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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started
in 1978 following a congressional mandate to develop quantitative apprais-
als of the major ground-water systems of the United States. The RASA
Program represents a systematic effort to study a number of the Nation’s
most important aquifer systems, which in aggregate underlie much of the
country and which represent an important component of the Nation’s total
water supply. In general, the boundaries of these studies are identified by
the hydrologic extent of each system and accordingly transcend the political
subdivisions to which investigations have often arbitrarily been limited in
the past. The broad objective for each study is to assemble geologic,
hydrologic, and geochemical information, to analyze and develop an under-
standing of the system, and to develop predictive capabilities that will
contribute to the effective management of the system. The use of computer
simulation is an important element of the RASA studies, both to develop an
understanding of the natural, undisturbed hydrologic system and the
changes brought about in it by human activities, and to provide a means of
predicting the regional effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in
a series of U.S. Geological Survey Professional Papers that describe the
geology, hydrology, and geochemistry of each regional aquifer system. Each
study within the RASA Program is assigned a single Professional Paper
number, and where the volume of interpretive material warrants, separate
topical chapters that consider the principal elements of the investigation
may be published. The series of RASA interpretive reports begins with
Professional Paper 1400 and thereafter will continue in numerical sequence
as the interpretive products of subsequent studies become available.

rctn AL or

Gordon P. Eaton
Director
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CONVERSION FACTORS AND DATUM

Factors for converting inch-pound units to the International System (SI) of units are given below:

Multiply By To obtain
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
square mile (mi?%) 2.590 square kilometer
foot per day (ft/d) 0.3048 meter per day
foot squared per day* (ft¥d) 0.0929 meter squared per day

'This unit is used to express transmissivity, the capacity of an aquifer to transmit water. Conceptually, transmissivity is cubic
feet (of water) per day per square foot (of aquifer area) per foot (of aquifer thickness). In this report, the unit is reduced to its
simplest form.

Sea Level: In thisreport, “sealevel” refers to the National Geodetic Vertical Datum of 1929 (NGVD 0f 1929) — a geodetic datum
derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level
Datum of 1929.







































STRATIGRAPHY

The Traverse Formation in northwestern Ohio con-
tains two major lithologies. The basal part of the
Traverse is a fine- to coarse-grained, argillaceous and
fossiliferous limestone interbedded with calcareous
shale. The upper part consists of a dense to medium-
grained crystalline dolomite that contains lenticular and
nodular chert and minor interbedded shaly dolomite
and shale (Janssens, 1970). The Traverse Formation
unconformably overlies the Dundee and Delaware Lime-
stones and is unconformably overlain by the Antrim
Shale (Janssens, 1970; Hull, 1990; Larsen, 1991). The
Antrim Shale makes up the lowest part of the upper
confining unit of the Silurian and Devonian carbonate-
rock aquifer system in northwestern Ohio.

The Traverse Formation in northern Indiana is litho-
logically similar to the strata of the same name in Ohio.
In Indiana, the Traverse Formation contains the follow-
ing distinct lithologies: (1) a basal dense, micritic, fos-
siliferous limestone; (2) a highly fossiliferous, litho-
graphic and sublithographic limestone that grades from
northwestern to northeastern Indiana into a fossilifer-
ous calcareous shale and an argillaceous limestone; and
(3) a cherty, dense to medium-grained dolomite that
overlies both of these units (Shaver and others, 1986).
The Traverse Formation unconformably overlies the
Detroit River Formation. The Traverse Formation over-
lies progressively younger parts of the Detroit River
Formation updip from the Michigan Basin onto the
Wabash Platform (Shaver and others, 1986). The
Traverse Formation is overlain conformably and
unconformably by the Antrim Shale (Shaver and others,
1986). In northern Indiana, the Antrim Shale is the
lowest part of the upper confining unit of the carbonate-
rock aquifer system.

In central and western Ohio, the Delaware Limestone
unconformably overlies the Columbus Limestone and is
unconformably overlain by the Olentangy Shale
(Shaver, 1985; Hull, 1990; Larsen, 1991). The Olentangy
Shale is the basal part of the upper confining unit of the
Silurian and Devonian carbonate-rock aquifer system in
central and western Ohio. The Delaware Limestone
consists of a basal section of thinly bedded limestone
that contains nodules of chert and thin layers of shale.
This basal section grades into an argillaceous limestone,
which contains beds of chert, and a massive limestone
unit (Hall and Alkire, 1956; Dow, 1962; Janssens, 1968).

