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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.

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 (mi2) 2.590 square kilometer
foot per day (ft/d) 0.3048 meter per day
foot squared per day1 (ftVd) 0.0929 meter squared per day

^his 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 this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 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.
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HYDROGEOLOGIC FRAMEWORK OF THE
MIDWESTERN BASINS AND ARCHES REGION IN PARTS

OF INDIANA, OHIO, MICHIGAN, AND ILLINOIS

BY GEORGE D. CASEY

ABSTRACT

This report is a product of an extensive U.S. Geologi­ 
cal Survey Regional-Aquifer Systems Analysis study 
undertaken to define the hydrology, geochemistry, and 
geologic framework of the Silurian and Devonian car­ 
bonate-rock aquifer system. The aquifer system under­ 
lies a 90,000-square-mile area in western Ohio; north­ 
ern, central, and southeastern Indiana; and adjacent 
States and consists of Silurian and Devonian carbon­ 
ate rock. Regionally, the carbonate-rock aquifer consists 
dominantly of limestones, dolomites plus subordinate 
amounts of terrigenous clastic rocks, and evaporites. 
The carbonate-rock aquifer system is underlain by 
Ordovician shales and interbedded carbonate rocks of 
the Maquoketa Group and undifferentiated Cincin- 
natian rocks that are virtually impermeable and re­ 
gionally extensive. These units collectively form a 
barrier to ground-water flow that effectively limits the 
transfer of significant quantities of water through the 
base of the Silurian and Devonian carbonate-rock aqui­ 
fer. Near the edge of the study area, the carbonate-rock 
aquifer is confined above by Devonian and Mississip- 
pian shales and siltstones. Where the upper confining 
unit has been eroded away, the overlying glacial sedi­ 
ments partially confine the carbonate-rock aquifer. This 
relationship between the glacial sediments and the 
Silurian and Devonian carbonate rocks prevails 
throughout much of the study area, where the poten- 
tiometric surface of the Silurian and Devonian carbon­ 
ate rocks is within the overlying glacial deposits.

Data for this study were collected and analyzed from 
July 1989 through June 1993. Natural-gamma and 
electric geophysical well-log data and stratigraphic 
test-well data were examined from more than 2,500 
wells in the Midwestern Basins and Arches region. 
From these 2,500 wells, more than 1,700 were selected 
to determine the hydrologic framework on the basis of 
location, depth of geophysical log or core, and quality

of the log. A series of maps, together with five 
hydrogeologic sections, depicts the geometry, lateral 
extent, and horizontal and vertical relationships be­ 
tween the carbonate-rock aquifer and confining units.

INTRODUCTION

The U.S. Geological Survey's (USGS) Regional Aqui­ 
fer-System Analysis (RASA) Program, initiated in 1978, 
was designed to determine and assess the water re­ 
sources of major aquifer systems on a regional scale 
(Sun, 1986; Sun and Johnston, 1994). In 1988, the 
USGS began an extensive regional investigation, as 
part of the RASA Program, to (1) define the hydrogeo­ 
logic framework, (2) simulate current ground-water 
flow, and (3) define the water chemistry and the 
geochemical basis for that chemistry in the Midwest­ 
ern Basins and Arches region (Bugliosi, 1990).

The Midwestern Basins and Arches RASA data-col­ 
lection area spans approximately 90,000 mi2 in parts 
of Indiana, Ohio, Michigan, Illinois, and Kentucky, as 
well as a small part of Canada (fig. 1). This area, which 
is approximately 380 miles wide and 230 miles long, 
straddles a regional arch complex (Kankakee, Cincin­ 
nati, and Findlay Arches) and extends into three struc­ 
tural basins (Appalachian, Michigan, and Illinois Ba­ 
sins). The study area is approximately 44,000 mi2 and 
is contained within the data-collection area in parts of 
Indiana, Ohio, Michigan, and Illinois (fig. 1).

PURPOSE AND SCOPE

This report defines the regional extent and configu­ 
ration of the hydrogeologic units (aquifers and confin­ 
ing units) that compose the regional aquifer system in 
the Midwestern Basins and Arches region in order to 
further the understanding of ground-water hydrology 
and subsurface geology there. The regional aquifer 
system is depicted in maps showing the altitude of the

Bi
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top of the hydrogeologic units and their thickness and 
extent, as well as hydrogeologic sections. The hydro- 
geologic units are described in terms of age, strati- 
graphic position, depositional environment, regional 
stratigraphic correlations, lithology, configuration, areal 
extent, and geophysical-log signatures.

PREVIOUS INVESTIGATIONS

Few reports of a regional scope have been published 
about the geology or ground-water resources of the

Midwestern Basins and Arches region. Stratigraphic 
relations within this region have been compiled and 
documented by Shaver (1985). In Ohio, a comprehensive 
study of the limestones and dolomites of western Ohio 
was completed by Stout (1941). Shaver and others 
(1986) compiled a compendium of Paleozoic rock-unit 
stratigraphy in Indiana, and Hull (1990) proposed a 
generalized column of bedrock units in Ohio. Larsen 
(1991) researched and documented the development of 
Silurian and Devonian lithostratigraphy in northwest­ 
ern Ohio, and Janssens (1970, 1977) discussed the Sil-

v WEST r> 
VIRGINIA

Base from U.S. Geological Survey digital data, 
1:2,000,000,1972
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FIGURE 1. Location of data-collection and study areas in the Midwestern Basins and Arches region.
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urian and Devonian rocks in the subsurface of north­ 
western Ohio. The paleogeography of the Midwestern 
Basins and Arches region has been described by Droste 
and others (1975) and Droste and Shaver (1983,1987). 
The regional carbonate reef or bank-type deposits have 
been studied by Doheny and others (1975), Briggs and 
others (1978), Shaver and others (1978), and Ault and 
others (1992).

The hydrogeology of the Midwestern Basins and 
Arches region has not been previously addressed other 
than in several reports that have considered subregional 
areas. The occurrence of water in the Silurian and De­ 
vonian carbonate-rock aquifer in western Ohio was 
described by the Ohio Department of Natural Re­ 
sources, Division of Water (Walker and others, 1970), as 
well as by Norris and Spieker (1961), Norris and Fidler 
(1971; 1973), and Norris (1979). Ground-water resources 
of the Whitewater River and Kankakee River basins 
were studied by the Indiana Department of Natural 
Resources (1988, 1990). A statewide survey of existing 
hydrogeologic data for Indiana was compiled by Geo- 
sciences Research Associates Inc. (1982). A ground-wa­ 
ter atlas of the State of Indiana was compiled by 
Fenelon and others (1994).
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SUMMARY OF MIDWESTERN BASINS AND ARCHES 
CARBONATE AND GLACIAL GEOLOGY

REGIONAL SETTING

The Midwestern Basins and Arches region is in the 
Interior Lowlands of Eastern North America (P.B. King, 
1977), which cover the central part of the North Ameri­ 
can craton and extend from the Appalachian Mountains 
system west to the Colorado Plateaus. The study area 
of the Midwestern Basins and Arches RASA is in west­ 
ern Ohio; northern, central, and southeastern Indiana; 
southeastern Michigan; and a small part of northeast­ 
ern Illinois. This area spans the Kankakee, Cincinnati, 
and Findlay Arches (fig. 2). The axes of the Cincinnati 
and Kankakee Arches trend west-northwest to south­

east, whereas the axis of the Findlay Arch trends south­ 
west to north-northeast. This structurally positive fea­ 
ture has been described as the Wabash Platform be­ 
cause of the sedimentary deposition that took place in 
this area (Shaver and others, 1978). The study area is 
bounded on the north by the Michigan Basin, on the 
east by the Appalachian Basin, and on the west by the 
Illinois Basin (fig. 2).

MICHIGAN If ? ONTARIO

Base from U.S. Geological Survey digital data, 
1:2,000,000,1972
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FIGURE 2. Structural elements in the Midwestern Basins 
and Arches region.

GENERALIZED REGIONAL GEOLOGY

The data-collection area is underlain by sedimentary 
rocks that range in age from Precambrian through 
Mississippian; however, only Ordovician (Cincinnatian) 
through Mississippian rocks crop out (fig. 3). The sedi­ 
mentary rocks of primary interest range in age from 
Cincinnatian through Early Mississippian. These units 
dip away from the crests of the arches and thicken into 
the adjacent structural basins. The oldest sedimentary 
rocks are exposed along the crest of the Cincinnati Arch 
in southwestern Ohio and southeastern Indiana (figs. 
2 and 3) and are overlain by younger strata toward the 
center of the basins.

RELATION OF STRATIGRAPHY AND HYDROGEOLOGIC UNITS

The basal confining unit of the carbonate-rock aqui­ 
fer system in the Midwestern Basins and Arches region
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FIGURE 3. Generalized bedrock geologic map of the Midwestern Basins and Arches region.



STRATIGRAPHY B5

consists of shales and minor interbedded limestones of 
Ordovician age (fig. 4). The carbonate-rock aquifer con­ 
sists of Silurian and Devonian limestones and dolo­ 
mites. The rocks that compose the aquifer in Indiana 
can be grouped into four major stratigraphic units, 
whereas the equivalent rocks in Ohio have not been 
grouped into major stratigraphic units (fig. 4). The up­ 
per confining unit of the carbonate-rock aquifer system 
consists of upper Middle Devonian, Upper Devonian, 
and Lower Mississippian shales and siltstones (fig. 4). 
Where the shales and siltstones have been removed by 
erosion, the overlying glacial deposits function as a 
moderately permeable regional confining unit.

The basal confining unit thickens eastward from the 
western border of Indiana toward Ohio (pis. 1 and 2). 
The basal confining unit in Ohio gradually thickens as 
it dips into the Appalachian Basin (pi. 2). The basal 
confining unit thins where it crops out in southeastern 
Indiana and southwestern Ohio because of pre-Silurian 
erosion of the unit and post-Permian uplift and subse­ 
quent erosion along the crest of the Cincinnati Arch (pi. 
2).

In southeastern Indiana and southwestern Ohio, the 
Silurian and Devonian carbonate-rock aquifer increases 
in thickness from its contact with the underlying Or­ 
dovician shales (the updip edge of the carbonate-rock 
aquifer) as it is traced downdip into the various struc­ 
tural basins (pis. 1 and 2). Along the crests of the arches, 
in a structurally high position, the aquifer units crop out 
and have been subjected to several extensive periods of 
erosion. This erosion has resulted in the loss of entire 
sections of the carbonate-rock aquifer in the central part 
of the study area.

In Ohio and northern Indiana, the upper confining 
unit increases in thickness from its contact between the 
Middle Devonian carbonates and the updip edge of the 
Upper Devonian shales as it is followed downdip into 
the Appalachian and Michigan Basins (pis. 1 and 2). In 
central and southwestern Indiana, the upper confining 
unit increases in thickness from its contact between the 
Middle Devonian carbonates and the updip edge of the 
Middle and Upper Devonian shales as it is traced 
downdip toward the Illinois Basin (pis. 1 and 2).

Along the crests of the arches, in structurally high 
positions, the upper confining unit has been subjected 
to several extensive periods of erosion. This erosion has 
resulted in the loss of entire sections of the confining 
unit in the central part of the study area, with the ex­ 
ception of the so-called Bellefontaine outlier, which is 
approximately 50 miles northwest of Columbus, Ohio 
(figs. 5 and 6).

STRATIGRAPHY

ORDOVICIAN ROCKS

The nomenclature of the basal confining unit of the 
Silurian and Devonian carbonate-rock aquifer system 
depends largely on the geographic location. In Indiana, 
it is referred to as the Maquoketa Group, both in the 
subsurface and as a subcrop unit in southeastern Indi­ 
ana near the Ordovician outcrop (Gray and others, 
1985). In Ohio terminology, the names of outcrop units 
are used to describe the Upper Ordovician rocks in 
southwestern Ohio; however, in the subsurface in north­ 
western Ohio, the Upper Ordovician unit is described 
as undifferentiated Cincinnatian shale and limestone 
(Hull, 1990). In order to minimize confusion and to 
maintain uniformity with the usage of the various State 
geological surveys, this RASA study has adopted the 
names "Maquoketa Group" in Indiana and "undifferen­ 
tiated Cincinnatian rocks" in Ohio (Shaver, 1985) (fig. 
4). This naming convention follows the usage of the Ohio 
Geological Survey and the Indiana Geological Survey.

The Upper Ordovician units are present throughout 
the study area and unconformably overlie the Trenton 
Limestone in Indiana, except in southeastern Indiana 
where the Ordovician units conformably overlie the 
Kope Formation (Gray, 1972b; Droste and Shaver, 
1985). In northwestern and central Ohio, the undiffer­ 
entiated Cincinnatian rocks unconformably overlie the 
Trenton Limestone (Janssens, 1977). The Upper Ordovi­ 
cian units are overlain unconformably by either the 
Sexton Creek Limestone or Brassfield Limestone and 
the Cataract Formation of Silurian age (LaFerriere and 
others, 1986).

The Maquoketa Group or the undifferentiated 
Cincinnatian rocks are a clastic wedge that extends 
across the study area from the west. The shale that 
predominates in these units is generally gray and cal­ 
careous, but a brown carbonaceous shale (100-300 ft 
thick) is present in the lowermost part of the unit. Ap­ 
proximately 20 percent of the basal confining unit is 
composed of limestone, predominantly in the uppermost 
part of the unit (Gray, 1972b).

