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GEOHYDROLOGY

The area of principal hydrologic interest of the Midwe
ern Basins and Arches RASA project encompasses app
mately 44,000 nfi most of which is in the Midwester
Basins and Arches Region as defined in Shaver (19
Boundaries of this study area (fig. 1) are coincident with
contact between Devonian limestones and younger Devg
shales (fig. 2) or surface-water bodies.

GEOLOGIC SETTING

The Midwestern Basins and Arches aquifer system ge
ally lies between the Appalachian, the lllinois, and the Mig
gan (structural) Basins and is located along the axes o
Cincinnati, the Findlay, and the Kankakee Arches in part
Indiana, Ohio, Michigan, and lllinois (fig. 2). The sedime
tary rocks within the area range in age from Precamb
through Mississippian; however, bedrock units of prim
interest range in age from Ordovician (Cincinnatian) thro
Lower Mississippian (table 1). The oldest bedrock u
exposed at the bedrock surface are generally found alon
axis of the Cincinnati Arch in the south-central part of
study area, owing to several periods of erosion (figs. 2 an
In general, units exposed at the bedrock surface are prg
sively younger with distance from the axes of the arches.
faults or fault zones partially dissect these sedimentary r
within the region (fig. 2).

The bedrock units of Ordovician age (Cincinnatian) ¢
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tAde carbonate rocks are overlain by shales of Devonian and
Mississippian age along the margins of the structural basins.
Erosion has resulted in the loss of the shale sequence
throughout the central part of the study area except for an
area approximately 50 mi northwest of Columbus, Ohio (fig.
2). This shale outlier is referred to herein as the “Bellefon-
Staine Outlier.”
roXI-The bedrock is overlain by Quaternary glacial deposits
Nthroughout most of the study area (fig. 5 and table 1). These
8@éposits directly overlie the carbonate rocks in the central
tbart of the area (subcrop area of the carbonate rocks) and
NiRRrlie the younger shales along the margins of the structural
basins. Glacial deposits mask the ancient bedrock topography
and bury numerous valleys in the bedrock surface.
The Quaternary glacial deposits—the result of multiple
glacial advances—range in age from Kansan (oldest) to Wis-
nepnsinan (youngest) (Bennison, 1978). The deposits of Kan-
héan and lllinoian age are not widespread within the study area
f &l typically are present beyond the limit of the Wisconsinan
sio€ sheet (fig. 5). The Kansan and lllinoian deposits are also
srthinner than the more widespread deposits of Wisconsinan
riage (Goldthwait and others, 1965; Geosciences Research
afyssociates, 1982; Soller, 1986). The Wisconsinan ice sheet
ugioded much of these earlier glacial deposits; this resulted in
nitendforms that contain material from multiple glacial
gadeances. The resultant geomorphology is illustrated in figure
tHes a photograph of a shaded relief generated from digital
dtepographic data for every 30 seconds of latitude and longi-
gtede (U.S. Geological Survey, 1987).

Four The glacial deposits include ground- and end-moraine
pcleposits, glaciolacustrine deposits, and outwash deposits (fig.
5); ice-contact stratified drift is present within the moraine
pleposits. The glacial deposits range in thickness from 0 to

sist of interbedded shales and limestones. Shales predomiag@oximately 400 ft (fig. 7) (Mozola, 1969, 1970; Fleck,

in these units; less than one-quarter of the sequence is
up of limestones (Gray, 1972). This sequence of interbe
shales and limestones thickens eastward from the we
border of Indiana toward Ohio and is overlain by carbo
rocks (limestones and dolomites) of Silurian and Devo
age. These carbonate rocks locally contain some evap
deposits in northwestern Ohio and northern Indiana (Fre
and Rooney, 1969; Janssens, 1977); they contain sulfide
erals in an area associated with the Findlay Arch (Boto
and Stieglitz, 1978). The carbonate rocks of Silurian

Devonian age range in thickness from 0 ft at the contact
the rocks of Ordovician age to 2,500 ft in southeastern M
igan (Casey, 1994) (fig. 4). Erosion has resulted in the lo
hundreds of feet of carbonate rock from across the ce
part of the study area. The carbonate-rock sequence has
completely eroded in places by the ancient Teays-Mahg
River system, described in Melhorn and Kempton (1991)
a result of this erosion, the older shales and limestong
Ordovician age are present at bedrock surface in sin

nERRD; Gray, 1983; Soller, 1986). The areas dominated by
ldgrdund- and end-moraine deposits are characterized by broad,
stem ridges with smooth, gentle slopes separated by flat, gen-
dtg undulating plains (Mickelson and others, 1983). End
iamoraines are close together where they abut highlands, such
otitethe Bellefontaine Outlier (Young and others, 1985). The
yriofineral composition of the moraines reflects local bedrock;
maipeut 4 percent of the material in Ohio was transported from
mine Canadian Shield north of the study area (Strobel and
aRdure, 1987).

with Surficial glaciolacustrine deposits are present in the low-
idands adjacent to Lake Michigan and Lake Erie and are the
sg@sult of glacial lakes that formed along the margins of the
nietreating Wisconsinan ice (Young and others, 1985) (figs. 5
laeeh6). These glaciolacustrine deposits are dominated by lake
rbettom silts and clays. Minor sands and gravels mark the
Asaches of ancient shorelines (Goldthwait and others, 1965);
ssofme lakebed sands in Michigan just west of Lake Erie have
Ldneen mapped (Western Michigan University, Department of

exposures north of their principal area of exposure (fig,

Beology, 1981).
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TABLE 1.—Relation between geologic and hydrologic units of the Midwestern Basins and Arches aquifer system and
model layers used to simulate regional flow within the aquifer system

