm®. Inspec-
tion of rock core indicates natural fractures (not mechani-
cally induced as part of the coring process) were limited
to about the upper 80 ft of core and exhibited dips from O
degrees (vertical) to 40 degrees. Three very well developed
hardgrounds were identified and designated as formation
or member contacts, specifically the top of the Platteville
Formation, the Pecatonica Member of the Platteville
Formation, and the Glenwood Formation. A fourth very
well developed hardground appears related to two distinct
bedding-plane partings at about 868 ft.

Theresults of all methods indicate that ground water
in the Sinnipee Group is transmitted primarily along bed-
ding-plane partings. Bedding-plane partings were often
observed to be laterally extensive, intersecting the three
boreholes—FL-800, FL-801, and FL-802—at similar
atitudes. However, these bedding-plane partings are not
necessarily always hydraulically well-connected. Fol-
lowing development of the boreholes, 11 intervals were
isolated using inflatable packersin borehole FL-800, 2
intervalsin FL-801, and 2 intervalsin FL-802. Results of
displacement/recovery tests provided estimates of hori-
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zontal hydraulic conductivity of isolated intervals rang-
ing from 0.3 to 61 ft/d. This range includes intervals that
contain bedding-plane partings and intervals that do not.
Packed intervals J and K were selected for multiple-well
constant-discharge testing on the basis of core evaluation
and geophysical logs, and the relatively high permeabil-
ity exhibited by displacement/recovery test results. The
estimated horizontal hydraulic conductivity of interval K
(about 100-200 ft/d) was consistently greater than inter-
val J conductivity (about 7-9 ft/d). The conductivity of
interval K, estimated by multiple-well constant-discharge
tests, was about 2 to 8 times greater than that estimated by
the slug test. The conductivity of interval J at about 810 ft,
estimated by multiple-well discharge tests, was about 4 to
30 times greater than that estimated by the slug test. The
test results are largely consistent with the interpretation
of the heat-pulse flowmeter data that the partings present
in interval K have the greatest relative permeability in the
borehole, representing from about 60 to 90 percent of the
total permeability. During the multiple-well constant-dis-
charge tests, the greater hydraulic response was observed
in a southeastern direction. The lower hydraulic response
was observed in a northeastern direction, roughly orthogo-
nal to the orientation of greater response.

Managing and protecting the ground-water supply in

the shallow Sinnipee Group aquifer in Fond du Lac County

can take advantage of the understanding of the hydrogeo-
logic characteristics resulting from this project.
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Appendix 1. Laboratory procedures for porosity and density analysis of rock core samples (Pat Mills, U.S. Geological Survey
Illinois Water Science Center, written commun., 1996)

1.

Select approximately ¥zfoot long core samples from core box.

a. Label top of selected core samples (side closest to land surface- minimum depth) with “T”; label with
sample number. Use permanent marker.

b. Wrap core section in aluminum foil or place in plastic sandwich bag.

Using the Mettler Scale, remove the cores from the aluminum foil or plastic bags and measure the initial weight
(W, in grams) of the solid core samples (save, but do not weigh any small fragments of the core lost during han-
dling). Be surethe scale is calibrated, leveled, and zeroed before weighing.

3. Place core sampleslong side upward in asmall, metal, sample canister.

Place the core samples (up to about 5 core samples) in adry, metal, sample canister and place in oven.

5. Place desiccated core samples (and fragments) on Mettler Scale and determine dry weight of samples (W, in

10.

11.

12.

13.

14.

15.

grams)

Fill the vacuum jar about ¥4 full of deionized water (or tap water, if deionized water is unavailable). Avoid agitation
(aeration) of the water.

Check the vacuum pump for proper volume and quality (moisture-free) of pump oil. Replacement oil should be
engineered specifically for use in vacuum pumps. Discard used oil in proper container for disposal.

Attach cartridge of properly dried desiccant (Dririte) to vacuum pump. Desiccant should appear light gray and
translucent in clarity. Hydrated desiccant is dark brown to black and nearly opague. Desiccant can be reconditioned
by heating 1-2 hours at 200225 degrees Celsius.