SILURIAN ROCKS

The Silurian rocks that compose the carbonate-rock 
aquifer in Indiana and northeastern Illinois can be 
grouped into three major stratigraphic units: the 
equivalent units consisting of the Brassfield Limestone, 
Sexton Creek Limestone, or the Cataract Formation; the 
Salamonie Dolomite; and the Salina Group (fig. 4). The 
stratigraphic units in Ohio and southern Michigan have
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been subdivided more than those in Indiana. In Ohio 
and southeastern Michigan, the Silurian rocks that 
compose the carbonate-rock aquifer are the Brassfield 
Limestone or the Cataract Formation, the Dayton Lime­ 
stone, the Rochester Shale equivalent, the Lockport 
Dolomite and its equivalent units, and the Salina Group 
(fig. 4).

During Alexandrian and early Niagaran time, tectonic 
events in the Great Lakes region were continuing to be 
affected by the Taconic orogeny. In northwestern Ohio, 
northeastern Indiana, and southern Michigan, the ac­ 
cumulation of Alexandrian and lower Niagaran carbon­ 
ates was affected by depositional environments that 
were restricted to the Michigan Basin. This resulted in 
the deposition of the Cataract Formation, which is 
mostly a dolomite in the lower one-third of the forma­ 
tion and an impure and argillaceous dolomite in the 
upper two-thirds (Shaver and others, 1986). The Cata­ 
ract Formation is conformably overlain in the extreme 
northwestern part of Indiana by the Salamonie Dolo­ 
mite, and in this area, the basal section of the 
Salamonie Dolomite is in a facies relation with the 
upper part of the Cataract Formation (Rexroad and 
Droste, 1982). In most of the region, the Cataract For­ 
mation is unconformably overlain by either the 
Salamonie Dolomite or the Dayton Limestone.

In southeastern Indiana and southwestern Ohio, car­ 
bonate-sediment accumulation during Alexandrian and 
early Niagaran time was affected by the depositional 
environments within the Illinois and Appalachian Ba­ 
sins. This resulted in the deposition of the Brassfield 
Limestone, a medium- to coarse-grained fossiliferous 
limestone that is locally dolomitized and contains thin, 
noncontinuous stringers of shale (Shaver and others, 
1986; Stout, 1941). The Brassfield Limestone is 
unconformably overlain by either the Salamonie Dolo­ 
mite or the Dayton Limestone.

In the western one-half of Indiana, the accumulation 
of Alexandrian and lower Niagaran carbonate sedi­ 
ments was affected by the depositional environments 
within the Illinois Basin, which resulted in the deposi­ 
tion of the Sexton Creek Limestone, a very cherty, im­ 
pure limestone or dolomite. In northwestern Indiana 
and northeastern Illinois, the lowest section of this unit 
is an argillaceous dolomite or a dolomitic shale (Rexroad 
and Droste, 1982; Shaver and others, 1986). The Sex­ 
ton Creek Limestone is unconformably overlain by the 
Salamonie Dolomite in the western one-half of Indiana, 
with the exception of a small part of northwestern In­ 
diana where the Salamonie Dolomite conformably over­ 
lies the Sexton Creek Limestone (Rexroad and Droste, 
1982).

During middle Niagaran time, the Great Lakes region 
underwent a period of relative tectonic quiescence, as

compared to Alexandrian and early Niagaran time, and 
was accompanied by a marine transgression (Shaver 
and others, 1986). In western Ohio, this transgression 
resulted in the deposition of the Dayton Limestone and 
the Rochester Shale equivalent rocks. The Dayton Lime­ 
stone is a saccharoidal, coarsely crystalline, medium- 
bedded dolomite (Stout, 1941; Ausich, 1987). The name 
Rochester Shale equivalent refers to several members 
that have been described as containing soft calcareous 
clay shale and thin layers of dolomite (Stout, 1941; Hull, 
1990). These stratigraphic units are comparable in char­ 
acter to the lowest part of the Salamonie Dolomite in 
southeastern Indiana and the highest part of the Cata­ 
ract Formation in northern and east-central Indiana 
(Shaver and others, 1986).

The Salamonie Dolomite consists of two distinct 
lithologies. The basal part generally is a fine-grained, 
impure, argillaceous limestone, dolomitic limestone, and 
shale (Shaver and others, 1986). This basal part is cor­ 
relative to the Dayton Limestone and the Rochester 
Shale equivalent in Ohio as described above. The upper 
part of the Salamonie Dolomite is generally a uniform, 
pure, white to light-gray dolomite that has a coarse­ 
grained, bioclastic, vuggy texture (Shaver and others, 
1986). In Ohio, the correlative unit of the upper part of 
the Salamonie Dolomite is the lower and middle part of 
the Lockport Dolomite.

The Lockport Dolomite conformably overlies the Roch­ 
ester Shale equivalent and is conformably overlain, with 
minor local unconformities near reef-bank facies 
(Shaver, 1991), by the Salina Group, where the Salina 
has not been eroded from above the Lockport Dolomite. 
In central and western Ohio, the Lockport Dolomite 
interval has been subdivided into the Gasport Dolomite, 
the Goat Island Dolomite, and the Guelph Dolomite 
(Janssens, 1977). The Gasport Dolomite is a microcrys- 
talline to coarsely crystalline, medium- to dark-gray 
dolomite. The Goat Island Dolomite is a microcrystal- 
line to finely crystalline, light-brown to light-gray-brown 
dolomite. The Guelph Dolomite is a fossiliferous, pre­ 
dominantly coarsely crystalline, vuggy, white to light- 
gray dolomite. The term "undifferentiated Lockport 
Dolomite" is used in Ohio only for areas where a distinct 
lithology cannot be determined for the Goat Island Do­ 
lomite; therefore, the Lockport Dolomite includes the 
Gasport and Goat Island Dolomite equivalent rocks and 
the Guelph Dolomite (Janssens, 1977).

Droste and Shaver (1976) described the Salamonie 
Dolomite as a laterally extensive, blanketlike deposit of 
carbonate rocks that covered the entire State of Indiana 
before the multiple post-Silurian periods of erosion. This 
description can be extended to the correlative Lockport 
Dolomite of Ohio. The pre-Devonian erosion resulted in 
the removal of not only the Salamonie and the Lockport
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Dolomites but also the Silurian strata below these units 
in the south-central part of the study area.

During late Niagaran time, the Great Lakes region 
underwent a series of marine regressions and transgres­ 
sions as the result of a combination of tectonic forces

exerted by (1) deposition within the structural basins, 
(2) emplacement of an overthrust on the eastern mar­ 
gin of the North American Craton in the present-day 
Middle Atlantic States, and (3) possible eustatic sea- 
level changes (Beaumont and others, 1988; Shaver and
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Sunderman, 1983; Onasch and Kahle, 1991). The Salina 
Group conformably and unconformably overlies the 
Salamonie Dolomite and the Lockport Dolomite. The 
unconformities are considered to be minor local 
unconformities near the reef-bank facies (Shaver, 1991). 
The upper contact of the Salina Group is a regionally 
extensive unconformity. The overlying Devonian rocks, 
where present, range in age from Early to Middle De­ 
vonian (Droste and Shaver, 1982; Hull, 1990).

In Indiana, the Salina Group includes a diverse as­ 
semblage of dominantly carbonate rocks that range from 
fine-grained argillaceous rocks to a pure carbonate mud. 
The Salina Group also includes a coarse-grained, 
bioclastic, vuggy, and fossiliferous facies that consist of 
reef-framework rocks (Shaver and others, 1986). In 
Indiana, south of a paleogeographic feature named the 
"Fort Wayne Bank" (fig. 7), the lower one-half of the 
Salina Group contains three distinct facies (Pinsak and 
Shaver, 1964). These facies consist of a micritic to fine­ 
grained and sucrosic dolomite; an argillaceous to shaly, 
fine-grained, thin-bedded dolomite; and a reef facies. 
The reef facies grades from a fully mature reef rock to 
what has been described as an incipient reef rock 
(Shaver and others, 1986). North of the Fort Wayne 
Bank, the reef facies generally is absent. Instead, the 
dolomites that compose the lower one-half of the Salina 
Group north of the Fort Wayne Bank consist of a dark- 
brown, micritic to fine-grained, partially laminated 
dolomite and a lighter colored, granular, vuggy dolomite 
(Shaver and others, 1986).

The upper one-half of the Salina Group in Indiana was 
deposited during latest Niagaran to earliest Cayugan 
time. These rocks contain several lithologies that grade 
into one another across the western one-half of the 
study area (Shaver and others, 1986). The lithologies of 
these rocks include dense to fine-grained, calcareous, 
silty dolomite; dolomitic, silty limestone; fine-grained, 
light-colored limestone; dolomitic limestone; and dolo­ 
mite. Also included are micritic to fine-grained, thinly 
laminated limestone; granular, vuggy dolomite; and 
carbonate mudstones that are contained within the 
bank, reef, reef-detrital, and biohermal deposits.

The upper part of the Salina Group has been subjected 
to post-Cayugan, pre-Middle Devonian subaerial expo­ 
sure and erosion. This is apparent where the uppermost 
part of the Salina Group is exposed within quarries. At 
several locations in Indiana where the Cayugan carbon­ 
ate rocks have not been removed by erosion, paleokarst 
features are evident. The paleokarst features consist of 
caves, grykes (solution-widened fissures), solution-wid­ 
ened bedding joints, and fractures derived from the 
settling of reef-flank deposits (Shaver, 1989). The 
paleokarst features are filled with a whitish quartz sand 
and a shaly material, which are cave breakdown that

consists of the local host rock, and what appears to be 
pisolites. As evidence of the age of these features in 
relation to the overlying sediment, Shaver (1989) de­ 
scribed a calcareous shaly material that fills a cave and 
contains Devonian conodonts.

In Ohio, the Salina Group consists of a diverse assem­ 
blage of carbonate and evaporate deposits. This group 
ranges from an argillaceous, microcrystalline dolomite, 
which includes a stromatolitic dolomite representing a 
biohermal facies, to a saccharoidal, medium-grained 
dolomite and bedded evaporate deposits (Janssens, 
1977).

In northwestern Ohio, the Salina Group contains 
lithologies that also vary with the location. In the west­ 
ern one-half of northwestern Ohio, the Salina Group 
contains the following dominant lithologies: (1) a stro­ 
matolitic brown dolomite, (2) a partly argillaceous, silty, 
microcrystalline dolomite that contains some shale, (3) 
a microcrystalline dolomite that is partially laminated, 
argillaceous, and pelletal and that locally contains sec­ 
ondarily deposited gypsum (Janssens, 1977), and (4) a 
karst facies that contains mud cracks, as well as cav­ 
erns that are believed to contain secondary fillings of 
Devonian sediments (G.E. Larsen, Ohio Geological Sur­ 
vey, oral commun., 1992).

A facies change has been noted within the Salina 
Group of northwestern Ohio east of the Bowling Green 
Fault Zone (fig. 5), where it contains dolomite, bedded 
anhydrite, very argillaceous dolomite, and shale. 
Janssens (1977, p. 23) described it as "an important 
updip facies of the salt-bearing Salina rocks of eastern 
Ohio". This facies change in northwestern Ohio could be 
the result of several periods of movement along the 
Bowling Green Fault Zone and their effect on deposi- 
tional environments, coupled with subsidence in the 
Michigan Basin during this depositional episode 
(Onasch and Kahle, 1991).

In southwestern Ohio, the Salina Group has been 
subjected to a greater amount of post-Cayugan, pre- 
Middle Devonian erosion than in northwestern Ohio. 
Ulteig (1964, p. 34) suggested that the "Upper Silurian 
units under cover of the Devonian carbonates are trun­ 
cated in a southwesterly direction". This erosion of the 
upper section of the Salina Group in southwestern Ohio 
leaves only the basal section, which consists of a pure 
crystalline dolomite that exhibits medium to massive 
bedding and has a sucrosic texture; an argillaceous to 
shaly dolomite; and a dolomite that has a reeflike char­ 
acter (Stout, 1941).

DEVONIAN ROCKS

The Devonian rocks that compose the carbonate-rock 
aquifer in Indiana can be grouped into two major strati-
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graphic units, the Detroit River and Traverse Forma­ 
tions, which together make up the Muscatatuck Group 
(fig. 4). The stratigraphic units in Ohio and southeast­ 
ern Michigan have been subdivided more than those in 
Indiana. In Ohio and southeastern Michigan, the Devo­

nian rocks that compose the carbonate-rock aquifer are 
the Hillsboro Sandstone, the Detroit River Group or 
Formation, the Columbus Limestone, the Delaware 
Limestone or the Dundee Limestone, and the Traverse 
Formation (fig. 4).
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The Antrim Shale and the Ellsworth Shale are the 
upper Middle Devonian and Upper Devonian shales 
that make up the upper confining unit of the Silurian 
and Devonian carbonate-rock aquifer system north of 
the Kankakee and Findlay Arches in northern Indiana, 
southeastern Michigan, and northwestern Ohio. South 
and west of the Kankakee and Cincinnati Arches in 
southeastern, northwestern, and east-central Indiana, 
the equivalent lithologic unit to the Antrim Shale is the 
New Albany Shale (fig. 4) (Lineback, 1970; Shaver and 
others, 1986). East of the Cincinnati Arch and south of 
the Findlay Arch in central-western and southwestern 
Ohio, the equivalent lithologic unit is the Olentangy 
Shale, Ohio Shale, and the lower part of the Bedford 
Shale (fig. 4).