[Fm, Formation; Ls, Limestone; equiv, equivalent; modified from Casey, 1992, fig. 3]

Generalized
. . . . Model
Generalized Geologic Units Hydrologic
. Layers
Units
= Northwestern Northern Northwestern Centtral- Southwestern
i i western .
E SERIES | Southeastern to Indiana Ohio Ohio Ohio
> Indiana east-central
« Indiana
North South
> GLACIAL
< AQUIFERS
E PLEISTOCENE GLACIAL DEPOSITS AND LAYER 1
= CONFINING
3 UNITS
=
< BGOI'dEn Borden
a roup I Group Coldwater
é LOWER I ! 1 Shale _ UPPER
‘é’ New Ellsworth CONFINING
New Albany | pjn, e Shale Bedford Shale Bedford Shale UNIT
ale .
Shale Shale _ ) Antrim Ohio Ohio
UPPER Antrim Asr:r:m Shale Shale Shale
T[Shale ae Olentangy Shale |- -br 5ot
= Traver§e = Traverse I?E!lawalre
%’: Formation E| Formation Imestons
%’ MIDDLE Muscatatuck | Muscatatuck ‘ ‘ ‘ ‘ ‘ ‘ ‘ H ‘ ‘ El e ] IE)_Olumbus
a Group Group Detroit | § Detroit imestone
River 3 River Detroit River
e Formation | 3| Formation Group
T T~ _%_ |__Hillsboro Sandstone _|
LOWER
CARBONATE-
CAYUGAN s . Salina ROCK LAYER 2
Salina® Salina Salina Salina Group | SalinaGroup | AQUIFER
Group Group Group 5
Group Guelph
£ | Dolomite| | ¢k
-5 i 5 . c = port
E S[?I:?mo_nle Salamo'nle Salamo'nle Lockport %-_g Gggwmgde Dolomite
Z | NIAGARAN olomite Dolomite Dolomite Dolomite | § S Gaspor®
= IS IS 7Dolnmite
172 [ [ 7 Roch Shale equiv.
o P 8 >
v £ (I 7 S Mot
. reel = L = - s .S - ]
. = B field = Bi field | s 2 Brassfield | £ &
ALEXANDRIAN
i i K
= Maguoketa U] ==L Undifferentiated | Undifferentiated | Undifferentiated BASAL
<L | CINCINNATIAN N Maguoketa Maguoketa Cincinnatian Cincinnatian Cincinnatian CONFINING
= Group Group Group K K K
s < rocks rocks rocks UNIT
3 = i D —
o Trenton S E Trenton Trenton Trenton Trenton Trenton
MIDDLE Limestone u'o: Limestone Limestone Limestone Limestone Limestone
Rockford Shale " .
2Sunbury Shale [LIITT Nondeposition or erosion 5Follows usage of the Ohio Geological Survey (Hull, 1990; Larsen, 1991)

3Delaware Limestone [ Intervals not included in investigation "Rochester Shale equivalent

4 Columbus Limestone 8Dayton Limestone
5Follows usage of the Indiana Geological Survey (Gray and others, 1985) 9Upper weathered zone water-bearing unit (not an aquifer)



GEOHYDROLOGY Cc7

FEET FEET
1,500 — = — 1,500

Bellefontaine

Outlier
u

(— Great Miami
Scioto River

1,000 — — 1,000

500 — — 500

SEA LEVEL VERTICAL SCALE GREATLY EXAGGERATED — SEALEVEL
B B'
FEET FEET
1,500 E g § — 1,500
S~ o<
2 E 3
S s 5 Geology generalized from Bownocker (1920), Willman
§ g and others (1967), U.S. Geological Survey (1970, 1971),
1,000 3 — 1,000 Burger and others (1971), Gray and others (1972),
) Johnson and Keller (1972), Gray and others (1987),
Bunner (1993), and G.D. Casey (U.S. Geological Survey,
written commun., 1993)
500 — 500
SEA LEVEL VERTICAL SCALE GREATLY EXAGGERATED SEA LEVEL
0 50 100 MILES
I 1 J
I T T
0 50 100 KILOMETERS
EXPLANATION
Geologic time units Hydrologic units
Pleistocene G Glacial aquifers and confining units
Pennsylvanian -
Mississippian — —_ .
Devonian U Upper confining unit
Silurian C Carbonate-rock aquifer
Ordovician W___ Upper weathered zone water-bearing unit

B Basal confining unit

Water within the carbonate-rock aquifer with a dissolved-solids
concentration greater than 10,000 milligrams per liter—
Queried where exact extent unknown

Boundary of hydrologic unit
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Ficure 6.—Shaded relief of land-surface topography (geomorphology) in the Midwestern Basins and Arches Region, from digital data.

Outwash deposits commonly fill the ancient drainage
tems, which served as channels for the deposition of
washed and sorted material. In many places, these out
deposits underlie principal streams that currently drain
area.

HYDROLOGIC SETTING

The study area has a distinctly seasonal humid temp
climate. Precipitation in Indiana is greatest from Ma
through July (Glatfelter and others, 1991). The wet
months in Ohio tend to be April through August, wher
February and October tend to be the driest (Sherwood
others, 1991). Mean annual precipitation computed from

S5yaeross the study area (E.F. Bugliosi, U.S. Geological Survey,
swefitten commun., 1993). Approximately 26 in/yr are con-
wasimed by evapotranspiration in Indiana (Clark, 1980). Todd
tfE969) notes that potential evapotranspiration exceeded pre-
cipitation from mid-May through mid-September over a 30-
year period in southwestern Ohio.