During late Middle Devonian and Late Devonian time,
the Acadian orogeny caused the formation of the
Catskill delta complex, which spread from the north-
eastern Appalachian Basin south along the trend of the
basin and west onto contiguous sections of the craton.
The Acadian Mountains were uplifted along the eastern
margin of the craton and were a source area for the
sediments that were shed into the Appalachian Basin
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(Ettensohn and Barron, 1981). The Catskill delta com-
plex had a widespread distribution that ranged from the
source area near the cratonic margin, across the Appa-
lachian Basin onto the Cincinnati, Findlay, and
Kankakee Arches, and into the east- and north-central
midcontinent area of Illinois and eastern Iowa to the
northwest (Ettensohn and Barron, 1981; Devera and
Hasenmueller, 1991).

In central and western Ohio, the Olentangy Shale
unconformably overlies the Delaware Limestone and is
unconformably overlain by the Ohio Shale (Hoover,
1960; Larsen, 1991). In southwestern Ohio, the
Olentangy Shale unconformably overlies the Hillsboro
Sandstone (Devonian) and is unconformably overlain by
the Ohio Shale (Hull, 1990; Larsen, 1991). The Olen-
tangy shale is a bluish-gray to greenish-gray, clay-rich
shale that has black, fissile shale beds in the upper part
of the unit; these black shale beds are more numerous
in southwestern Ohio (Hoover, 1960).

The Ohio Shale in central, western, and southwestern
Ohio unconformably overlies the Olentangy Shale. The
Ohio Shale crops out beneath glacial sediments in cen-
tral and western Ohio, and the Ohio Shale is conform-
ably overlain by the Bedford Shale in southwestern
Ohio. The Ohio Shale is a grayish-black, fissile shale
that contains some gray argillaceous layers, thin sheets
of micaceous sandstone, and pyrite (Hoover, 1960). The
Ohio Shale and its equivalents constitute a carbon-rich
or petroliferous shale sequence that has produced mod-
erate quantities of natural gas (Janssens and de Witt,
1976). The Ohio Shale in central, western, and south-
western Ohio is equivalent to the Antrim Shale in north-
western Ohio and northern and northwestern Indiana,
north of the Findlay and Kankakee Arches (Shaver,
1985).

DEVONIAN AND MISSISSIPPIAN ROCKS

The Antrim Shale in northwestern Ohio and south-
eastern Michigan unconformably overlies the Traverse
Formation and is conformably overlain by the Bedford
Shale; it is buried by glacial sediments where it crops
out at the bedrock surface (fig. 4) (Shaver, 1985; Hull,
1990; Larsen, 1991). The Antrim Shale was described
by Janssens (1970) as a black and dark-brown, fissile
shale, of which the basal 30 ft is interbedded with mi-
nor dark-brown dolomitic layers.

North of the Kankakee Arch, in northern and north-
western Indiana, the Antrim Shale paraconformably
overlies the Traverse Formation (Muscatatuck Group)
and is laterally equivalent to parts of the Ellsworth
Shale (fig. 4) (Shaver and others, 1986; Gutschick and
Sandberg, 1991). The Antrim Shale was described by
Lineback (1970) as a mostly brownish black shale that
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includes a greenish-gray shale in the basal section of the
unit.

South and west of the Kankakee and Cincinnati
Arches in southeastern, northwestern, and east-central
Indiana, the lithologic unit equivalent to the Antrim
Shale is the New Albany Shale (Lineback, 1970; Shaver
and others, 1986). The New Albany Shale is a brown-
ish-black, carbon-rich shale and a greenish-gray shale
containing minor dolomite and dolomitic quartz sand-
stone layers (Lineback, 1970). The New Albany Shale
unconformably overlies the Muscatatuck Group. Locally,
the New Albany Shale is conformably overlain by the
Rockford Limestone, which represents a thin Mississip-
pian limestone interval (less than 10 ft thick); in places,
the New Albany Shale is unconformably overlain by the
Borden Group, a Mississippian shale and siltstone.

The Bedford Shale in southwestern Ohio conformably
overlies the Ohio Shale and is conformably overlain by
Mississippian sandstone that was not considered within
the scope of this study. The Bedford Shale grades from
a soft, clay-rich shale in the lower part of the formation
to a siltstone containing gray, silty shale layers in the
upper part of the formation (Hoover, 1960). North of the
Findlay Arch in northwestern Ohio and southeastern
Michigan, the Bedford Shale is a soft to hard siliceous
shale (J.M. King, 1977). The Bedford Shale conformably
overlies the Antrim Shale and is conformably overlain
by a Mississippian sandstone that was not considered
within the scope of this study.