After the post-Cayugan, pre-Middle Devonian ero- 
sional event, the Great Lakes region was again a site 
of carbonate and evaporite deposition. The controlling 
tectonic forces of this depositional event were the 
Acadian orogeny and a major subsidence episode in the 
Michigan and Illinois Basins (Droste and Shaver, 1983; 
Beaumont and others, 1988). The late Niagaran and 
Cayugan Fort Wayne Bank (fig. 7) also is thought to 
have played a large role in the deposition of the Middle 
Devonian carbonate rocks. As a resistant carbonate reef- 
bank facies, it may have functioned as a barrier or a sill 
during the early deposition of the Detroit River Group 
or the Detroit River Formation of the Muscatatuck 
Group (Doheny and others, 1975). Some investigators 
(Doheny and others, 1975; Briggs and others, 1978) 
have proposed that the Fort Wayne Bank was a continu­ 
ous feature that extended from northwestern Indiana 
to northwestern Ohio (fig. 7). The Fort Wayne Bank, in 
conjunction with another carbonate bank in southern 
Michigan (proposed by Briggs, 1959), formed a re­ 
stricted evaporite basin in northern Indiana, northwest­ 
ern Ohio, and southern Michigan (Mesolella and others, 
1974).

In northern Indiana, northwestern Ohio, and south­ 
ern Michigan, the Detroit River Formation was depos­ 
ited during late Early Devonian and Middle Devonian 
time. This stratigraphic unit unconformably overlies 
rocks of the Salina Group that become progressively 
younger from the Wabash Platform into the Michigan 
Basin. In northern Indiana, the Detroit River Forma­ 
tion is unconformably overlain by the Traverse Forma­ 
tion. In northwestern Ohio, the Detroit River Formation 
is conformably overlain by a thin section of the Colum­ 
bus Limestone. The Detroit River Formation was de­ 
scribed by Janssens (1970) and Shaver and others 
(1986) as having several distinct facies. The basal unit 
consists of a sandy dolomicrite that grades to a fine- to 
medium-grained sandstone, which is cemented by do­ 
lomite and contains thin lenses of dolomicrite. This

basal unit grades upward into a fine-grained, laminated 
dolomite, dolomicrite, and dolosiltite that contains an­ 
hydrite and gypsum nodules (Janssens, 1970; Shaver 
and others, 1986).

In central and western Ohio, southeast of the eastern 
extension of the Fort Wayne Bank, the Detroit River 
Group was described by Stout (1941) as a true dolomite 
that grades into a calcareous dolomite. This limy dolo­ 
mite is finely crystalline, light to brownish gray, and 
finely banded and contains no evaporites. The absence 
of evaporites can be explained by the presence of a more 
open, nonrestricted depositional environment south and 
east of the eastern extension of the Fort Wayne Bank 
in central and western Ohio (fig. 7).

The carbonate rocks that are present in southwestern 
Ohio were subjected to a large amount of erosion after 
early Cayugan and during Middle Devonian time. Lo­ 
cally, where it has not been eroded, the Hillsboro Sand­ 
stone unconformably overlies the Salina Group and is 
unconformably overlain by the Olentangy Shale, which 
makes up the lowest part of the upper confining unit. 
The Hillsboro Sandstone is said to be a clean, very pure, 
well-sorted, angular silicious sand (Orton, 1888).

In northwestern, east-central, and southeastern Indi­ 
ana, the entire Middle Devonian carbonate-rock se­ 
quence is classified as the Muscatatuck Group (Shaver, 
1974). The Muscatatuck Group unconformably overlies 
the Salina Group strata that become progressively 
younger from the Kankakee Arch into the Illinois Ba­ 
sin. In southeastern Indiana, the Muscatatuck Group 
is unconformably overlain by the New Albany Shale, 
which makes up the upper confining unit. In northwest­ 
ern and east-central Indiana, the New Albany or Antrim 
Shale contact with the Muscatatuck Group generally is 
unconformable, but in places, the contact is conformable 
(fig. 4) (Shaver and others, 1986).

In northern Indiana, the Muscatatuck Group is di­ 
vided into the Detroit River and Traverse Formations 
(Shaver and others, 1986). Several dominant carbonate 
lithologies are present in the Muscatatuck Group. The 
lowest part consists of a sandy, fine-grained, quartz-rich 
dolomite or a dolomitic quartz sandstone overlain by a 
granular, vuggy dolomite. These basal units are overlain 
by shaly to pure, granular limestone and dense, litho­ 
graphic to fine-grained, typically laminated dolomites 
and dolomitic limestones (Becker, 1974; Shaver and 
others, 1986). Certain coarsely granular and fibrous 
anhydrite and gypsum deposits within the Muscatatuck 
Group correlate with the Detroit River Formation in 
northern Indiana (Becker, 1974; Shaver and others, 
1986).

In central and western Ohio, the Columbus Limestone 
unconformably overlies the Detroit River Group (where 
the Detroit River Group is recognized) and is uncon-
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formably overlain by the Delaware Limestone (Hall and 
Alkire, 1956; Dow, 1962; Hull, 1990; Larsen, 1991). The 
Columbus Limestone consists of a basal brown, highly 
crystalline and porous dolomite or dolomitic limestone 
overlain by a massive, gray, fossiliferous limestone that 
locally contains some chert (Westgate, 1926; Stout, 
1941; Hall and Alkire, 1956).

In northwestern Ohio, the Detroit River Formation is 
conformably overlain by a thin section of the Columbus 
Limestone (Shaver, 1985). The Columbus Limestone is

unconformably overlain by the Dundee and Delaware 
Limestones (fig. 4), which are laterally equivalent. The 
Dundee Limestone is a saccharoidal, sandy, fine- and 
medium-grained crystalline dolomitic limestone or do­ 
lomite that contains nodular chert (Janssens, 1970). The 
Delaware Limestone is a fine-grained, argillaceous and 
fossiliferous limestone (Janssens, 1968). The Dundee 
and Delaware Limestones are unconformably overlain 
by the Traverse Formation (fig. 4).
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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

(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)

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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glaciations that took place during the Pleistocene Ep­ 
och, although evidence exists that a preglacial river 
system followed a similar course (Fullerton, 1986; 
Goldthwait, 1991). As the ice margin retreated north 
ward, sediment-laden rivers incised the bedrock of west­ 
ern Ohio and eastern Indiana, altering the preglacial 
valleys and later depositing valley-fill material (Gray, 
1991). The hydrologic characteristics of these buried 
valleys vary with the type of materials deposited in 
them and the depth of incision into the bedrock.

HYDROGEOLOGIC FRAMEWORK

The correlation of the hydrogeologic units was based 
primarily on the interpretation of natural-gamma logs, 
drill-core descriptions, and a small number of electric 
logs and drillers' logs. Regional subsurface nomencla­ 
ture and geologic mapping in the Midwestern Basins 
and Arches region was based on the Ohio and Indiana 
State Geological Surveys' formal geologic (rock-strati- 
graphic) and chronologic (time-stratigraphic) units. 
These units have been defined by location, lithology, and 
biostratigraphy from well cuttings, drill cores, and out­ 
crop locations. The description and correlation of the 
various stratigraphic units that compose the Silurian 
and Devonian carbonate-rock aquifer system in this 
area are necessary because different names are used for
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valley system in the Midwestern Basins and Arches region.

similar stratigraphic units in the various States. The 
geologic nomenclature and stratigraphic relations and 
the hydrogeologic nomenclature used by the Midwest­ 
ern Basins and Arches RASA project are shown in fig­ 
ure 4.

Geophysical logs, descriptions of drill core, and geolo­ 
gists' or drillers' logs for more than 1,000 sites were 
considered for use in the delineation of the hydrogeo­ 
logic sections. Of these sites, 221 were selected for evalu­ 
ation on the basis of their location, the quality and 
length of the geophysical log, and the availability of drill 
core or drillers logs (table 1, on p. 32). Natural-gamma 
logs were used because they exhibit distinctive patterns, 
or signatures, that correspond to geologic contacts be­ 
tween the aquifer units and the confining units.

The typical response of natural-gamma-ray and spon­ 
taneous-potential electric logs to different lithologies in 
the Midwestern Basins and Arches region is illustrated 
in figure 10. Natural-gamma logs are obtained by low­ 
ering an instrument and recording the resulting re­ 
sponse at the surface from a detector that measures the 
natural radioactive properties of the rock (Keys, 1990). 
The natural-gamma log can be run on a borehole that 
has been cased or uncased, and the presence of fluid in 
the borehole is not required. The type of electric log used 
in this report was the spontaneous-potential (SP or self- 
potential) curve. The electric log is obtained by lower­ 
ing an electrode into an uncased, fluid-filled borehole 
and recording the resulting electrical response at the 
surface (Telford and others, 1976).

A natural-gamma log is a plot of the changes that take 
place with depth in the natural-gamma radiation emit­ 
ted from the strata that are penetrated by the borehole. 
These naturally occurring emissions of gamma rays are 
products of small amounts of uranium, thorium, and 
potassium contained within the strata (Telford and oth­ 
ers, 1976). Carbonate rock, sandstone, and unconsoli- 
dated deposits that have a low clay content all have a 
low natural-gamma-ray activity. This low activity re­ 
sults in a deflection to the left on a natural-gamma log 
trace, which indicates a decrease in natural-gamma 
radiation. Shale, siltstone, and unconsolidated deposits 
that have a high clay content all have a high natural- 
gamma activity because of the presence of small 
amounts of naturally occurring uranium, thorium, and 
potassium in the clay. These radioactive elements are 
concentrated by way of ion exchange and adsorption by 
the clay minerals. This concentration of natural- 
gamma-ray emitters results in a deflection to the right 
on a natural-gamma-log trace, which indicates an in­ 
crease of natural-gamma radiation.

The spontaneous-potential curve is a plot of small 
changes in voltage that vary with depth between the 
fluid in the borehole and the strata penetrated by the
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in the Midwestern Basins and Arches region.

borehole, measured in ohms (Keys, 1990). These natu­ 
rally occurring, spontaneous potentials are caused by 
electrochemical reactions between the fluid in the bore­ 
hole and the surrounding strata (Telford and others, 
1976). In general, carbonate, sandstone, and unconsoli- 
dated deposits that have a low clay content are more 
resistant to the flow of an electrical current and cause 
a negative deflection of the spontaneous potential to the 
left. Shale, siltstone, and unconsolidated deposits that 
have a high clay content are less resistant to the flow 
of an electrical current and cause a positive deflection 
to the right. Where water in the borehole is more saline 
than water in the formation, the deflection is reversed 
(Keys, 1990).

The composition of the strata that constitute the car­ 
bonate-rock aquifer system in the Midwestern Basins 
and Arches region makes the use of electric and natu­ 
ral-gamma logs ideal for lithologic correlation. The use 
of the geophysical logs combined with the drill cores, 
drill-hole sample cuttings, and drillers' logs allow for a 
reasonable amount of certainty when making correla­ 
tions across such a large area. Detailed information 
about borehole geophysics can be found in Telford and 
others (1976); information on the application of borehole

geophysics to a water-resources investigation can be 
found in Keys (1990).

GLACIAL DEPOSITS

The thickness of the glacial deposits in the Midwest­ 
ern Basins and Arches region ranges from 100 ft near 
the limit of glaciation to more than 400 ft in northeast­ 
ern Indiana and along the course of the ancient Teays- 
Mahomet bedrock valley system (figs. 11 and 9). In 
northwestern Ohio, the glacial deposits generally are 
less than 100 ft thick, except for the northwesternmost 
part of the State where thicknesses increase to more 
than 300 ft. The increase in the thickness of the glacial 
deposits in this part of Ohio is due to the area's 
interlobate position during the Wisconsinan glaciation 
(Soller, 1986). In central Ohio near the eastern limit of 
glaciation, the glacial deposits thicken to approximately 
200 ft and then abruptly thin near the limit of glacia­ 
tion. Soller (1986) describes this increase in thickness 
east of Columbus, Ohio, to be a result of the concentra­ 
tion of glacial materials between a glacial lobe and bed­ 
rock uplands (fig. 8).

Glacial deposits range from 200 to more than 400 ft 
thick in northeastern Indiana, north of the Eel River. 
The northeastern part of Indiana was between two gla­ 
cial lobes and was covered by large quantities of glacial 
materials (Wayne, 1956). In northeastern Indiana, the 
glacial deposits range in thickness from less than 100 
ft to more than 300 ft; the increases in thickness of the 
glacial deposits were controlled by the location and 
depth of preglacial bedrock valleys (Wayne, 1956). In 
central Indiana, south of the Iroquois, Wabash, and Eel 
Rivers, the thickness of the glacial deposits ranges from 
less than 100 ft to more than 400 ft. Generally, the thick­ 
ness of the glacial deposits is less than 200 ft, except 
where the ancient Teays-Mahomet bedrock valley sys­ 
tem (fig. 9) deeply incised the bedrock and controlled the 
thickness of the glacial deposits.