Parts of three major river systems—the Ohio, the St.
Lawrence, and the Upper Mississippi—drain the study area

BI‘E]:\I% 1.

rch

test

pas Ground water is plentiful throughout much of the study
amda and serves as an important resource. Approximately 433
shMgal/d of ground water was reported to have been withdrawn

GROUND-WATER USE

tions with at least 50 years of data ranges from 33 to 4

3 fimm the Midwestern Basins and Arches aquifer system in
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Indiana and Ohio during the 1990 calendar year (Begary, AQUIFERS AND CONFINING UNITS

1993). Only 15 percent (67 Mgal/d) of this water was With- 0 \yater table within the Midwestern Basins and Arches
drawn from the carbonate rocks. Of the remaining 85 per¢ent,jifer system generally is within Quaternary alluvium or
much of the water was withdrawn from outwash deposits thal cja| deposits. Glacial aquifers typically consist of sands

underlie principal streams (E.A. Beary, U.S. Geological SWnq gravels that compose outwash deposits (fig. 5) or discon-
vey, written commun., 1993). These pumpage figures reflgglous lenses of ice-contact stratified drift within ground-
only ground-water withdrawals reported by users capablefd end-moraine deposits (fig. 8). These aquifers are most
pumping 100,000 gal/d or greater, and not all of this Witiommonly unconfined where the outwash deposits are
drawn water is consumed. Regardless of the actual amouns@sent along principal streams and are locally semiconfined
pumpage from the aquifer system, the system is not heaiconfined by clayey till elsewhere in the region. Because the
stressed at the regional scale, as is apparent when the pujiitial aquifers are not normally extensive, individual aqui-
age figures are compared to the amount of ground watef #ea§ can supply large yields of ground water only locally
discharges to streams within the study area. Eberts (1989hio Department of Natural Resources, Division of Water,
estimates that, over a period of long-term steady-state cori70).
tions in the aquifer system, greater than 13,000 Mgal/d|dis- The shale sequence of Mississippian and Devonian age
charges from the aquifer system to streams within the stufliictions as a confining unit. Specifically, the shale sequence
area. restricts the flow of ground water between the glacial aquifers
No regional-scale cones of depression are present withimd the underlying carbonate-rock aquifer along the margins
the aquifer system. At the subregional scale, irrigation pungd-the structural basins (fig. 3). In this report, these shales are
age in northwestern Indiana results in seasonal water-lexgferred to as the “upper confining unit.”
declines in the carbonate rocks. On an annual basis, howeverThe carbonate-rock aquifer directly underlies the upper
the carbonate-rock aquifer appears to be able to support higinfining unit along the margins of the structural basins and
capacity irrigation pumpage without significant long-terranderlies the glacial deposits, which collectively function as a
depletion (Indiana Department of Natural Resources, 19903emiconfining unit, within the central part of the study area.

C c
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FIGURE 8.—Generalized hydrologic section C-C’ showing typical relation between glacial aquifers and glacial confining units in the
Midwestern Basins and Arches aquifer system (line of section shown in fig. 5).
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The carbonate-rock aquifer is unconfined in areas wher
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itlistribution and rate of recharge and discharge. Recharge and

locally exposed at the land surface. Lateral boundaries of thecharge also affect the long-term availability of ground
carbonate-rock aquifer generally are coincident with [theater.
occurrence of waters that have a dissolved solids concentra-

tion of 10,000 mg/L or greater (see fig. 34, p. C65) or where
the aquifer pinches out in the south-central part of the study

area (fig. 4).

The carbonate-rock aquifer is confined below by a b $

confining unit that is composed of interbedded shales

limestones of Ordovician age. Gupta (1993) demonst aj

HYDRAULIC CHARACTERISITCS

The productivity of the glacial aquifers varies spatially

within small distances because of variations in the composi-
, continuity, and structure of the deposits (Strobel, 1993).
the basis of data from 101 aquifer tests, transmissivities of

fig glacial aquifers within the study area range from 300 to

Fhat these shales significantly limit the flow of 9“’“”‘?‘ w t%@,700 fé/d (fig. 9 and table 2). Storage coefficients for the
'Eto or out of the bottom of thehcagbon?te—rc;pk aqwf_er ?E&me material range from 0.00002 to 0.38 (Joseph and Eberts,
t f"‘dt SOme water. moveds acrr(])ss t e.f asal con mmtg); unit 1%4). Transmissivities at two wells within the study area that
Midwestern Basins and Arches aquiter system to becom Rag completed in clayey till (not considered to be aquifer

of an even larger aquifer system. There is some evidenc

the bottom of the carbonate-rock aquifer may actually| be

within the Silurian and Devonian carbonate rocks in s
areas. Arihood (1994) notes that fractures in the carbo
rocks in a few fully penetrating wells in northwest Indiana
not productive in the bottom 60 to 400 ft of the wells.