North of the Kankakee Arch in northern, northwest-
ern, and east-central Indiana, the Ellsworth Shale con-
formably overlies the Antrim Shale. In northern Indi-
ana, the Ellsworth Shale is laterally equivalent to the
Sunbury Shale and is conformably overlain by the
Coldwater Shale (Shaver and others, 1986). The Ells-
worth Shale crops out at the bedrock surface in north-
ern Indiana, where it is covered by glacial deposits. The
Ellsworth Shale consists of alternating beds of gray-
green shale and brownish-black shale in the lower part
and grayish-green shale in the upper part (Hasen-
mueller and Woodard, 1981).

MISSISSIPPIAN ROCKS

In northern Indiana, the Sunbury Shale conformably
overlies and is laterally equivalent to the Ellsworth
Shale (Shaver and others, 1986) (fig. 4). Hasenmueller
and Woodard (1981) describe the Sunbury Shale as a
brownish-black, carbonaceous shale. The Sunbury and
Ellsworth Shales are conformably overlain by the
Coldwater Shale (fig. 4) (Shaver and others, 1986),
which crops out at the bedrock surface in northern In-
diana, where it is deeply buried by glacial deposits
(Johnson and Keller, 1972). Shaver and others (1986)
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describe the Coldwater Shale as a gray to greenish-gray,
silty shale that has red stringers in the lower part of the
unit.

South and west of the Kankakee and Cincinnati
Arches in parts of southeastern, northwestern, and cen-
tral Indiana, the Borden Group conformably overlies the
Rockford Limestone, which represents a thin Mississip-
pian limestone interval (less than 10 ft thick); in other
areas, the Borden Group unconformably overlies the
New Albany Shale (fig. 4). The Borden Group is de-
scribed as a dominantly gray, argillaceous siltstone and
shale that contains some fine-grained sandstone and
interbedded, discontinuous limestone lenses (Shaver
and others, 1986).

GLACIAL DEPOSITS

Approximately 80 percent of the study area is covered
by Pleistocene deposits (fig. 8); most are of Wisconsinan
age and represent three major stages: early, middle, and
late Wisconsinan. Advances by the late Wisconsinan
Laurentide Ice Sheet removed evidence of earlier gla-
ciations in most places by eroding the surficial materi-
als and incorporating older deposits with those trans-
ported by the glacier. In many places, the ice sheets
overrode and deposited sediments on top of older depos-
its (Mickelson and others, 1983). The resulting land-
forms are a composite of unconsolidated deposits from
multiple glacial advances and retreats.

The composition of till in the glacial deposits depends
on glacial-flow paths and local geology. Most of the min-
eral composition of a till is representative of the local
bedrock (Strobel and Faure, 1987). Many of the till units
in the study area are rich in clay because of the compo-
sition of the bedrock (the Devonian and Mississippian
shales) and its low resistance to glacial erosion. In ad-
dition, the Wisconsinan glacial deposits have a till com-
position that is determined by the inclusion of older
glacial and interstadial material during the final ice
advance. The direction of flow, as determined from ero-
sional and depositional features, indicates that ice ad-
vances during late Wisconsinan time crossed the Lake
Erie basin and other interstadial lakes (Whillans, 1985).
These lakes provided clay-rich lacustrine sediments that
have been included in the upper Wisconsinan tills as
well.

A system of buried river valleys, filled with various
lacustrine, alluvial, and glacial deposits, is present
throughout the Silurian and Devonian carbonate-rock
aquifer system. These buried river valleys have been
referred to by several different names based on location
and origin, but in this report they are referred to as the
“Teays—Mahomet bedrock valley system” (fig. 9). These
valleys were formed as a result of several continental
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ate-rock aquifer (S.M. Eberts, U.S. Geological Survey,
written commun., 1992).

BEDROCK AQUIFER AND CONFINING UNITS

Data used to compute the thickness and altitude of the
top of the carbonate-rock aquifer and the confining units
were obtained primarily from the Indiana and the Ohio
Geological Surveys in the form of geophysical logs and
drillers logs. Supplemental information on the thickness
and altitude of the carbonate-rock aquifer and the con-
fining units was obtained from the Petroleum Informa-
tion Corporation’s data base, and deep-test-well data
were obtained from the USGS’s Ground-Water Site In-
ventory (GWSI) data base.

UPPER CONFINING UNIT

In Ohio and Indiana, the upper confining unit has
been subjected to several extensive periods of erosion.
This erosion has resulted in the removal of the upper
confining unit in the central part of the study area. The
only exception is the Bellefontaine outlier, which is
approximately 50 mi northwest of Columbus, Ohio
(fig. 5).