The major feature that affects the thickness of the 
glacial deposits in the Midwestern Basins and Arches 
region is the ancient Teays-Mahomet bedrock valley 
system (fig. 9). The system entered the study area from 
near the confluence of the Scioto River and the Ohio 
River, then trended northward from the Ohio River, 
flowed northwestward just south of Columbus, Ohio, 
toward Indiana, and crossed the Ohio-Indiana State 
line in an east-west orientation (Goldthwait, 1991). The 
ancient Teays-Mahomet bedrock valley system flowed 
westward across Indiana in a sinuous channel and left 
the study area, crossing the Indiana-Illinois State line 
from the west-central part of Indiana (Burns and oth­ 
ers, 1985a, b, c; Bleuer, 1991; Gray, 1991).
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Hydrologic data for the glacial deposits in the Mid­ 
western Basins and Arches region have been compiled 
by Joseph and Eberts (1994). Transmissivities reported 
for the glacial deposits, as determined from aquifer

tests, range from 1.5 to 69,700 ft2/d; storage coefficients 
range from 0.00002 to 0.2 (Joseph and Eberts, 1994). 
Where the upper confining unit has been eroded, the 
overlying glacial sediments partially confine the carbon-
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FIGURE 11. Generalized thickness of glacial deposits in the Midwestern Basins and Arches region.
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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.

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 Ohio. Horizontal and verti­ 
cal matrix permeabilities determined for cores from two 
wells drilled into the Ohio Shale ranged from 10"5 to 
10~7 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 (10~2 to 5xl02 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

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 carbonate-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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Figure 12. Approximate thickness and extent of the Silurian and Devonian carbonate-rock aquifer in the Midwestern Basins
and Arches region.
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rock that contain openings along joints, fractures, and 
bedding planes (secondary permeability). Some of these 
openings have been enlarged by dissolution as the

ground water flowed through them. The magnitude and 
degree of interconnection among these openings deter­ 
mine the ability of the rock to transmit and yield wa-
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ter. The matrix of the carbonate rocks also contains 
water that contributes to the ground-water flow system 
(primary and secondary permeability), but this water 
is assumed to be insignificant when compared to the 
quantity of water that moves through the joints, frac­ 
tures, and bedding planes (L.D. Arihood, USGS, writ­ 
ten commun., 1992). Results of a series of aquifer tests 
in northwestern Indiana showed that "almost all of the 
transmissivity is derived from horizontal fracturing; 
however, only a few fractures present in the carbonate

are transmissive" (L.D. Arihood, USGS, written 
commun., 1992). Transmissivities determined from 
aquifer tests in northwestern Indiana ranged from 300 
to 27,000 ft2/d.

The upper zone is the most highly fractured zone of 
the Silurian and Devonian carbonate-rock aquifer (the 
strata at or near the bedrock surface regardless of the 
lithologic unit), as compared to the more deeply buried 
zones, and generally contains the greatest number of 
fractures and solution-enlarged openings. This preva-
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lence of fractures and solution-enlarged openings is a 
result of the weathering of the bedrock, unloading, and 
dissolution of the carbonate rock by ground-water flow. 
At depths greater than 250 to 300 ft below the land 
surface, however, these fractures generally are not 
thought to be capable of transmitting water because the 
weight of the overlying strata limits the fracturing re­ 
lated to unloading, and the secondary mineralization of 
the fractures limits the size of the openings between the 
fracture walls. The Great Lakes region has been glaci­ 
ated several times, and some investigators (Beaumont 
and others, 1988) have postulated that a thick sequence 
of sedimentary rock was deposited on top of the carbon­ 
ate-rock aquifer and has since been removed from the 
study area. The removal of the overlying strata, coupled 
with the multiple glacial advances and retreats, allowed 
the joints related to unloading to form preferentially at 
preexisting points of weakness in the Silurian and De­ 
vonian carbonate rocks (Kappel and Tepper, 1993).

Some zones below the upper fractured zone within the 
carbonate-rock aquifer have an increased transmissive 
capability compared to the rest of the carbonate-rock 
aquifer. The "Newburg Zone," which is a term used by 
the oil and gas industry in eastern Ohio for one of these 
zones, was documented by Norris and Fidler (1971). 
This zone is in the carbonate strata overlying the 
Lockport Dolomite in the lower part of the Salina Group 
(Norris and Fidler, 1971). The Newburg Zone is not 
contiguous within the study area, and other permeable 
zones have been noted in a broader titratigraphic sec­ 
tion than that described by Norris and Fidler (1971). 
These zones of increased tranmissive capability can be 
associated with local unconformities that have been 
texturally described as near-reef and bank-type depos­ 
its. Strobel and Bugliosi (1991) proposed that the 
Newburg Zone could be the result of multiple, dia- 
chronous processes. Because of the lack of evidence that 
this zone is laterally extensive, it is probably not region­ 
ally important as a water-bearing zone, but it could be 
significant locally.

The carbonate rocks at and above a regionally exten­ 
sive erosional surface (the Silurian-Devonian uncon­ 
formity) can yield continuously large quantities of wa­ 
ter from seeps within quarries and outcrops (Shaver, 
1989). This feature has been eroded in the central part 
of the study area where even older rocks crop out; how­ 
ever, the unconformity and a zone above the uncon­ 
formity appear to be a less resistant path for ground- 
water flow than zones either above or below it. A clas­ 
tic-rich zone that is contained within the lower part of 
the Middle Devonian Detroit River Formation, directly 
above the unconformity (described in the section 
"Stratigraphy"), transmits ground water effectively. The 
underlying Silurian rock is a massive carbonate rock,

whereas the rock within the clastic-rich zone is fine­ 
grained sandstone and sandy dolomite that are overlain 
by alternating units of argillaceous to pure bioclastic, 
vuggy, nonfossiliferous dolomite (Shaver, 1989). Addi­ 
tionally, surficial iron staining of carbonate rock below 
this zone indicates that water moves preferentially 
within this zone as a result of the change in hydrologic 
character between the overlying Devonian carbonate 
rock and the underlying Silurian carbonate rock. This 
staining results from the flow of ground water out of the 
more transmissive zone and down the quarry face be­ 
low.

Faulting of carbonate rocks can affect ground-water 
flow in various ways. It can increase an aquifer's abil­ 
ity to transmit water along the fractures. This increased 
ground-water flow aids the dissolution of the carbonate 
rock and consequently enlarges the original fractures. 
Faulting also can restrict ground-water flow where a 
relatively impermeable unit is displaced along the fault 
and comes in contact with a more permeable unit.

Of the four major faults that affect the Silurian and 
Devonian carbonate-rock aquifer, only the Bowling 
Green Fault Zone has been studied with respect to its 
hydrologic effects. Van Wagner (1988) described the 
variation of specific capacity (which was termed "trans- 
missivity factor") across sections of the fault zone. He 
noted that the largest specific capacities were found 
along fracture trends but that a number of unproduc­ 
tive wells were located within several hundred feet of 
wells that had large specific capacities. This example 
demonstrates that hydrologic characteristics can differ 
widely over short distances within a feature such as the 
Bowling Green Fault Zone.

Transmissivities for the carbonate-rock aquifer, deter­ 
mined from aquifer tests, ranged from 70 to 28,000 
ft2/d, and storage coefficients ranged from 0.00001 to 
0.01 (Joseph and Eberts, 1994). These transmissivities 
are three to five orders of magnitude greater than those 
reported for the Ordovician shales of the basal confin­ 
ing unit of the carbonate-rock aquifer and for the Up­ 
per Devonian and Lower Mississippian shales and silt- 
stones that compose the upper confining unit of the 
aquifer system (Droste and Vitaliano, 1976).

BASAL CONFINING UNIT

The Maquoketa Group thickens eastward from the 
western border of Indiana toward Ohio. It ranges in 
thickness from about 200 ft in northwestern Indiana to 
nearly 900 ft at the Ohio-Indiana State line. The un- 
differentiated Cincinnatian rocks in Ohio gradually 
thicken as they dip into the Appalachian Basin. These 
units thin where they crop out in southeastern Indiana 
and southwestern Ohio because of the pre-Silurian ero-
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sion of the group and the post-Permian uplift and sub­ 
sequent erosion along the crest of the Cincinnati Arch 
(fig. 15).

In Indiana, the basal confining unit of the carbonate- 
rock aquifer is cut by the Royal Center, Fortville, and

Mount Carmel Faults (fig. 15). These faults, which are 
located along the northeastern and eastern edge of the 
Illinois Basin, are thought to represent movement dur­ 
ing Mississippian and Pennsylvanian time (Melhorn 
and Smith, 1959; Shaver and Austin, 1972). Vertical
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displacement on these faults is less than 200 ft; there­ 
fore, the basal confining unit does not appear to be com­ 
pletely offset along any of the faults.

In Ohio, the basal confining unit is displaced by faults 
within the Bowling Green Fault Zone, where a large 
number of multiple faults have been mapped (VanWag- 
ner, 1988). Movement along this feature may have taken 
place during early Paleozoic time but could have hap­ 
pened as recently as Mesozoic or even Cenozoic time 
(Onasch and Kahle, 1991). Because the vertical dis­ 
placement along the Bowling Green Fault Zone ranges 
from 90 to 300 ft (VanWagner, 1988), the basal confin­ 
ing unit is not completely offset (pi. 2).

The altitude and configuration of the top of the basal 
confining unit are shown in figure 16. The altitude 
ranges from 1,000 ft above sea level in the south-cen­ 
tral part of the study area to less than -1,600 ft below 
sea level in the structural basins. Along the eastern 
flank of the Cincinnati and Findlay Arches, the slope of 
the top of the basal confining unit is fairly flat near the 
crests of the arches (less than 10 ft/mi); however, the 
slope increases as the distance from the crests increases 
(approximately 40 ft/mi) because of the effects of 
downwarping of the crust in the Appalachian Basin. A 
similar configuration is found along the Michigan and 
Illinois Basins, again because of the relative positions 
of the crests of the arches and downwarping of the crust 
in the basins.

Hydrologic data for the Upper Ordovician rocks are 
scanty, but some vertical and horizontal hydraulic con­ 
ductivities have been determined from analysis of core 
collected from the upper sections of the undifferentiated 
Cincinnatian rocks in southwestern Ohio. Vertical and 
horizontal hydraulic conductivities ranged from lO^5 to 
10~7 ft/d (Lawrence Wickstrom, Ohio Geological Survey, 
written commun., 1991). Comparisons of the hydraulic 
conductivities calculated for the carbonate-rock aquifer 
indicate that the hydraulic conductivities measured in 
the basal confining unit are three to five orders of mag­ 
nitude lower than the calculated hydraulic conductivi­ 
ties for the carbonate-rock aquifer. Data from an inven­ 
tory of drillers' logs in southwestern Ohio and southeast­ 
ern Indiana indicate that far fewer wells are completed 
in the Ordovician bedrock than in the overlying Silurian 
carbonate bedrock. Wells that are completed in the 
Ordovician bedrock typically have small yields (less 
than 2 gal/min) or are dry.

The low hydraulic conductivity of the Ordovician shale 
units makes them favorable repositories for under­ 
ground storage of liquefied natural gas. A room-and- 
pillar storage facility constructed in south-central Indi­ 
ana in the Maquoketa Group was found to be imperme­ 
able (Droste and Vitaliano, 1976). Additional evidence 
of the low hydraulic conductivity of the Ordovician shale

units is provided by the fact that the shale units have 
functioned as a barrier to the migration of oil and gas 
reserves and the associated highly concentrated brines 
within the Trenton Limestone. This stratigraphic trap 
is created by the low permeability of the Ordovician 
shale units that were upwarped during the post-Ordovi- 
cian uplift that formed the Cincinnati Arch (Keller and 
Abdulkareem, 1980).

SUMMARY

The Silurian and Devonian carbonate-rock aquifer 
system of the Midwestern Basins and Arches region 
consists primarily of dolomite and limestone plus sub­ 
ordinate amounts of terrigenous clastic rocks and 
evaporites. The carbonate-rock aquifer is underlain by 
the Maquoketa Group and undifferentiated Cincin­ 
natian rocks, which constitute the basal confining unit 
and are virtually impermeable and regionally extensive. 
These units collectively form a barrier to ground-water 
flow across the Ordovician-Silurian boundary, and this 
effectively limits the transfer of significant quantities 
of water through the base of the Silurian and Devonian 
carbonate-rock aquifer. The carbonate-rock aquifer is 
overlain by an upper confining unit on the margins of 
the study area that consists of Upper Devonian and 
Lower Mississippian shales and siltstones that are vir­ 
tually impermeable; therefore, these units, where 
present, collectively form a barrier to ground-water flow 
that effectively limits the transfer of significant quan­ 
tities of water to and from the underlying carbonate- 
rock aquifer. Where the upper confining unit is absent, 
the carbonate-rock aquifer is confined by the moderately 
permeable, overlying glacial sediments.