Although the Ordovician rocks (basal confining un

underlie the carbonate-rock aquifer throughout most of|t

study area, they are laterally contiguous with the aqy
along the axis of the Cincinnati Arch in the south-central

of the area. The contact between Silurian and Ordovic

rocks, where it is exposed at the bedrock surface, has
described throughout the literature as a spring horizon.
role of the shales along this contact was summarized

cinctly by Norris and others (1950, p. 23): “The chief imppr-

tance of the impervious Ordovician shale with respec
ground water is that it deflects the water to the surfac
springs.” These interbedded shales and limestones, how
are used locally as a source of water in the south-centra
of the study area where they are exposed at the bedroc
face and other aquifers are absent. Weathering has incr
secondary porosity and permeability within this area and
allowed water circulation to increase at shallow dep
Yields from wells completed in the interbedded shales

limestones within this area are typically less than 10 gal/mfFﬁ‘

drawdowns commonly are extreme, and dry holes are ¢
mon (Indiana Department of Natural Resources, 1988
this report, the interbedded shales and limestones of Or
cian age that are exposed at the bedrock surface are re
to as the “upper weathered zone water-bearing unit.”

upper weathered zone water-bearing unit is not consider
be an aquifer but may be hydraulically connected to the
bonate-rock aquifer.

GROUND WATER
The occurrence and flow of ground water in the Midwe

ern Basins and Arches aquifer system are controlled by
geohydrologic framework of the aquifer system and by

8lerial) are 1.5 and 2.2t (Strobel, 1993).

On the basis of available aquifer-test data, the vertical
%raulic conductivity at wells completed in glacial deposits
ithin the study area ranges from 0.0001 to 0.77 ft/d (Norris,

1959, 1979, 1986; Fleming, 1989; Strobel, 1993). Strobel

.(1993) notes that clayey till within the study area may be

Yractured at shallow depths as a result of desiccation, biologi-

>

a

881 action, oxidation of minerals, or isostatic rebound after
'ffﬁre retreat of the last ice sheet. He observed fractures in till
Jf'mthin the study area to depths of 15 ft, and he suggests that
CIHY intersection of such fractures with one another and with
b§§ﬁd and gravel lenses within the clayey till can result in ver-
Ttn?al hydraulic conductivities greater than those commonly

SHGnsidered restrictive to ground-water flow.

Vertical and horizontal hydraulic conductivities of the

ales of Mississippian and Devonian age range frofta0

“e\ll B ft/d, as determined from laboratory analysis of core sam-
es (G.D. Casey, U.S. Geological Survey, written commun.,

[%%r )3). Because these values do not account for fractures in

jwe hales, effective hydraulic conductivities that represent

“t?gaigsconditions may be orders of magnitude larger (Freeze

thasr.]d Cherry, 1979, p. 158).

and Water in the carbonate-rock aquifer is primarily present in
ctures, joints, bedding planes, and solution channels within
dipe rock. These openings are due, in part, to the effects of
_Wgathering during the period of geologic history when the
yG@rbonate-rock aquifer was exposed at the land surface before
r9jagiation (Ohio Department of Natural Resources, Division
TREWater, 1970). The productivity of the aquifer varies with
L dhg concentration of openings within the rock, which seldom
capproach conditions associated with karst terranes. These
openings are interconnected on an areal basis. Previous
researchers (Ohio Department of Natural Resources, Division
of Water, 1970) noted that the hydraulic characteristics of the
carbonate-rock aquifer approach those of a regionally homo-
geneous medium as the study area increases. Arihood (1994)
2silso notes that aquifer tests that create drawdown cones over
Heveral miles depict the carbonate-rock aquifer as an equiva-
thent porous medium. On the basis of data from 171 aquifer

[@]

R
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TABLE 2—Summary of hydraulic characteristics of aquifers and confining units in the Midwestern Basins and Arches

aquifer system

[--, data not available; ft/d, feet per day; ft2/d, feet squared per day]

Range of horizontal Range of vertical o
Aquifer or confining unit | hydraulic conductivities | hydraulic conductivities Range of (t]l'{zar;(sjrrlssvm&s Raggsfﬁl;i;)tr:ge
(ft/d) (ft/d)

Glacial aquifers -- . #300 - 69,700

- — - 0.0001-0.77 *0.00002 - 0.38
Glacia confining units - 15,21
Upper confining unit 4107-10"° - -
Carbonate-rock aquifer -- -- *¢70 -52,000 0.00001 - 0.05
Upper weathered zone 0.0016 — 12 - --
water-bearing unit -
Basal confining unit #107-10° - -

#Joseph and Eberts (1994).

P Norris (1959, 1979, 1986), Fleming (1989), Strobel (1993).

¢ Strobel (1993).

4G.D. Casey (U.S. Geological Survey, written commun., 1993). From laboratory analyses of core samples.

¢ Geometric mean, 1,912 ft2/d.

f Dumouchelle (1992).

g Lawrence Wickstrom (Ohio Geological Survey, written commun., 1991). From laboratory analyses of core samples.