In Ohio and northern Indiana, the upper confining
unit increases in thickness from the contact between the
Devonian carbonate rocks and the updip edge of the
Devonian shales as it is followed downdip into the Ap-
palachian and Michigan Basins (figs. 2 and 5). The
approximate thickness of the upper confining unit
ranges from zero at the contact with the Devonian car-
bonate rocks to more than 1,000 ft on the western flank
of the Appalachian Basin and the southern flank of the
Michigan Basin (Casey, in press, b). In central and
southwestern Indiana, the upper confining unit in-
creases in thickness from zero at the contact between
the Devonian carbonate rocks and the updip edge of the
Devonian shales to more than 600 ft downdip into the
Illinois Basin; however, in southwestern Indiana, the
upper confining unit thins to less than 400 ft because
of its proximity to the edge of the Catskill delta, which
was described in the section on “Devonian Rocks”
(Kammer and others, 1983).

The upper confining unit is cut by one major fault in
Indiana, the Mt. Carmel Fault (fig. 5). This fault is lo-
cated along the eastern edge of the Illinois Basin and
is thought to represent movement during Mississippian
and Pennsylvanian time (Melhorn and Smith, 1959;
Shaver and Austin, 1972). Vertical displacement on this
fault is generally thought to be less than 200 ft; there-
fore, the confining unit does not appear to be completely
offset along the Mt. Carmel Fault.
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The approximate altitude and configuration of the top
of the upper confining unit are shown in figure 6. Along
the eastern flank of the Cincinnati and Findlay Arches,
the slope (the change in altitude over distance) of the
top of the upper confining unit is fairly flat (less than
10 ft/mi) near the updip edge of the Devonian shales.
The slope increases (to greater than 20 ft/mi) as the
distance from the updip edge of the Devonian shales
increases because of the effects of the erosional thinning
of outcrops of the upper confining unit and the
downwarping of the crust in the Appalachian Basin. A
similar configuration is found along the Michigan and
Illinois Basins, again because of (a) the relative position
of the updip edge of the Devonian shales, (b) erosion,
and (c) downwarping of the crust in the basins.

Hydrologic data for the upper confining unit of the
carbonate-rock aquifer system are sparse, but some
vertical and horizontal hydraulic conductivities have
been determined from analysis of cores collected from
the upper confining unit in OQhio. Horizontal and verti-
cal matrix permeabilities determined for cores from two
wells drilled into the Ohio Shale ranged from 107 to
107 ft/d (unpublished data maintained in the files of the
USGS, Columbus, Ohio), and are similar to those re-
ported for shales by Heath (1983). Hydraulic conductivi-
ties in the upper confining unit are three to five orders
of magnitude lower than the calculated hydraulic con-
ductivities (102 to 5x102 ft/d) for the Silurian and De-
vonian carbonate-rock aquifer (Casey, 1992). In Ohio
and Indiana, the Devonian and Mississippian shales
and siltstones have been described as having a very low
effective porosity (Bailey and Imbrigiotta, 1982; Coen,
1989). Yields of water wells completed in the shales and
siltstones of the upper confining unit typically are low
(less than 2 gal/min), and dry holes are common (Smith
and Schmidt, 1953; Walker and Schmidt, 1953; Walker,
1953; Schmidt, 1954; Hartke and others, 1980; Bailey
and Imbrigiotta, 1982).

CARBONATE-ROCK AQUIFER

In southeastern Indiana and southwestern Ohio, the
thickness of the Silurian and Devonian carbonate-rock
aquifer increases from its contact with the underlying
Ordovician shales (the updip edge of the carbonate-rock
aquifer) downdip into the various structural basins (figs.
12 and 2). The thickness of the carbonate-rock aquifer
ranges from zero at its contact with the Ordovician
shales to a maximum of nearly 2,500 ft in southeastern
Michigan. Along the crests of the Cincinnati, Findlay,
and Kankakee Arches, in a structurally high position,
the aquifer units crop out and have been subjected to
several extensive episodes of erosion. This erosion has
resulted in the loss of entire sections of the carbonate-
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rock aquifer in the central part of the study area (fig.
12).

In Ohio, near the edge of the Appalachian Basin along
the eastern limit of the study area, the carbonate-rock
aquifer ranges in thickness from about 500 ft in the
south to nearly 1,300 ft in the north. In northern Indi-
ana and northwestern Ohio, where the study area bor-
ders the southern edge of the Michigan Basin, the thick-
ness of the carbonate-rock aquifer ranges from 600 ft in
northwestern Indiana to 800 ft in northwestern Ohio
near the Indiana-Ohio State line to nearly 2,500 ft in
southeastern Michigan. Along the western limit of the
data-collection area, near the northeastern edge of the
Illinois Basin, the thickness of the carbonate-rock aqui-
fer ranges from about 100 ft in southeastern Indiana to
600 ft in northwestern Indiana.