The locations of the primary water-bearing zones in 
the Silurian and Devonian carbonate-rock aquifer are 
related to the degree of fracturing and dissolution, depth 
below land surface, and lithologic variation within the 
aquifer. At shallow depths (less than 300 ft below land 
surface), the upper part of the aquifer contains the most 
fractures and generally has the greatest number of so­ 
lution-enlarged openings. Clastic-rich dolomite at and 
directly above the unconformable contact between the 
Silurian and Devonian carbonate rocks forms a regional 
water-bearing zone. Other locally significant water­ 
bearing zones are found in the carbonate-rock aquifer. 
These water-bearing zones have been associated with 
local unconformities that have been described as being 
near-reef and bank-type deposits. An example of this 
type of water-bearing zone is the Newburg Zone.

The thickness of the Silurian and Devonian carbon­ 
ate-rock aquifer ranges from zero at its contact with the 
underlying Ordovician shales (the updip edge of the 
aquifer) to a maximum of nearly 2,500 ft in southeast-
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ern Michigan. Along the crests of the various arches (the 
Cincinnati, Findlay, and Kankakee Arches), in a struc­ 
turally 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-rock aquifer in the central part 
of the study area.

The carbonate-rock aquifer has been completely 
eroded in places by the ancient Teays-Mahomet bedrock 
valley system. The downcutting of this valley system 
has caused the basal confining unit to crop out beneath 
the unconsolidated sediments that today fill the buried 
valley. The downcutting also has thinned the aquifer 
along the course of the ancient Teays-Mahomet bedrock 
valley system.

The Silurian and Devonian carbonate-rock aquifer is 
overlain and confined on the margins of the study area 
by Upper Devonian and Lower Mississippian shales and 
siltstones where the aquifer units dip into the various 
basins (Appalachian, Michigan, and Illinois Basins) 
surrounding the study area. Elsewhere, the carbonate- 
rock aquifer is overlain and confined by moderately 
permeable, unconsolidated glacial deposits.

SELECTED REFERENCES

Ault, C.H., Becker, L.E., Droste, J.B., Keller, S.J., and Shaver, R.H., 
1992, Map of Indiana showing thickness of Silurian rocks and 
location of reefs: Indiana Department of Natural Resources, 
Geological Survey Miscellaneous Map 54, scale 1:500,000.

Ausich, W.I., 1987, John Bryan State Park, Ohio-Silurian stratig­ 
raphy, in Biggs, D.L., ed., North-central section, v. 3, of 
Geological Society of America Centennial Field Guides: Boulder, 
colo., Geological Society of America, p. 419^422.

Bailey, Z.C., and Imbrigiotta, T.E., 1982, Ground-water resources of 
the glacial outwash along the White River, Johnson and Morgan 
Counties, Indiana: U.S. Geological Survey Water-Resources 
Investigations Report 82-4016, 87 p.

Bassett, J.L., and Hasenmueller, N.R., 1979, Map showing structure 
on base of New Albany Shale (Devonian and Mississippian) and 
equivalent strata in Indiana: Indiana Department of Natural 
Resources, Geological Survey METC/EGSP Series 812, scale 
1:500,000.

Beaumont, Christopher, Qunilan, G.M., and Hamilton, Juliet, 1988, 
Orogeny and stratigraphy Numerical models of the Paleozoic 
in the eastern interior of North America: Tectonics, v. 7, no. 3, 
p. 389-416.

Becker, L.E., 1974, Silurian and Devonian rocks in Indiana southwest 
of the Cincinnati Arch: Indiana Department of Natural Re­ 
sources, Geological Survey Bulletin 50, 83 p.

Bennison, A.P., comp., 1978, Geological highway map of the Great 
Lakes area, Indiana, Illinois, Michigan, Ohio, and Wisconsin: 
Tulsa, Okla., American Association of Petroleum Geologists, scale 
1:2,000,000.

Bleuer, N.K., 1991, The Lafayette bedrock valley system of Indiana- 
Concept, form, and fill stratigraphy, in Melhorn, W.N., and 
Kempton, J.P., eds., Geology and hydrogelogy of the Teays- 
Mahomet bedrock valley system: Geological Society of America 
Special Paper 258, p. 51-77.

Bownocker, J.A., comp., 1920, Geologic map of Ohio: Columbus, Ohio, 
Ohio Geological Survey, scale 1:500,000. (Reprinted in 1981.)

Brahana, J.V., Thrailkill, John, Freeman, Tom, and Ward, W.C., 1988, 
Carbonate rocks, in Back, W, Rosenshein, J.S., and Seaber, PR., 
eds., Hydrogeology, v. O-2 of Geology of North America: 
Geological Society of America, p. 333-352.

Briggs, L.I., 1959, Physical stratigraphy of lower Middle Devonian 
rocks in the Michigan Basin, in Geology of Mackinac Island and 
Lower and Middle Devonian rocks south of the straits of 
Mackinac: Michigan Basin Geological Society Guidebook, p. 39- 
56.

Briggs, L.I., Briggs, D.Z., Elmore, R.D., and Gill, Daniel, 1978, 
Stratigraphic facies of carbonate platform and basinal deposits, 
late Middle Silurian, Michigan Basin, in Kesling, R.V., ed., The 
north-central section of the Geological Society of America, field 
excursions: Boulder, Colo., Geological Society of America, p. 117- 
131.

Bugliosi, E.F., 1990, Plan of study for the Ohio-Indiana carbonate- 
bedrock and glacial-aquifer system: U.S. Geological Survey Open- 
File Report 90-151, 26 p.

Bunner, D.W, Jr., 1993, Bedrock-surface altitude in the Midwestern 
Basins and Arches region of Indiana, Ohio, Michigan, and 
Illinois: U.S. Geological Survey Water-Resources Investigations 
Report 93^050, scale 1:750,000.

Burger, A.M., Forsyth, J. L., Nicoll, R.S., and Wayne, W.J., 1971, 
Geologic map of the 1° x 2° Muncie quadrangle, Indiana and 
Ohio, showing bedrock and unconsolidated deposits: Indiana 
Department of Natural Resources, Geological Survey Regional 
Geologic Map 5, scale 1:250,000.

Burns, T.M., Logan, S.M., and Steen, W.J., 1985a, Map showing 
bedrock topography of the Teays Valley, western part, north- 
central Indiana: Indiana Department of Natural Resources, 
Geological Survey Miscellaneous Map 42, scale 1:100,000.

____1985b, Map showing bedrock topography of the Teays Valley, 
central part, north-central Indiana: Indiana Department of 
Natural Resources, Geological Survey Miscellaneous Map 43, 
scale 1:100,000.

____1985c, Map showing bedrock topography of the Teays Valley,
eastern part,north-central Indiana: Indiana Department of 
Natural Resources, Geological Survey Miscellaneous Map 44, 
scale 1:100,000.

Casey, G.D., 1992, Hydrogeology of the basal confining unit of the 
carbonate aquifer system in the Midwestern Basins and Arches 
region of Indiana, Ohio, Michigan, and Illinois: U.S. Geological 
Survey Open-File Report 92^89, 2 sheets, scalel: 1,000,000.

____ In press a, Hydrogeology of the Silurian and Devonian 
carbonate-rock aquifer system in the Midwestern Basins and 
Arches region Indiana, Ohio, Michigan, and Illinois: U.S. 
Geological Survey Hydrologic Investigations Atlas HA-725-B, 
2 plates, scale 1:1,000,000.

____ In press b, Hydrogeology of the upper confining unit of the 
Silurian and Devonian carbonate-rock aquifer system in the 
Midwestern Basins and Arches region of Indiana, Ohio, 
Michigan, and Illinois: U.S. Geological Survey Hydrologic 
Investigations Atlas HA-725-C, 2 sheets, scale 1:1,000,000.

____1994a, Preliminary analyses of matrix properties of Silurian 
and Devonian carbonate rocks in the Indiana and Ohio parts of 
the Midwestern Basins and Arches region [abs.]: Geological 
Society of America Abstracts with Programs, v. 26, no. 5, p. 8.

____1994b, Preliminary analyses of matrix properties of Silurian
and Devonian carbonate rocks in the Indiana and Ohio parts of 
the Midwestern Basins and Arches region: Columbus, Ohio, Ohio 
State University, unpublished M.S.thesis, 82 p. 

Casey, G.D., Adamany, E.J., Bunner, D.W, Jr., and Welch, S.W, in 
press, Generalized hydrogeologic sections of the Silurian and



REFERENCES CITED B29

Devonian carbonate-rock aquifer system in the Midwestern 
Basins and Arches region of Indiana, Ohio, Michigan, and 
Illinois: U.S. Geological Survey Hydrologic Investigations Atlas 
HA-725-D, 3 sheets, scale 1:1,000,000.

Coen, A.W., III, 1989, Ground-water resources of Williams County, 
Ohio, 1984-86: U.S.Geological Survey Water-Resources 
Investigations Report 89-^020, 95 p.

Devera, J.A., and Hasenmueller, N.R., 1991, Kaskaskia Sequence- 
Middle and Upper Devonian Series through Mississippian 
Kinderhookian Series, in Leighton, M.W, Kolata, D.R., Oltz, D.F., 
and Eidel, J.J., eds., Interior cratonic basins: American 
Association of Petroleum Geologists Memoir 51, p. 113-124.

Doheny, E.J., Droste, J.B., and Shaver, R.H., 1975, Stratigraphy of the 
Detroit River Formation (Middle Devonian) of northern Indiana: 
Indiana Department of Natural Resources, Geological Survey 
Bulletin 53, 86 p.

Dow, J.W, 1962, Lower and Middle Devonian limestones in 
northeastern Ohio and adjacent areas: Ohio Division of 
Geological Survey Report of Investigations 42, 67 p.

Droste, J.B., and Shaver, R.H., 1976, The Limberlost Dolomite of 
Indiana A key to the great Silurian facies in the southern Great 
Lakes area: Indiana Department of Natural Resources, 
Geological Survey Occasional Paper 15, 21 p.

____1980, Recognition of buried Silurian reefs in southwestern 
Indiana Application to the Terre Haute Bank: Journal of 
Geology, v. 88, p. 567-587.

____1982, The Salina Group (Middle and Upper Silurian) of 
Indiana: Indiana Department of Natural Resources, Geological 
Survey Special Report 24, 41 p.

___1983, Atlas of Early and Middle Paleozoic paleogeography of the 
southern Great Lakes area: Indiana Department of Natural 
Resources, Geological Survey Special Report 32, 31 p.

___1985, Comparative stratigraphic framework for Silurian reefs  
Michigan Basin to surrounding platforms: Michigan Basin 
Geological Society Special Paper 4, p. 73-93. 
_1987, Upper Silurian and Devonian stratigraphy of the Central

Illinois Basin: Indiana Department of Natural Resources, 
Geological Survey Special Report 39, 29 p.

Droste, J.B., Shaver, R.H., and Lazor, J.D., 1975, Middle Devonian 
paleogeography of the Wabash Platform, Indiana, Illinois, and 
Ohio: Geology, v. 3, p. 269-272.

Droste, J.B., and Vitaliano, C.J., 1976, Geologic report of the 
Maquoketa Shale, New Albany Shale, and Borden Group rocks 
in the Illinois Basin as potential solid waste repository sites: U.S. 
Energy Research and Development Administration Report, 25 p.

Ettensohn, F.R., 1985, The Catskill Delta complex and the Acadian 
orogeny A model, in Woodrow, D.L., and Sevon, W.D., eds., The 
Catskill Delta: Geological Society of America Special Paper 201, 
p. 39-^9.

Ettensohn, F.R., and Barron, L.S., 1981, Depositional model for the 
Devonian-Mississippian black shales of North America A 
paleoclimatic-paleogeographic approach, in Roberts, T.G., ed., 
Economic geology, structure: Falls Church, Va., American 
Geological Institute, v. 2, p. 344-361.

Fenelon, J.M., Bobay, K.E., and others, 1994, Hydrogeologic atlas of 
aquifers in Indiana: U.S. Geological Survey Water-Resources 
Investigations Report 92-4142, 197 p.

Fullerton, D.S., 1986, Stratigraphy and correlation of glacial deposits 
from Indiana to New York and New Jersey, in Sibrava, Vladimir, 
Bowen, D.Q., and Richmond, G.M., Quaternary glaciations in the 
Northern Hemisphere Report of the International Geological 
Correlation Program, Project 24 (International Union of 
Geological Sciences and UNESCO): Quaternary Science Review, 
v. 5, no. 1, p. 23-37.

Geosciences Research Associates Inc., 1982, Hydrogeologic atlas of

Indiana: Bloomington, Ind., Fine Print, 31 pi.
Goldthwait, R.P., 1991, The Teays Valley problem-A historical 

perspective, in Melhorn, W.N., and Kempton, J.P., eds., Geology 
and hydrogeology of the Teays-Mahomet bedrock valley system: 
Geological Society of America Special Paper 258, p. 3-8.

Gray, H.H., 1972a, Geologic map of the 1° x 2° Louisville quadrangle, 
Indiana, showing bedrock and unconsolidated deposits: Indiana 
Department of Natural Resources, Geological Survey Regional 
Geologic Map 6, scale 1:250,000.

___1972b, Lithostratigraphy of the Maquoketa Group (Ordovician) 
in Indiana: Indiana Department of Natural Resources, Geological 
Survey Special Report 7, 31 p.