tests, transmissivities of the carbonate-rock aquifer range LEVELS

from 70 to 52,000 ftd (fig. 10). These data were tested for Reyiew of historical ground-water-level data indicates a

normality by use of the Shapiro-Wilk test and were found {gnq-term steady-state condition in the aquifer system.
follow a lognormal distribution; they have a geometric megpong-term steady-state conditions refer to a state of dynamic
of 1,912 ff/d. Storage coefficients range from 0.00001/ tquilibrium in which no net change in storage in the aquifer
0.05 (Joseph and Eberts, 1994). No pumped-well test datagg/gtem occurs over a long-term period. The long-term period
available for estimation of vertical-hydraulic conductivitiegeferred to herein is a minimum of 10 years and includes wet
of the carbonate-rock aquifer. and dry periods.) Extensive ditching to drain swampland in
Very little information is available to describe the hydradow-lying areas in northwestern Ohio (Kaatz, 1955) and

lic characteristics of the interbedded shales and limestpf@sthwestern Indiana in the late 1800's and early 1900's
that function as a basal confining unit to the Midwestefasulted in some dewatering of shallow glacial deposits (5 to
Basins and Arches aquifer system. Analyses of core colldcted) in Indiana (Rosenshein, 1963; Indiana Department of
from the upper part of the interbedded shale and limestd¥atural Resources, 1990) and possibly similar dewatering in
sequence in southwestern Ohio provide estimates of veftiPQio; however, a new equilibrium has been established in
and horizontal hydraulic conductivities that range from’ 0th_ese areas (Eberts, 1999). Annual ground-water-level qucty-
to 10° ft/d (Lawrence Wickstrom, Ohio Geological Surv y’;\tlons rglated to ground-water re.char.ge range from 3to 7 ftin
written commun., 1991). These values do not account for the_ aquifer system (Clark, 1980; Shindel and others, 1991a,

) o . . Annual high water levels are reached between March and
ondary porosity within the rocks. Shales of Ordovician

. l’J?e, and annual low water levels are reached near the end of
however, are considered favorable for underground stora ) growing season

liquefied natural gas in southern Indiana, where they underlie . . . -
the carbonate-rock aquifer, because of their low hydraulic The altitude of the water table, which typically is in gla

. - ] lal deposits, is a controlling factor for regional flow in the
conductivities (Droste and Vltalla_no_, 1976); thus, these sha iRlwestern Basins and Arches aquifer system. Most regional
can be assumed to be very restrictive to ground-water fl

" X N 8 - A liation in water-table altitude is a consequence of the varia-
this area. Hydraulic conductivities are likely to be higher ifyn, jn jand-surface altitude, and depth to the water table var-

the upper weathered zone water-bearing unit where the shalgSpredictably at the regional scale. The specific relation
have been exposed at the land surface. On the basis of een land-surface altitude and water levels in glacial
test data at four wells completed in the upper part of the intgeposits was determined by use of a least-squares method of
bedded shale and limestone sequence near the upper Weigikar regression (Eberts, 1999). Depth to water is greatest in
ered zone water-bearing unit, horizontal hydradliepographically high areas and decreases in areas such as
conductivities range from 0.0016 to 12 ft/d (Dumouchellgtream valleys. A composite regional potentiometric-surface
1992). map of the glacial deposits was constructed from water levels
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reported on drillers’ logs and is shown in figure 11. A
shown in figure 11 is the lack of available drillers’ logs
most areas south of the limit of the Wisconsinan ice sk
Perhaps so few domestic wells have been completed in
cial deposits within these areas because the units are ng
ductive.
The regional potentiometric surface in the carbonate-f
aquifer is a subdued reflection of the land surface and fu
illustrates the effect of variations in land-surface altitude
the aquifer system. A regional potentiometric-surface ma|
the carbonate-rock aquifer (fig. 12) was constructed f
water levels synoptically measured during July 1990 (Eb
1999). Potentiometric highs are in west-central Ohio nea
Bellefontaine Outlier and near the southern limit of the
bonate-rock aquifer along the border between Indiana
Ohio. Potentiometric lows less than or equal to 600 ft
along the Wabash and the Ohio Rivers and Lake Erie.

RECHARGE

Ground-water recharge at the water table of the Midwj
ern Basins and Arches aquifer system is primarily from i
tration of precipitation and the associated flow away from
water table within the saturated zone. Recharge from pre
tation at the water table varies seasonally because evapo
piration, which can intercept infiltrating precipitation, var
seasonally. Recharge to the carbonate-rock aquifer is pi
rily from percolation of ground water through overlyir
units. The rate at which the carbonate-rock aquifer

recharged by percolation depends on the permeability|a

thickness of the overlying deposits and the differe
between the water table in the overlying deposits and
potentiometric surface in the carbonate-rock aquifer.
Very few estimates of recharge to the Midwestern Ba
and Arches aquifer system have been made. Daniels anc
ers (1991) estimated recharge rates through unsaturate
cial till to be 1.4 and 1.8 in/yr from a tritium profile obtain
from a core collected in Indiana, but they stated that g
rates are more applicable to a local scale than a reg
scale. Walton and Scudder (1960) report recharge rates
in/yr through outwash deposits and 8 in/yr through glacia
on uplands within parts of the Great Miami River Basin.
other available recharge estimates, excluding those d
mined by use of previously constructed numerical grou

water flow models, are for recharge to the carbonate- g,

aquifer. These estimated recharge rates, based on analy
flow nets and on cones of influence of pumped wells, r3
from 0.14 to 6.3 in/yr (Rosenshein, 1963; Watkins and Ro
shein, 1963; Rowland and Kunkle, 1970; Cravens and ot
1990; Roadcap and others, 1993).