In Indiana, the carbonate-rock aquifer is cut by the
following major faults: the Royal Center, the Fortville,
and the Mt. Carmel (fig. 12). These faults, located along
the northeastern and eastern edge of the Illinois Basin
(fig. 2), are thought to represent movement during Mis-
sissippian and Pennsylvanian time (Melhorn and
Smith, 1959; Shaver and Austin, 1972). Vertical dis-
placement along these faults is generally thought to be
less than 200 ft. The altitude of the Silurian and Devo-
nian carbonate-rock aquifer near the Mt. Carmel and
Royal Center Faults was determined by Bassett and
Hasenmueller (1979).

In Ohio, the Silurian and Devonian carbonate-rock
aquifer is displaced by faults within the Bowling Green
Fault Zone (fig. 12). A large number of multiple faults
have been mapped within this fault zone (VanWagner,
1988), which extends north from northwestern Ohio
along the western edge of the Appalachian Basin into
southeastern Michigan. Movement along this feature
may have taken place during early Paleozoic time but
could have happened as recently as Mesozoic or possi-
bly Cenozoic time (Onasch and Kahle, 1991). Vertical
displacement along the Bowling Green Fault Zone
ranges from 90 to 300 ft (VanWagner, 1988).

The effects of the ancient Teays—Mahomet bedrock
valley system (fig. 9) on the thickness of the carbonate-
rock aquifer are evident in the map in figure 13. The
Ordovician shales of the basal confining unit crop out
beneath the unconsolidated sediments within the bur-
ied valley in areas where glaciofluvial erosion has cut
down through the carbonate-rock aquifer.

The altitude and configuration of the top of the car-
bonate-rock aquifer are shown in figure 13. Within the
subcrop area of the Silurian and Devonian carbonate
rocks, the top of the aquifer is the bedrock surface. A
broad area of low relief is depicted on the top of the
carbonate-rock aquifer along the southern edge of the
Michigan Basin. Where the aquifer units dip beneath
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overlying strata into the Michigan Basin, the slope of
this surface is noticeably less steep (approximately 10
ft/mi) than it is where the aquifer units dip into the
Illinois Basin (approximately 15 ft/mi) and the Appala-
chian Basin (approximately 20 ft/mi).

The permeability of a carbonate rock is the result both
of primary openings that form when the carbonate sedi-
ment is deposited or precipitated and of secondary open-
ings that form after the sediment has been lithified. The
carbonate rocks that form the Silurian and Devonian
carbonate-rock aquifer have been affected by many pro-
cesses that control the ability of the various geologic
units to transmit water. These processes include cemen-
tation, recrystallization, micritization, solution, dolo-
mitization, uplifting, faulting, unloading, and weather-
ing (Brahana and others, 1988). Many of these processes
can either increase or decrease the ability of carbonate
rocks to transmit water.

In the Silurian and Devonian carbonate-rock aquifer,
certain facies have a porous and vuggy texture (noted
in the section “Stratigraphy”). This texture can be the
result of various diagenetic processes that can increase
the porosity and permeability of the carbonate-rock
aquifer in the facies affected. Throughout the carbon-
ate-rock aquifer, rocks that have this porous and vuggy
texture can be laterally equivalent to dense rocks that
do not have this texture. These relations are present
throughout the carbonate-rock aquifer. At a regional
scale, the areas of diagenetically controlled increases or
decreases in permeability are not mappable.

Data from 10 wells within the study area were exam-
ined in order to determine the variation in the matrix
porosity and permeability in the garbonate-rock aquifer
(figs. 1 and. The data were analyzed by using several
nonparametric statistical methods (Casey, 1994a, b).
The porosity and permeability data were tested by vari-
ous groupings, and in all but one case, the groups of data
had identical distributions, except where the data were
grouped by composition (limestone or dolomite). In a
regional study, like the RASA Program, the mapping of
the compositional variation of the carbonate-rock aqui-
fer is impractical because of the large study area, the
variation of the composition of the carbonate rocks that
compose the aquifer, and the changes in composition of
laterally equivalent rocks over small distances (tens of
miles). These results indicate that the matrix porosities
and permeabilities of the Silurian and Devonian carbon-
ate rocks are statistically similar and that variation
between the groups is small. Only the compositional
grouping can be used to define a difference in matrix
porosity and permeability of the carbonate-rock aquifer
(Casey, 1994a, b).

The flow and storage of ground water within the car-
bonate-rock aquifer are primarily within those zones of
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