____1982, Map of Indiana showing topography of the bedrock 
surface: Indiana Department of Natural Resources, Geological 
Survey Miscellaneous Map 36, scale 1:500,000.

____1983, Map of Indiana showing thickness of unconsolidated 
deposits: Indiana Department of Natural Resources, Geological 
Survey Miscellaneous Map 37, scale 1:500,000.

___1991, Origin and history of the Teays drainage system The
view from midstream, in Melhorn, W.N., and Kempton, J.R, eds., 
Geology and hydrogeology of the Teays-Mahomet bedrock valley 
system: Geological Society of America Special Paper 258, p. 43- 
50.

Gray, H.H., Forsyth, J. L., Schneider, A.F., and Gooding, A.M., 1972, 
Geologic map of the 1° x 2° Cincinnati quadrangle, Indiana and 
Ohio, showing bedrock and unconsolidated deposits: Indiana 
Department of Natural Resources, Geological Survey Regional 
Geologic Map 7, scale 1:250,000.

Gray, H.H., Bleuer, N.K, Hill, J.R., and Lineback, J.A., 1979, Geologic 
map of the 1° x 2° Indianapolis quadrangle, Indiana and Illinois, 
showing bedrock and unconsolidated deposits: Indiana Depart­ 
ment of Natural Resources, Geological Survey Regional Geologic 
Map 1, scale 1:250,000.

Gray, H.H., Droste, J.B., Patton, J.B., Rexroad, C.B., and Shaver, R.H., 
1985, Correlation chart showing Paleozoic stratigraphic units of 
Indiana: Indiana Department of Natural Resources, Geological 
Survey Supplement to Miscellaneous Map 48.

Gray, H.H., Ault, C.H., and Keller, S.J., 1987, Bedrock geologic map 
of Indiana: Indiana Department of Natural Resources, Geological 
Survey Miscellaneous Map 48, scale 1:500,000.

Gutschick, R.C., and Sandberg, C.A., 1991, Late Devonian history of 
Michigan Basin, in Catacosinos, P.A., and Daniels, P.A., Jr., eds., 
Early sedimentary evolution of the Michigan Basin: Geological 
Society of America Special Paper 256, p. 181-202.

Hall, J.F., and Alkire, R.L., 1956, The economic geology of Crawford, 
Marion, Morrow, and Wyandot Counties, Ohio: Ohio Department 
of Natural Resources, Geological Survey Report of Investigations 
28, 43 p.

Hartke, E.J., Ault, C.H., Austin G.S., Becker, L.E., Bleuer, N.K., 
Herring, W.C., and Moore, M.C., 1980, Geology for environmental 
planning in Marion County, Indiana: Indiana Department of 
Natural Resources, Geological Survey Special Report 19, 53 p.

Hasenmueller, N.R., and Bassett, J.L., 1980, Map showing structure 
on top of the Trenton Limestone (Ordovician): Indiana 
Department of Natural Resources, Geological Survey METC/ 
EGSP Series 813, scale 1:500,000.

Hasenmueller, N.R., and Woodard, G.S., 1981, Studies of the New 
Albany Shale (Devonian and Mississippian) and equivalent 
strata in Indiana: Bloomington, Ind., Indiana Department of 
Natural Resources, Geological Survey, 100 p.

Heath, R.C., 1983, Basic ground-water hydrology: U.S. Geological 
Survey Water-Supply Paper 2220, 84 p.

Hoover, K.V., 1960, Devonian-Mississippian shale sequences in Ohio: 
Ohio Department of Natural Resources, Geological Survey 
Information Circular 27, 154 p.



B30 REGIONAL AQUIFER-SYSTEM ANALYSIS-MIDWESTERN BASINS AND ARCHES

Hughes, G.M., Kraatz, Paul, and Landon, R.A., 1966, Bedrock aquifers 
of northeastern Illinois: Illinois State Geological Survey Circular 
406, 15 p.

Hull, D.N., 1990, Generalized column of bedrock units in Ohio: 
Columbus, Ohio, Ohio Department of Natural Resources, 
Geological Survey, 1 p.

Indiana Department of Natural Resources, 1988, Water resource 
availability in the Whitewater River Basin, Indiana: Indiana 
Division of Water, Water Resource Assessment 88-2, 26 p.

___1990, Water resource availability in the Kankakee River Basin, 
Indiana: Indiana Division of Water, Water Resource Assessment 
90-3, 247 p.

Janssens, Adriaan, 1968, Stratigraphy of Silurian and pre-Olentangy 
Devonian rocks of the South Birmingham pool area, Erie and 
Lorain Counties, Ohio: Ohio Department of Natural Resources, 
Geological Survey Report of Investigations 70, 20 p.

____1970, Middle Devonian formations in the subsurface of 
northwestern Ohio: Ohio Department of Natural Resources, 
Geological Survey Report of Investigations 78, 22 p.

____1977, Silurian rocks in the subsurface of northwestern Ohio:
Ohio Division of Geological Survey Report of Investigations 100, 
96 p.

Janssens, Adriaan, and de Witt, Wallace, Jr., 1976, Potential natural 
gas resources in the Devonian shales in Ohio: Ohio Division of 
Geological Survey Geological Note 3, 12 p.

Johnson, G.H., and Keller, S.J., 1972, Geologic map of the 1° x 2° Fort 
Wayne quadrangle, Indiana, Michigan, and Ohio, showing 
bedrock and unconsolidated deposits: Indiana Department of 
Natural Resources, Geological Survey Regional Geologic Map 8, 
scale 1:250,000.

Joseph, R.L., and Eberts, S.M., 1994, Selected data on characteristics 
of glacial-deposit and carbonate-rock aquifers, Midwestern 
Basins and Arches region: U.S. Geological Survey Open-File 
Report 93-627, 43 p.

Kammer, T.W, Ausich, W.I., and Lane, N.G., 1983, Paleontology and 
stratigraphy of the Borden Delta of southern Indiana and 
northern Kentucky, field trip 2, in Shaver, R.H., and Sunderman, 
J.A., eds., Field trips in midwestern geology: Bloomington, Ind., 
Indiana Geological Survey, v. 1, p. 37-71.

Kappel, W.M., and Tepper, D.H., 1993, An overview of the recent U.S. 
Geological Survey study of the hydrogeology of the Niagara Falls 
area of New York, in Modern trends in hydrogeology, Conference 
of the Canadian National Chapter, International Association of 
Hydrologists: Hamilton, Ontario, May 11-13,1992, Proceedings, 
p. 609-622.

Keller, S.J., and Abdulkareem, T.F., 1980, Post-Knox unconformity  
Significance at Unionport gas-storage project and relationships 
to petroleum exploration in Indiana: Indiana Department of 
Natural Resources, Geological Survey Occasional Paper 31, 
19 p.

Keys, W.S., 1990, Borehole geophysics applied to ground-water 
investigations: U.S. Geological Survey Techniques of Water- 
Resource Investigations, book 2, chap. E2, 149 p.

King, J.M., 1977, Ground water resources of Williams County, Ohio: 
Toledo, Ohio, University of Toledo, unpublished M.S. thesis, 
114 p.

King, P.B., 1977, The evolution of North America: Princeton, N.J., 
Princeton University Press, 197 p.

LaFerriere, A.P., Hattin, D.E., Foell, C.J., and Abdulkareem, T.F., 
1986, The Ordovician-Silurian unconformity in southeastern 
Indiana: Indiana Department of Natural Resources, Geological 
Survey Occasional Paper 53, 12 p.

Larsen, G.E., 1991, Development of Silurian and Devonian litho- 
stratigraphic nomenclature, central-western and northwestern

Ohio: Ohio Division of Geological Survey Open-File Report 91- 
1, 1 pi.

Lineback, J.A., 1970, Stratigraphy of the New Albany Shale in 
Indiana: Indiana Department of Natural Resources, Geological 
Survey Bulletin 44, 73 p.

Melhorn, W.N., and Smith, N.M., 1959, The Mt. Carmel Fault and 
related structural features in south-central Indiana: Indiana 
Geological Survey Report of Progress 16, 29 p., 1 pi.

Mesolella, K.J., Robinson, J.D., McCormick, L.M., and Ormiston, A.R., 
1974, Cyclic deposition of Silurian carbonates and evaporites in 
the Michigan Basin: American Association of Petroleum 
Geologists Bulletin, v. 58, no. 1, p. 34-62.

Mickelson, D.M., Clayton, L., Fullerton, D.S., and Borns, H.W, 1983, 
The late Wisconsin glacial record of the Laurentide Ice Sheet in 
the United States, in Wright, H.E., Jr., ed., Late-Quaternary 
environments of the United States: Minneapolis, University of 
Minnesota Press, v. 1, 407 p.

Milstein, R.L., 1987, Bedrock geology of southern Michigan: Michigan 
Department of Natural Resources, Geological Survey Division, 
scale 1:500,000.

Norris, S.E.,1979, Hydraulic properties of a limestone-dolomite 
aquifer near Marion, north-central Ohio: Ohio Division of 
Geological Survey Report of Investigations 110, 23 p.

Norris, S.E., and Fidler, R.E., 1971, Availability of ground water from 
limestone and dolomite aquifers in northwest Ohio and its 
relation to geologic structure, in Geological Survey research 1971: 
U.S. Geological Survey Professional Paper 750-B, p. B229-B235.

___1973, Availability of water from limestone and dolomite aquifers 
in southwest Ohio and the relation of water quality to the 
regional flow system: Reston, Va., U.S. Geological, 46 p. 
(Available from U.S. Department of Commerce, National 
Technical Information Service, Springfield, Va., PB-222-558.)

Norris, S.E., and Spieker, A.M., 1961, Geology and hydrology of the 
Piqua area, Ohio: U.S. Geological Survey Bulletin 1133-A, 31 p.

Onasch, C.M., and Kahle, C.F., 1991, Recurrent tectonics in a cratonic 
setting An example from northwestern Ohio: Geological Society 
of America Bulletin, v. 103, p. 1,259-1,269.

Orton, Edward, 1888, Report of the Geological Survey of Ohio, 
economic geology: Ohio Geological Survey, rept. 6, 831 p.

Pinsak, A.P., and Shaver, R.H., 1964, The Silurian formations of 
northern Indiana: Indiana Department of Natural Resources, 
Geological Survey Bulletin 32, 87 p.

Rexroad, C.B., and Droste, J.B., 1982, Stratigraphy and conodont 
paleontology of the Sexton Creek Limestone and the Salamonie 
Dolomite (Silurian) in northwestern Indiana: Indiana Depart­ 
ment of Natural Resources, Geological Survey Special Report 25, 
29 p.

Rodgers, G.D., and Luckey, R.R., 1990, Ground-water retrieval/tabling 
program, in Mathey, S.B., ed., Ground-Water Site Inventory 
system, v. 2, chap. 4, of National Water Information System 
user's manual: U.S. Geological Survey Open-File Report 89-587, 
p. 8.1-8.56.

Rupp, J.A., 1991, Structure and isopach maps of the Paleozoic rocks 
of Indiana: Indiana Department of Natural Resources, Geological 
Survey Special Report 48, 106 p.

Schmidt, J.J., 1954, The water resources of Ross County, Ohio: Ohio 
Department of Natural Resources, Division of Water Information 
Circular 4, 26 p.

Shaver, R.H., 1974, The Muscatatuck Group (new Middle Devonian 
name) in Indiana: Indiana Department of Natural Resources, 
Geological Survey Occasional Paper 3, 7 p.

____ regional coordinator, 1985, Midwestern Basins and Arches 
region correlation chart: Tulsa, Okla., American Association of 
Petroleum Geologists, 1 sheet. [Correlation of Stratigraphic Units 
of North America (COSUNA) Project.]



REFERENCES CITED B31

^1989, A field trip on the great carbonate-rock facies in the
Silurian System of western Ohio and northern Indiana:
Bloomington, Ind., Indiana Geological Survey and Indiana
University field trip guide and supplements, 35 p.
.1991, A history of study of Silurian reefs in the Michigan Basin

environs, in Catacosinos, P.A., and Daniels, P.A., Jr., eds., Early 
sedimentary evolution of the Michigan Basin: Geological Society 
of America Special Paper 256, p. 101-138.

Shaver, R.H., Ault, C.H., Ausich, W.I., Droste, J.B., Horowitz, A.S., 
James, C.W., Okla, S.M., Rexroad, C.B., Suchomel, D.M., and 
Welch, J.R., 1978, The search for a Silurian reef model-Great 
Lakes area: Indiana Department of Natural Resources, 
Geological Survey Special Report 15, 36 p.

Shaver, R.H., Ault, C.H., Burger, A.M., Carr, D.D., Droste, J.B., 
Eggert, D.L., Gray, H.H., Harper, Denver, Hasenmueller, N.R., 
Hasenmueller, W.A., Horowitz, A.S., Hutchison, H.C., Keith, 
B.D., Keller, S.J., Patton, J.B., Rexroad, C.B., and Wier, C.E., 
1986, Compendium of Paleozoic rock-unit stratigraphy in 
Indiana A revision: Indiana Department of Natural Resources, 
Geological Survey Bulletin 59, 203 p.