DISCHARGE

Ground-water discharge from the aquifer system incly

ROLOGY c17
semoval of water from the saturated zone by evapotranspira-
faion and pumping. Ground water discharges to a stream if the
ewhter table or potentiometric surface is above the stage of the
glmeam, whereas the stream loses water to the aquifers if the
t puater table is below the stream stage. Ground-water dis-
charge to streams (base flow) can be estimated from stream-
odew data by separating streamflow hydrographs into direct-
rthenoff and base-flow components.

on Streamflow data were used to estimate ground-water dis-
palfarge from the aquifer system to streams that drain the study
romnea. Daily mean base flows for the period associated with
org\regulated or only minimally regulated low flow were com-
thigted for selected streamflow-gaging stations by means of the
rdpcal-minimum method of hydrograph separation (Pettyjohn
aand Henning, 1979). A computer program (R.A. Sloto, U.S.
aeeological Survey, written commun., 1988) was used in this
investigation to automate the local-minimum method of
hydrograph separation; use of a computer program ensured
that the separation technique was applied consistently.

Mean ground-water discharge to stream reaches above

est : . .

ach selected streamflow-gaging station was estimated from
fil- : . )
he daily mean base flows. This was accomplished for each
station by computing the average of all the daily mean base
oY/Sv_s for the period selected for analysis (Eberts, 1999).
€an ground-water discharge to stream reaches between
Streamflow-gaging stations was estimated by computing the
Afference between mean ground-water discharge estimates
or adjacent stations (fig. 13). These means describe the cen-
tra] tendency of ground-water discharge to the selected

—
Otk

C
t

D =
).

[
L

&lreams within the study area for long-term steady-state con-
{ |gons in the aquifer system.

Mean ground-water discharge ranges from 17 to 80 per-
| .cent of mean streamflow for the 43 selected stream reaches
"ﬂ)sb which streamflow data were analyzed. (These values are
\ “upper numbers in figure 14.) Mean ground-water dis-
i %’rge as a percentage of mean streamflow increases with

istance downstream in about half of the principal surface-
er drainage basins. Stated another way, ground water gen-

48
Ogélly makes up a greater proportion of streamflow at the bot-

e

P of these drainage basins than in areas higher up in the
asins. Unusually large percentages of mean ground-water
A ischarge occur along stream reaches that drain areas under-
e} fn by large amounts of outwash deposits (figs. 5 and 14). In
n ntrast, a notable decrease in mean ground-water discharge
[ % percentage of mean streamflow with distance down-
m occurs where the Maumee River drains an area under-
by glaciolacustrine deposits (figs. 5 and 14). A decrease
in_mean ground-water discharge as a percentage of mean
"dfeamflow also occurs in the south-central part of the study
area where the streams flow over areas where the carbonate-
rock aquifer is absent (figs. 4 and 14). Cross (1949) also
reported a relation between geology and base flow in Ohio.

des Fluctuations of base flow in streams within the study area

—t

R

"

5

discharge to streams, ditches, lakes, and wetlands an

dréseilt from changes in hydraulic gradients in the Midwestern



C18

42°

40°

38°

REGIONAL AQUIFER-SYSTEM ANALYSIS—MIDWESTERN BASINS AND ARCHES

Lake
Michigan

|- @|Chicago

ILLINOIS

Lake
St. Clair

OHIC

pNUmbus

Ohio
(lb,{,l.he River
Huntington
KENTUCKY 4,
Louisville Bidnkiort <. WEST
= VIRGINIA
Evansville Oy = .
- o ‘o | Y .Lexmgton | —
Base from U.S. Geological Survey digital data, 0 20 40 60 MILES
1:2,000,000, 1972 : I 1 . . 1 )
0 20 40 60 KILOMETERS
_]/ 200 — EXPLANATION
:/[,33: Potentiometric contour—Line of equal water- Limit of all glacial advances (Flint, 1959)
— 00— level altitude. Dashed where glacial deposits

are absent. Contour interval 100 feet. Datum
is sea level. Darker blues indicate lower altitude

Boundary of study area ° Observation well

Limit of Wisconsinan ice sheet (Flint, 1959)

Ficure 11.—Composite regional potentiometric surface in glacial deposits constructed from water levels on drillers' logs.
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Basins and Arches aquifer system. Winter (1983) illustratiesal-scale ground-water flow, because ground-water levels in
the effects of ground-water recharge from precipitation| éocal ground-water flow systems commonly decline in the

hydraulic gradients in a water-table aquifer. He shows tleatmmer and during droughts in response to a decrease in
hydraulic gradients in the areas of a water-table aquifer negneund-water recharge from precipitation. The base flows that
est a surface-water body are the first to respond to a rechang&e up the lower limb of each curve are from a more stable
event because the water table is closest to land surfacgriound-water flow, and likely represent a more dominant

these areas. Eventually, hydraulic gradients in the uplanfluence of intermediate- and regional-scale ground-water
areas are affected by the recharge event (fig. 15). Seasfioal systems.

fluctuations of base flow in streams are related to seasonalLower limbs are absent or indistinct on base-flow duration

variations in ground-water recharge and the correspondingves constructed for streams within the study area that
changes in hydraulic gradients at the water table. Spgease or nearly cease to flow during periods of dry weather.

ground-water flow systems within an aquifer system are
imally affected by recharge events; these more stable gro
water flow systems provide a relatively constant source
ground-water discharge to streams over the course of a
and throughout long periods (fig. 15). The term “sustai
ground-water discharge” is used herein to refer to this
tively constant source of base flow.

Base-flow duration curves constructed from daily m
base flows can be used to identify the component of base
that is sustained during long periods, which include the d
periods (Eberts, 1999). (Base-flow duration curves are cu
lative frequency curves that show the percentage of time
ing which specified base flows were equaled or exceedeq
given period; they are constructed by use of the me
described by Searcy (1959), except that daily mean
flows are used instead of daily mean streamflows.)