Place the core sample (up to about 5 core samples) in the vacuum jar, ensuring the core is fully submersed in the
water. Cores should be placed in the vacuum jar in the metal canisters or plastic bags to contain any fragments that
may break off during saturating. The fragments must later be weighed along with the saturated cores. Submerse
remainder of core samplesin awater-filled container while first set of samples are in vacuum jar.

Saturate the core sample under vacuum for a minimum of 8 hours. Pre- or post-saturate the core samplesin water
under ambient atmospheric pressure or vacuum with the pump turned off for a minimum of 48 hours. If air bubbles
are noted in the water or emanating from the core samples while under vacuum (with pump turned on), continue
pumping under vacuum until no bubbles are observed. Note that there may be some air bubbles trapped under the
cores or between the metal canisters or plastic bags; these can be released by gently shaking or rotating the vacuum
jar.

Remove the core samples and gently remove excess water from the core surface by hand wiping; avoid siphoning
water from the interior of the core.

Weigh the saturated cores (W,, in grams) and any fragments of the core collected in the meal sample canister or
plastic bags.

Mount appropriately sized displacement chamber (smallest chamber the core sample will fit in) vertically on a
laboratory ring stand. Fill with deionized or tap water to level above the discharge spigot. Let water level equilibrate
to level of spigot.

Empty and dry collection vessel (graduated cylinder or flask) of appropriate size to collect all water discharged
from the displacement chamber (generally about 100 milliliter, but run a test sample first).

Slowly lower the saturated core sample into the displacement chamber, ensuring no loss of water over the top of
the chamber or oscillation of the water surface, thus allowing an excess volume of water to discharge through the
spigot. Determine the volume of al core samplesin one run of samples. After each measurement, cover the indi-
vidual collection vessel with laboratory sealing tape (to prevent evaporation of the water) and label the vessel with
the sampl e identification number.
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Laboratory procedures for porosity and density analysis of rock core samples (Pat Mills, U.S. Geological Survey

Illinois Water Science Center, written commun., 1996)—Continued.

16. Measure the volume (V,, in milliliters) of the displaced water. Measure using a 10 milliliter pipette; measurements
should be accurate to + 0.05 milliliters.

17. Place the saturated cores in the brass-wire harness attached to the triple-beam balance (calibrate and zero the bal-
ance before hand) and lower into a water-filled vacuum jar until fully submersed. Record the saturated weight in
water (W, , in grams). If the weight exceeds the 600-gram limit of the balance, estimate the total weight and note the
accuracy of the estimate on the laboratory record sheet and in the remarks section of the sample-cal culation sheet.

18. Estimate the relative volume (AVp) of vesicle and vugs (diameter greater than ¥+inch) on the surface of the cores:

1 —smooth

2 —dlightly vesicular

3 —moderately vesicular

4 —very vesicular, sightly vuggy
5 —moderately vuggy

6 — very vuggy

19. Cdlculate the following values:

a Wp (weight of water in pores = Vp,

b
c
d.
e

volume of water in pores, in cubic centimeter):

Porosity (P, in percent)
Bulk density (BD, in grams/cubic centimeter)
Grain density (GD, in grams/cubic centimeter)

Bulk specific gravity (SG, in grams)

W, =W, - W,
P=V/V,
BD=W/V,

GD = W,/V,

SG = W,/(W,—W,)



46 Lithostratigraphic and Hydrogeologic Characteristics of the Ordovician Sinnipee Group in the Vicinity of Waupun, Wis.
Appendix 2-1. Water levels observed in boreholes FL-800, FL-801, and FL-802 during pumping of Interval J of FL-800.
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Appendix 2-2. Water levels observed in boreholes FL-800, FL-801, and FL-802 during pumping of Interval K of FL-800.

MULTIPLE WELL, CONSTANT DISCHARGE TEST: INTERVAL K OF FL-800
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Appendix 2-3. Water levels observed in boreholes FL-800, FL-801, and FL-802 during pumping of Interval J of FL-801.
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Appendix 2-4. Water levels observed in boreholes FL-800, FL-801, and FL-802 during pumping of Interval K of FL-801.
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Appendix 2-5. Water levels observed in boreholes FL-800, FL-801, and FL-802 during pumping of Interval J of FL-802.
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Appendix 2-6. Water levels observed in boreholes FL-800, FL-801, and FL-802 during pumping of Interval K of FL-802.
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