Shaver, R.H., and Austin, G.S., 1972, Afield guide to the Mt. Carmel 
Fault of southern Indiana: Indiana Department of Natural 
Resources, Geological Survey Guidebook 13, 25 p.

Shaver, R.H., and Sunderman, J.A., 1983, Silurian reef and interreef 
strata as responses to a cyclical succession of environments, 
southern Great Lakes area (field trip 12), in Shaver, R.H., and 
Sunderman, J.A., eds., Field trips in midwestern geology: 
Geological Society of America field trip guide, v. 1, p. 141-196.

____1989, Silurian seascapes Water depth, clinothems, reef 
geometry, and other motifs A critical review of the Silurian reef 
model: Geological Society of America Bulletin, v. 101, p. 939-951.

Smith, R.C., and Schmidt, J.J., 1953, The water resources of Pike 
County, Ohio: Ohio Department of Natural Resources, Division 
of Water Information Circular 1, 23 p.

Soller, D.R., 1986, Preliminary map showing the thickness of glacial 
deposits in Ohio: U.S. Geological Survey Miscellaneous Field 
Studies Map MF-1862, scale 1:500,000

Stith, D.A., 1972, High-calcium limestone facies of the Devonian 
Dundee Limestone, northwestern Ohio: Ohio Division of 
Geological Survey Report of Investigation 86, 14 p.

Stout, WE., 1941, Dolomites and limestones of western Ohio: Ohio 
Geological Survey, 4th ser., Bulletin 42, 468 p.

Stout, WE., Ver Steeg, Karl, and Lamb, G.F., 1943, Geology of water 
in Ohio (a basic report): Ohio Geological Survey, 4th ser., Bulletin 
44, 694 p.

Strobel, M.L., and Bugliosi, E.F., 1991, Areal extent, hydrogeological 
characteristics, and possible origins of the carbonate rock 
Newburg Zone (Middle-Upper Silurian) in Ohio: Ohio Journal 
of Science, v. 5, p. 209-215

Strobel, M.L., and Faure, Gunter, 1987, Transport of indicator clasts 
by ice sheets and the transport half-distance A contribution to 
prospecting for ore deposits: Journal of Geology, v. 95, p. 687-697.

Sun, R.J., ed., 1986, Regional Aquifer-System Analysis Program of the 
U.S. Geological Survey Summary of projects, 1978-84: U.S. 
Geological Survey Circular 1002, 264 p.

Sun, R.J., and Johnston, R.H., 1994, Regional Aquifer-System 
Analysis Program of the U.S. Geological Survey, 1978-92: U.S. 
Geological Survey Circular 1099, 126 p.

Telford, W.M., Geldart, L.P, Sheriff, R.E., and Keys, D.A., 1976, 
Applied geophysics: Cambridge, England, Cambridge University 
Press, 860 p.

Ulteig, J.R., 1964, Upper Niagaran and Cayugan stratigraphy of 
northeastern Ohio and adjacent areas: Ohio Division of Geo­ 
logical Survey Report of Investigation 51, 48 p.

VanWagner, Elmer, III, 1988, An integrated investigation of the 
Bowling Green Fault using multispectral reflectance, potential 
field, seismic, and well log data sets: Bowling Green, Ohio, 
Bowling Green State University, unpublished M.S. thesis, 
171 p.

Wahl, K.D., and Bunker, B.J., 1982, Hydrogeology of carbonate 
aquifers in southwestern Linn County and adjacent parts of 
Benton, Iowa, and Johnson Counties, Iowa: Iowa Geological 
Survey Water Supply Bulletin 15, 58 p.

Walker, A.C., 1953, The water resources of Jackson County, Ohio: Ohio 
Division of Water Information Circular 3, 20 p.

Walker, A.C., and Schmidt, J.J., 1953, The water resources of Scioto 
County, Ohio: Ohio Division of Water Information Circular 2, 
23 p.

Walker, A.C., Schmidt, J.J., Eagon, H.B., Jr., Johe, D.E., Stein, R.B., 
with a section on A study of the carbonate rock aquifers by 
Janssens, A.E., Norris, S.E., and Fidler, R.E., 1970, Ground water 
for planning in northwest Ohio: Ohio Department of Natural 
Resources, Ohio Water Plan Inventory Report 22, 63 p.

Wayne, W.J., 1956, Thickness of drift and bedrock physiography of 
Indiana north of the Wisconsin glacial boundary: Indiana 
Department of Conservation, Geological Survey Report of 
Progress 7, 70 p.

Westgate, L.G., 1926, Geology of Delaware County: Ohio Geological 
Survey, 4th ser., Bulletin 30, 147 p.

Whillans, lan, 1985, Glacial geology of central Ohio, field excursion 
3, in 6th Gondwana Symposium: Columbus Ohio, Ohio State 
University, Institute of Polar Studies, Miscellaneous publication 
226, 12 p.

Willman, H.B., 1973, Rock stratigraphy of the Silurian system in 
northeastern and northwestern Illinois: Illinois State Geological 
Survey Circular 479, 55 p.

Willman, H.B., Frye, J.C., Simon, J.A., Clegg, K.E., Swann, D.H., 
Atherton, Elwood, Collinson, Charles, Lineback, J.A., and 
Buschbach, T.C., 1967, Geologic map of Illinois: Illinois State 
Geological Survey, scale 1:500,000.



TA
BL

E 
I.

 D
es

cr
ip

ti
o
n
s 

o
f w

el
ls

 u
se

d 
in

 c
on

st
ru

ct
io

n 
o
f h

yd
ro

ge
ol

og
ic

 s
ec

ti
on

s 
o
f t

he
 M

id
w

es
te

rn
 B

a
si

n
s 

a
n
d
 A

rc
he

s 
re

gi
on

W
el

l i
de

n­
 

tif
ie

r u
se

d 
fo

r t
hi

s 
pr

oj
ec

t

A
l

A
2

A
3

A
4

A
5

A
6

A
7

A
8

A
9

A
10

A
ll

A
12

A
13

A
14

W
el

l o
r 

dr
ill

-h
ol

e 
de

si
gn

a­
 

tio
n

SD
H

 3
50

N
E

V
A

W
E

A
L

IN
G

1

JA
S

7

B
E

N
T

R
A

C
H

SE
L

 2

51
74

75
49

56
40

52
39

20
49

71
75

W
IL

L
IA

M
 M

O
SL

E
Y

 
1

IN
PU

-9

PU
L

 
1

O
R

V
IL

L
E

 W
H

IT
E

 S
D

H
- 

16
6

L.
 B

O
W

E
N

 
1

C
H

A
R

L
E

S 
K

E
N

N
E

D
Y

 
1

C
O

N
T

IN
E

N
T

A
L

 O
IL

 C
O

.
1 H

E
L

E
N

 A
M

E
S 

1

Si
te

 id
en

tif
ic

at
io

n 
1

40
33

42
08

72
20

70
1

40
40

21
08

71
31

80
1

40
44

24
08

70
91

00
1

40
46

31
08

70
55

00
1

40
48

36
08

70
30

60
1

40
52

04
08

70
20

00
1

40
54

40
08

65
55

40
1

40
57

12
08

65
33

10
1

40
59

24
08

65
24

80
1

41
04

25
08

65
12

60
1

41
08

29
08

63
93

50
1

41
17

00
08

63
63

50
1

41
15

58
08

62
14

80
1

41
22

37
08

61
11

10
1

L
at

itu
de

40
° 

33
 '4

2"

40
°4

0'
21

"

40
° 4

4 
'2

4"

40
° 4

6 
'3

1"

40
° 4

8 
'3

6"

40
° 5

2 
'0

4"

40
°5

4'
40

"

40
° 

57
 '1

2"

40
° 5

9 
'2

4"

41
° 0

4 '
25

"

41
° 0

8 
'2

9"

41
° 

17
'0

0"

41
° 

15
 '5

8"

41
°2

2'
37

"

A
lti

tu
de

 o
f 

la
nd

 s
ur

- 
L

on
gi

tu
de

 
fa

ce
 (

fe
et

 
ab

ov
e 

se
a 

le
ve

l)

87
° 2

2 
'0

7"

87
°1

3'
18

"

87
° 0

9 
'1

0"

87
° 0

5 
'5

0"

87
° 0

3 
'0

6"

87
° 0

2 
'0

0"

86
° 5

5 
'5

4"

86
° 5

3 
'3

1"

86
° 5

2 
'4

8"

86
° 5

1 
'2

6"

86
°3

9'
35

"

86
°3

6'
35

"

86
° 2

1 
'4

8"

86
°1

1'
11

"

79
0

75
0

74
0

71
7

70
0

68
5

67
5

68
2

67
5

68
6

71
2

71
0

76
3

80
3

D
ep

th
 

lo
gg

ed
 

(f
ee

t) 42
5

1,
60

0

19
2

1,
03

0

22
8 27

1,
64

0

16
0

20
0

72
0

1,
48

0

1,
16

0

1,
69

0

4,
08

0

Ty
pe

 o
f 

lo
g

C
or

e

G
eo

lo
gi

st

C
or

e

D
ri

lle
r, 

ge
ol

o­
gi

st
, c

al
ip

er
,

ne
ut

ro
n,

 g
am

­
m

a

D
ri

lle
r

D
ri

lle
r

D
ri

lle
r, 

ge
ol

o­
gi

st

D
ri

lle
r

C
or

e

D
ri

lle
r, 

ge
ol

o­
 

gi
st

, e
le

ct
ri

c

D
ri

lle
r, 

ga
m

­
m

a,
 n

eu
tr

on
,

la
te

ra
l

D
ri

lle
r

D
ri

lle
r, 

ga
m

­
m

a,
 n

eu
tr

on
,

la
te

ra
l

D
ri

lle
r, 

ga
m

­
m

a,
 n

eu
tr

on
,

in
du

ct
io

n,
 c

al
i­

pe
r, 

m
ic

ro
la

t-
er

al

H
yd

ro
ge

­ 
ol

og
ic

 
se

ct
io

ns
 

(s
ee

 p
is

. 
1 

an
d 

2)

A
-A

'

A
-A

'

A
-A

'

A
-A

'

A
-A

'

A
-A

'

A
-A

'

A
-A

'

A
-A

'

A
-A

'

A
-A

',
B

-B
'

A
-A

'

A
-A

'

A
-A

'

O i  i
 

O H «o 1
  1 i CO CO M | CO

 
CO 1 3 M Si M W CO CO ^ a o ffi CO



TA
BL

E 
1
. 
 D

es
cr

ip
ti

on
s 

o
f w

el
ls

 u
se

d 
in

 c
on

st
ru

ct
io

n 
o

f h
yd

ro
ge

ol
og

ic
 s

ec
ti

on
s 

o
f t

he
 M

id
w

es
te

rn
 B

as
in

s 
an

d 
A

rc
he

s 
re

gi
on

  
 C

on
ti

nu
ed

W
el

l i
de

n­
 

tif
ie

r u
se

d 
fo

r t
hi

s 
pr

oj
ec

t

A
15

A
16 B
l

B
2

B
3

B
4

B
5

B
6

B
7

B
8

B
9

B
IO

B
ll

W
el

l o
r d

ri
ll-

ho
le

 d
es

ig
na

­ 
tio

n

IN
E

H
-0

3

IN
E

H
-0

2

IN
L

A
N

D
 S

T
E

E
L

 C
O

. 
2

M
ID

W
E

ST
 S

T
E

E
L

 W
D

-1

PF
IZ

E
R

 I
N

JE
C

T
 W

E
L

L
 2

N
.A

M
E

R
. E

X
PL

. 
3

N
. A

M
E

R
. 

E
X

PL
. 