Base-flow duration curves for streamflow-gaging stati
along the principal streams within the study area are ge
ally made up of two limbs when plotted on log-probabil
paper (fig. 16). The upper limb of each curve is comma
concave, whereas the lower limb of each curve is commo
straight line, representing a flattening of the overall cu
This two-limb shape indicates the presence of at least
sources of ground-water discharge to these streams. Sup

Buch streams include small tributaries and streams that drain
uackas underlain by poorly permeable rocks. The absence of a
2 lofver limb on a base-flow duration curve cannot be used in
yieswlf to infer that stable flow systems are absent in the under-
nedng aquifer system. Rather, relatively stable ground-water
eflow systems may be present in the underlying aquifer system

but may simply discharge at some other point.
ban Mean sustained ground-water discharge to the stream
flewches above selected streamflow-gaging stations was esti-
riesated by constructing base-flow duration curves and comput-
nmg the average, for each curve, of all the daily mean base
dilows that make up the lower limb (Eberts, 1999). These base-

fioev duration curves were constructed, with the aid of a com-
hpdter program developed by Lumb and others (1990), for the
basene period of record used to estimate mean ground-water
discharge to the streams. Mean sustained ground-water dis-
pgBarge to stream reaches between streamflow-gaging stations
nagas estimated by computing the difference between mean
itpustained ground-water discharge estimates for adjacent sta-
ripns (fig. 13). These means describe the central tendency of
nigustained ground-water discharge to the streams for long-
nierm steady-state conditions in the aquifer system.

two Mean sustained ground-water discharge ranges from 3 to
ebith-percent of mean ground-water discharge for the 43

posed base-flow duration curves, constructed from perio

ssefected stream reaches. (These values are the lower numbers

record that represent different ground-water recharge condi-figure 14.) Mean sustained ground-water discharge as a
tions, provide insight into the sources of ground-water igercentage of mean ground-water discharge increases with
charge that result in the upper and lower limbs of the cupwdistance downstream along many stream reaches. Notable
(fig. 16). Specifically, superimposed curves constructed fraxceptions are stream reaches in the south-central part of the
(1) the entire period of record, (2) from only summer monthstudy area, where the carbonate-rock aquifer is absent, and

when potential evapotranspiration exceeds precipit
(Todd, 1969), and (3) from a period of drought (U.S. Geo
ical Survey, 1991) for single streamflow-gaging stati
within the study area show that daily mean base flows
make up the upper limbs of the curves are from a gro
water source that readily responds to variations in gro
water recharge from precipitation. Conversely, the daily m
base flows that make up the lower limbs are from a gro
water source not greatly affected by variations in groy
water recharge (sustained ground-water discharge), as ey

tistteam reaches along the Maumee and Sandusky Rivers,
oghich drain into Lake Erie.

bns Relative amounts of mean ground-water discharge and
tin¢an sustained ground-water discharge to streams are illus-
urickted by principal drainage basin in figure 17. These values
urete for the entire area above the most downstream stream-
eflow-gaging station in each selected drainage basin. Circles
urade used to illustrate the relative volumes of ground-water
ndischarge within the basins. The sizes of the circles were
idedérmined by use of an exponential-curve-scaling method

from the minimal differences in the lower limbs of the santeecause the range of volumes was too large to be represented

curves. The base flows that make up the upper limb of

paftectively by linear scaling. Estimated mean ground-water

curve are likely to include a major component of transi

ertischarges are noted in the figure for reference. Also repre-
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Land surface
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<«——— Direction of ground-water flow— Light arrows are associated with shallow,
< transient ground-water flow systems. Heavy arrows are associated with
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FiGURE 15.—Diagrams showing the effect of recharge from precipitation on the configuration of a water table and associated ground-
water flow (modified from Winter, 1983).
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EXPLANATION
Base-flow duration curves—Dashed lines represent
upper limb, solid lines represent lower limb
—_———— Entire period, 1916-88
—_———— Summer months, 1916-88

_———— Drought, 1933-36

Ficure 16.—Base-flow duration curves for various ground-water recharge conditions for a streamflow-gaging station
on the Kankakee River.

sented in figure 17 are pie slices in each of the circles|that The surface-water drainage basins with the smallest mean
shows the percentage of mean ground-water dischargesustained ground-water discharge to streams as a percentage
streams attributed to mean sustained ground-water dischafemean ground-water discharge include the basins in the
The greatest volume of ground-water discharge to strgasesitheastern part of the study area. This may be due to the
is within the Wabash River Basin. This basin also has|ttedatively small size of the basins, as well as their substantial
highest mean sustained ground-water discharge as a perdenal relief; transient, local ground-water flow systems gener-
age of mean ground-water discharge to the streams. Laag dominate in such areas. These basins also differ from the
amounts of outwash deposits are present within the basinVibash River Basin in that glacial deposits are thin or absent
is also the largest drainage basin within the study area. Beithin this area.
rock crops out locally along the main stem of the Wabash Flows of streams that drain into Lake Erie also consist of
River. In addition, the Wabash River is relatively deeplymall percentages of mean sustained ground-water discharge.
incised, and it has nearly the lowest base level within|thiydraulic gradients within the aquifer system beneath the
study area. These factors likely contribute to the availabjlisfaumee River Basin are fairly low. Because this basin is near
of ground-water recharge, resulting in a large volumeg béke Erie and the base level of the aquifer system, the low
ground-water flow beneath the basin, and facilitate the intbgdraulic gradients may limit the capacity of the aquifer sys-
ception of flow paths associated with the more stable groumein to carry ground water away from recharge areas. As a
water flow systems. result, much of the precipitation that potentially would
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FIGURE 17.—Relative amounts of mean ground-water discharge and mean sustained ground-water discharge
to streams in selected surface-water drainage basins.
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recharge stable ground-water flow systems in these areas

be forced to discharge locally by means of drainage til
shallow, transient ground-water flow systems. The Mau