2

IN
L

P-
01

B
.N

. 
SE

G
H

E
T

T
I 

1

PU
L

 6

PU
L

50
3

PE
T

E
R

S 
1

M
A

R
IO

N
 G

O
H

N
N

 
1

Si
te

 id
en

tif
ic

at
io

n

41
28

03
08

60
33

70
1

41
36

29
08

55
90

00
1

41
39

34
08

72
54

00
1

41
37

46
08

71
02

10
1

41
28

50
08

70
00

60
1

41
21

33
08

65
92

90
1

41
17

39
08

65
75

70
1

41
17

47
08

65
10

60
1

41
12

45
08

64
34

60
1

41
06

36
08

63
60

50
1

41
04

08
08

63
61

40
1

41
03

36
08

63
10

50
1

41
03

03
08

61
55

30
1

L
at

itu
de

41
°2

8'
03

"

41
°3

6'
29

"

41
°3

9'
34

"

41
°3

7'
46

"

41
°2

8'
50

"

41
°2

1'
33

"

41
°1

7'
39

"

41
°1

7'
47

"

41
°1

2'
45

"

41
°0

6'
36

"

41
°0

4'
08

"

41
°0

3'
36

"

41
°0

3'
03

"

A
lti

tu
de

 o
f 

la
nd

 s
ur

- 
D

ep
th

 
L

on
gi

tu
de

 
fa

ce
 (

fe
et

 
lo

gg
ed

 
ab

ov
e 

se
a 

(f
ee

t)
 

le
ve

l)

86
°0

3'
37

"

85
°5

9'
00

"

87
°2

5'
40

"

87
°1

0'
21

"

87
°0

0'
06

"

86
°5

9'
29

"

86
°5

7'
57

"

86
°5

r0
6"

86
°4

3'
46

"

86
°3

6'
05

"

86
°3

6'
14

"

86
°3

1'
05

"

86
° 1

5 '
53

"

87
0 

1,
75

0

86
5 

1,
88

0

59
6 

4,
38

0

60
3 

4,
31

0

77
4 

4,
53

0

69
8 

22
4

67
7 

21
1

67
0 

1,
12

0

71
2 

1,
52

0

71
5 

16
3

71
0 

23
8

71
8 

1,
50

0

76
3 

1,
51

0

Ty
pe

 o
f 

lo
g

L
at

er
al

,
ga

m
m

a,

G
am

m
a,

G
am

m
a,

 c
al

i-
pe

r, 
ne

ut
ro

n,
la

te
ra

l

G
am

m
a,

 n
eu

­
tr

on
, i

nd
uc

­
tio

n,
 s

on
ic

G
am

m
a,

 n
eu

­
tr

on
, i

nd
uc

­ 
tio

n,
 c

al
ip

er
, 

ga
m

m
a-

ga
m

­
m

a

D
ri

lle
r

D
ri

lle
r

E
le

ct
ri

c

D
ri

lle
r, 

ga
m

­
m

a,
 n

eu
tr

on
,

la
te

ra
l

D
ri

lle
r

D
ri

lle
r

D
ri

lle
r, 

ga
m

­
m

a,
 n

eu
tr

on
,

la
te

ra
l

D
ri

lle
r, 

ga
m

­
m

a,
 n

eu
tr

on
, 

fl
ui

d 
co

nd
uc

t

H
yd

ro
ge

­ 
ol

og
ic

 
se

ct
io

ns
 

(s
ee

 p
is

. 
1 

an
d 

2)

A
-A

'

A
-A

'

B
-B

'

B
-B

'

B
-B

'

B
-B

'

B
-B

'

B
-B

'

B
-B

'

B
-B

'

B
-B

'

B
-B

'

B
-B

'

TABLE
 

1 W
 

oo OO



B34 REGIONAL AQUIFER-SYSTEM ANALYSIS-MIDWESTERN BASINS AND ARCHES

-*
o
u 
3 o

ô̂
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csô̂
ON
en

cs

t*

W. G. WAGGONE

csi   i
U

j.
U

rt

Q

S
CN

CS
CS
O
i-H

b
in
cs
0in
00

r-

cs^^
0
ON
en

gf^i
Qin
csin
00
Or-

cs
T^

ON
en

i  i

Od

W. G. WAGGONE

en

U

Vu

£s
en 
cs

in

p
i-H

r-
cs
^
cs
oin
00

b
^j-
^^
o
ON
en

Or-
cs
csin
00

f^
 ^
 *$ 
T^

ON
en

RUS512

i-H

U

v0
'cS S

WH H<u a% i
^ o- <u

lit Q co o

S
in

oo

b
p
cs
cs
oin
00

^
in
oo
T^
0
ON
en

i  i

cs
csin
00
o
in
00
T^

ON
en

en"

(_i

T.F. NUGEN 1 (Sr

in

U

Vu

^
OH.^H'cS
o

£

Q

o
en

i  i

ONi  i

i  i

v

i  i

CS
1  1
0
in
oo

en
cs
ONT^
o
ON
en

O
CS
1  1
cs
i-H

in
oo
0
en
cs
^f

ON
en

1
PH
PQ

MUSE- HARRIS-

^0

U

^
 rt

_g

ofa
1

ON 
en

r-

U

Vu

o cso
CN

 c
Q

r-
oo 
oo

r-
ON 
ON

P P
ON ^H
O ^H
O Oin in
oo oo

in
en
oo in
ON 
en

U 
U o

Q

O CS
en vo

^H in 
Tt- in

cs in§
oin
oo

en in

S
oo 
en
r-
o

or-

oin
oo
O
ON
OTj-
in
ON
en

Or-
o

in
oo
0in
en
ooin
ON
en

Oi  i
T^

§in
00
0
enin

o
Tf

0in
in
cs inTJ-
00
Ooo
enr-
8
Tf

oo
1 I
U

ON O
^H CS

U U

 c
Q

cs

o o
in r-
o

O in

p 
cs

o r-
Oin
oo o
O 
CS

eni i
o
O

O 
en

oo 
O
O 
en

cs
U

cs
U



TA
BL

E 
1
. 

D
es

cr
ip

ti
on

s 
o
f w

el
ls

 u
se

d 
in

 c
on

st
ru

ct
io

n 
o
f h

yd
ro

ge
ol

og
ic

 s
ec

ti
on

s 
o
f t

he
 M

id
w

es
te

rn
 B

a
si

n
s 

a
n
d
 A

rc
he

s 
re

gi
on

  
 C

on
ti

nu
ed

W
el

l i
de

n­
 

tif
ie

r u
se

d 
fo

r t
hi

s 
pr

oj
ec

t

C
23

C
24

C
25

C
26

C
27

C
28

C
29

C
30

C
31

C
32

C
33

C
34

C
35

C
36

C
37

W
el

l o
r 

dr
ill

-h
ol

e 
de

si
gn

a-
 

 .
 

. ,
 

. 
 

. 
i 

Si
te

 id
en

tif
ic

at
io

n 
tio

n

D
-7

8

D
-1

0

D
-5

0

M
R

-7
2

M
R

-7
7

M
R

-5
3

A
U

-2
1

A
U

-1
4

A
U

-4
6

A
U

-1
2

A
U

-2
9

A
L

-3

A
L

-4
8

A
L

-3
2

A
L

-2
2

40
15

54
08

44
71

50
0

40
19

25
08

44
24

90
0

40
20

11
08

43
74

70
0

40
24

48
08

43
51

90
0

40
27

06
08

43
52

40
0

40
27

58
08

43
41

30
0

40
31

28
08

42
50

50
0

40
31

49
08

42
31

60
0

40
33

44
08

42
24

60
0

40
37

06
08

42
11

10
0

40
38

49
08

42
03

20
0

40
42

46
08

42
10

20
0

40
45

25
08

41
72

10
0

40
46

19
08

40
90

50
0

40
48

36
08

40
70

10
0

L
at

itu
de

40
° 1

5 '
54

"

40
°1

9'
25

"

40
°2

0'
11

"

40
°2

4'
48

"

40
°2

7'
06

"

40
°2

7'
58

"

40
°3

1'
28

"

40
°3

1'
49

"

40
°3

3'
44

"

40
°3

7'
06

"

40
°3

8'
49

"

40
°4

2'
46

"

40
°4

5'
25

"

40
°4

6'
19

"

40
°4

8'
36

"

A
lti

tu
de

 o
f 

la
nd

 s
ur

- 
L

on
gi

tu
de

 
fa

ce
 (

fe
et

 
ab

ov
e 

se
a 

le
ve

l)

84
°4

7'
15

"

84
°4

2'
49

"

84
°3

7'
47

"

84
°3

5'
19

"

84
°3

5'
24

"

84
°3

4'
13

"

84
°2

5'
05

"

84
°2

3'
16

"

84
°2

2'
46

"

84
°2

1'
11

"

84
°2

0'
32

"

84
°2

1'
02

"

84
°1

7'
21

"

84
°0

9'
05

"

84
°0

7'
01

"

1,
04

0

1,
06

0

99
5

93
1

92
0

90
0

86
0

86
0

87
4

83
5

83
0

82
5

80
6

82
5

78
5

D
ep

th
 

lo
gg

ed
 

(f
ee

t) 1,
80

0

34
0

13
7

1,
20

0

1,
22

0

24
2

24
0

35
5

1,
25

0

22
8

70
.6

32
0

1,
33

0 72 60

Ty
pe

 o
f 

lo
g

D
ri

lle
r,G

am
-

m
a

D
ri

lle
r, 

ca
lip

er
, 

el
ec

tr
ic

, g
am

­
m

a

D
ri

lle
r

D
ri

lle
r, 

ga
m

­
m

a

D
ri

lle
r, 

ga
m

­
m

a

D
ri

lle
r

D
ri

lle
r, 

ga
m

­ 
m

a,
 c

al
ip

er

G
am

m
a

D
ri

lle
r, 

ga
m

­
m

a

E
le

ct
ri

c,
 c

al
i­

pe
r, 

ga
m

m
a

D
ri

lle
r

E
le

ct
ri

c,
 g

am
­

m
a

G
am

m
a

D
ri

lle
r

D
ri

lle
r

H
yd

ro
ge

­ 
ol

og
ic

 
se

ct
io

ns
 

(s
ee

 p
is

. 
1 

an
d 

2)

C
-C

'
D

-D
'

C
-C

', 
D

-D
'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'



TA
BL

E 
1
. 
 D

es
cr

ip
ti

on
s 

o
f w

el
ls

 u
se

d 
in

 c
on

st
ru

ct
io

n 
o

f h
yd

ro
ge

ol
og

ic
 s

ec
ti

on
s 

o
f t

he
 M

id
w

es
te

rn
 B

as
in

s 
an

d 
A

rc
he

s 
re

gi
on

  
 C

on
ti

nu
ed

W
el

l i
de

n­
 

tif
ie

r u
se

d 
fo

r t
hi

s
pr

oj
ec

t

C
38

C
39

C
40

C
41

C
42

C
43

C
44

C
45

C
46

C
47

C
48

C
49

C
50

C
51

C
52

C
53

W
el

l o
r 

dr
ill

-h
ol

e 
de

si
gn

a­
 

tio
n

P
U

-1
2

P
U

-1
9

PU
-1

5

P
U

-^
3

H
A

^6

H
A

-2
7

H
A

-1
3

H
A

^4

H
A

-1
0

W
O

-1
1

W
O

-2
19

-H
11

W
O

-1
8

W
O

-2
54

-P
O

9

W
O

-2
3 

N
W

O
H

 T
E

S
T

-
ST

EW
A

R
T

W
O

-2
69

-F
20

 (
C

O
N

-
T

R
IE

S)

S
-1

83
-M

18

Si
te

 id
en

tif
ic

at
io

n 
l

40
52

03
08

40
80

30
0

40
54

56
08

40
35

30
0

40
56

30
08

40
13

90
0

40
58

45
08

35
54

60
0

40
59

54
08

34
41

50
0

41
01

01
08

34
33

00
0

41
02

39
08

34
24

80
0

41
04

12
08

34
11

70
0

41
08

15
08

34
04

70
0

41
10

07
08

34
01

60
0

41
13

36
08

34
11

20
0

41
15

18
08

33
94

00
0

41
18

41
08

33
63

90
0

41
21

40
08

33
52

70
0

41
22

37
08

33
01

80
0

41
23

18
08

32
44

60
0

L
at

itu
de

40
°5

2'
03

"

40
°5

4'
56

"

40
°5

6'
30

"

40
°5

8'
45

"

40
°5

9'
54

"

41
°0

1'
01

"

41
°0

2'
39

"

41
°0

4'
12

"

41
°0

8'
15

"

41
°1

0'
07

"

41
°1

3'
36

"

41
°1

5'
18

"

41
°1

8'
41

"

41
°2

1'
40

"

41
°2

2'
37

"

41
°2

3'
18

"

A
lti

tu
de

 o
f 

la
nd

 s
ur

- 
L

on
gi

tu
de

 
fa

ce
 (

fe
et

 
ab

ov
e 

se
a

84
°0

8'
03

"

84
°0

3'
53

"

84
°0

1 
'3

9"

83
°5

5'
46

"

83
°4

4'
15

"

83
°4

3'
30

"

83
°4

2'
48

"

83
°4

1'
17

"

83
°4

0'
47

"

83
°4

0'
16

"

83
°4

1'
12

"

83
°3

9'
40

"

83
°3

6'
39

"

83
°3

5'
27

"

83
°3

0'
18

"

83
°2

4'
46

"

le
ve

l) 77
0

77
5

75
5

76
0

79
5

78
5

76
5

78
7

75
0

72
5

70
5

68
9

67
7

67
0

68
5

69
5

D
ep

th
 

lo
gg

ed
 

(f
ee

t) 30
0

16
1

32
0

1,
33

0

10
0

2,
05

0

33
0 84 62
1

30
0 58

2,
77

0 46 23
5 82 92

Ty
pe

 o
f 

lo
g

E
le

ct
ri

c,
 c

al
i-

pe
r, 

ga
m

m
a

E
le

ct
ri

c,
 g

am
­

m
a

E
le

ct
ri

c,
 g

am
­

m
a

G
am

m
a,

 n
eu

­
tr

on

D
ri

lle
r

G
am

m
a

E
le

ct
ri

c,
 g

am
­

m
a

D
ri

lle
r

G
am

m
a

E
le

ct
ri

c,
 g

am
­

m
a

D
ri

lle
r

G
am

m
a

D
ri

lle
r

E
le

ct
ri

c,
 c

al
i-

pe
r, 

ga
m

m
a

D
ri

lle
r

D
ri

lle
r

H
yd

ro
ge

­ 
ol

og
ic

 
se

ct
io

ns
 

(s
ee

 p
is

. 
1

an
d 

2)

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

C
-C

'

g o 1 5 1 rO CO 1 1 1 CO CO 1 3 1 1 I H
H 2 CO â fe 0 CO
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