River is also incised only a few feet, which may preven

from intercepting flow from some stable ground-water fl
systems. Poorly permeable glaciolacustrine sediments
also impede discharge from the carbonate-rock aquifer t

REGIONAL AQUIFER-SYSTEM ANALYSIS—MIDWESTERN BASINS AND ARCHES

5 mray regional flow systems as defined by Toth (1963), some
2 local-scale flow also may be included.

mee
tit

ow

ma
chA conceptual model of an aquifer system is a simplified,

CONCEPTUAL MODEL

Maumee River. In general, glacial deposits in the Mau gualitative description of the physical system. A conceptual

River Basin are thin, absent, or poorly permeable.

oifedel may include a description of the aquifers and confining

(1963) notes that low ground-water discharge to strepidts that make up the aquifer system, boundary conditions,
within a drainage basin can be due to other areas of grquff¥ regimes, sources and sinks of water, and general direc-
water discharge within the basin. Before ditching in the epfigns of ground-water flow. The conceptual model of the Mid-

1900’s, much of the Maumee River Basin was swampl
Norris (1974) notes that the historic Black Swamp in this &
resulted from a combination of poor drainage and grou
water discharge from regional ground-water flow into w|
was a relatively stagnant area of surface water and gr
water.

The Sandusky River Basin is also associated with a f
low percentage of sustained ground-water discharge
streams. Much of the ground water that flows through
drainage basin is likely to discharge to Lake Erie rather
to the streams within the basin.

REGIONAL GROUND-WATER FLOW

General concepts regarding flow within an aquifer sys
are reviewed herein to facilitate discussions of the concej
and numerical models of the Midwestern Basins and Arg
aquifer system. An aquifer system can comprise local, ir
mediate, and regional ground-water flow systems (fig. 18
a local system of ground-water flow, recharge and disch
areas are adjacent to each other. In an intermediate gr

water flow system, recharge and discharge areas are sepgrate
by one or more topographic highs and lows. In a regi i

ground-water flow system, recharge areas are along grg
water divides, and discharge areas lie at the bottom of

pwestern Basins and Arches aquifer system presented herein is
wreased on information presented in the “Geohydrology” sec-
rigan of this report.
hat The Midwestern Basins and Arches aquifer system is in a
pwitate of dynamic equilibrium with respect to hydrologic vari-
ations over the long-term period. As a result, the aquifer sys-
hithm may be adequately described on the basis of long-term
> dverage water levels and ground-water discharges. In addi-
thien, annual ground-water-level fluctuations are quite small
h@ess than 10 ft) compared to the thickness of the aquifer sys-
tem (hundreds of feet).

The water table within the aquifer system generally is
within alluvium or glacial deposits; glacial aquifers can sup-
ply large yields of ground water in only a limited number of
places. The glacial deposits are underlain by an areally exten-

l€Ve carbonate-rock aquifer, which is semiconfined or locally
DG fined by the glacial deposits across most of the study area.

e carbonate-rock aquifer is confined by shale along the
tf"ﬁélrgins of the aquifer system. Very little water is produced
#8m the carbonate-rock aquifer under the shales because
llower freshwater sources are generally available.

al
pund-, . . . - .
5 patial patterns in hydraulic characteristics of the glacial
)

uifers or the carbonate-rock aquifer are not readily appar-
it from the available transmissivity data (figs. 9 and 10);

uf
gwever, some of the highest transmissivities in the glacial

drainage basins. Not all types of ground-water flow aﬂguifers are associated with outwash deposits along the prin-

present in every aquifer system (Toth, 1963).

The greatest amount of ground-water flow in an aquif Y
system is commonly in local flow systems. Ground-water e\l

els and flow in local flow systems are the most affecte

cipal streams (figs. 5 and 9). Despite the spatial variability of
draulic characteristics within the carbonate-rock aquifer,
1e aquifer functions as a single hydrologic unit at a regional
B(S‘,ale (Arihood, 1994).

seasonal variations in recharge because recharge ardas ofhe upper boundary of the aquifer system coincides with
these relatively shallow, transient ground-water flow systefi water table. The lower boundary generally coincides with
make up the greatest part of the surface of a drainage palsghcontact between the carbonate-rock aquifer and interbed-
(Toth, 1963). Regional flow systems are less transient t#fl shales and limestones of Ordovician age where they
local and intermediate flow systems. For the remainder of| thizgderlie the aquifer. Where the carbonate-rock aquifer is hun-
report, the term “regional flow systems” is used to descrideeds of feet thick, the lower boundary of the aquifer system
flow systems that are minimally affected by seasonal varfaay be within the carbonate rocks. Lateral boundaries of the
tions in ground-water recharge and are capable of providingasibonate-rock aquifer include the limit of potable water
fairly constant source of discharge to streams (sustaif@@ters that contain dissolved-solids concentrations less than
ground-water discharge). Although this use of the tert®,000 mg/L; U.S. Environmental Protection Agency, 1984))
“regional flow systems” refers, in large part, to intermediate the north, east, and west (fig. 34), Lake Erie to the north-



