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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (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 repre-
sent 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 investi-
gations have often arbitrarily been limited in the past. The broad objective for
each study is to assemble geologic, hydrologic, and geochemical information;
toanalyze and develop an understanding of the system; and to develop predic-
tive capabilities that will contribute to the effective management of the
system. The use of computer simulation is an important element of the RASA
studies to develop an understanding of the natural, undisturbed hydrologic
system and the changes brought about in it by human activities, and to pro-
vide 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
beginning with Professional Paper 1400.

Charles G. Groat
Director
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REGIONAL AQUIFER-SYSTEM ANALYSIS—MIDWESTERN BASINS AND ARCHES

REGIONAL GROUND-WATER FLOW AND
GEOCHEMISTRY IN THE MIDWESTERN BASINS AND
ARCHES AQUIFER SYSTEM IN PARTS OF INDIANA,
OHIO, MICHIGAN, AND ILLINOIS

BY SANDRA M. EBERTS AND LORI L. GEORGE

ABSTRACT

This report synthesizes information on the regional ground-water flow
and geochemistry in the Midwestern Basins and Arches aquifer system in
parts of Indiana, Ohio, Michigan, and Illinois. Aquifers that compose this
water-table aquifer system include glacial aquifers and an underlying, areally
extensive carbonate-rock aquifer.

Water within the aquifers is most commonly a Ca-Mg-HCO; type or a
Ca-Mg-SO, type. In general, the distribution of hydrochemical facies within
the aquifer system is controlled by the mineralogy of the aquifer material,
rather than by a chemical evolution of water along general directions of
regional ground-water flow.

Some ground-water flow systems within the aquifer system provide base
flow to streams in response to ground-water recharge events. Other (often
deeper) ground-water flow systems respond minimally to variations in ground-
water recharge from precipitation and provide a fairly constant supply of water
to streams. Streamflow hydrographs and base-flow duration curves were used
to estimate such components of base flow in selected streams for long-term
steady-state conditions in the aquifer system. Mean sustained ground-water
discharge (discharge from fairly stable ground-water flow systems) ranges
from 3 to 50 percent of mean ground-water discharge (discharge from all
ground-water flow systems) to the selected stream reaches. These percentages
indicate that 50 to 97 percent of base flow in the streams within the study area
can be attributed to transient ground-water flow systems, which typically have
a major component of local-scale flow. Because ground-water flow across the
external boundaries of the aquifer system is minimal, such percentages indi-
cate that most ground-water flow in the aquifer system is associated with sea-
sonally transient local flow systems.

Results of a ground-water flow model that was calibrated by use of
regression methods and that simulates regional flow systems within the aquifer
system (approximately 10 percent of total ground-water flow in the aquifer
system) indicate that most water (99 percent) in simulated regional flow sys-
tems is from recharge at the water table. Most water (78 percent) discharges
from simulated regional flow systems to the principal streams. Less than 3 per-
cent of water in simulated regional flow systems discharges to the Ohio River,
Lake Erie, or downdip areas in the Illinois (structural) Basin.

Simulations also indicate that most of the Midwestern Basins and Arches
aquifer system is characterized by alternating regional recharge and discharge
areas at intervals of less than every 10 miles along the dominant regional
trends of the potentiometric surfaces in the aquifers. Such alternating regional
recharge and discharge areas result in the absence of long flow paths from the
very highest regional potentiometric levels to the very lowest regional potenti-
ometric levels. The presence of tritiated ground water (less than 50 years old)

across most of the aquifer system also indicates that the aquifer system
receives recharge across most of the study area.

The northeastern part of the aquifer system near Lake Erie differs from
the test of the system with respect to regional ground-water flow and chemis-
try. Specifically, part of the northeastern part of the aquifer system can be
characterized as a broad area (tens of miles) of weak regional discharge (less
than 0.5 inch per year). Results of the regional ground-water flow model indi-
cate that regional flow systems have a limited ability to carry ground water
away from this area; thus precipitation is prevented from recharging the
regional flow systems in this part of the aquifer system. Some ground water
recharged during Pleistocene glaciation was found in this area. Sulfide con-
centrations and sulfur isotope data, which indicate that extensive sulfate reduc-
tion has occurred in the aquifer system within this area, confirm that only
minimal recharge of this part of the aquifer system has taken place over a long
period of time.

The longest simulated ground-water flow paths within the aquifer system
(nearly 50 miles) were also identified in the northeastern part of the aquifer
system. These flow paths terminate at Lake Erie. On the basis of carbon-14
data, some of the oldest waters (approximately 13,000 years) were found at
the downgradient end of these particularly long flow paths. The area near these
flow paths is the only area within the aquifer system in which a systematic
increase in ground-water ages was observed in the general direction of
regional ground-water flow. Not all of the regional flow paths in the northeast-
ern part of the aquifer system are particularly long. The very oldest waters that
were found in the aquifer system (approximately 38,000-45,000 years) are
associated with comparably short ground-water flow paths (approximately 10
miles). These waters are present beneath the Maumee River Basin and indicate
that parts of the aquifer system beneath the Maumee River Basin are fairly
stagnant.

INTRODUCTION

Quaternary glacial deposits and underlying Devonian and
Silurian carbonate rock in parts of Indiana, Ohio, Michigan,
and Illinois compose the Midwestern Basins and Arches aqui-
fer system investigated as part of the Regional Aquifer-Sys-
tem Analysis (RASA) program of the U.S. Geological Survey
(USGS) (Sun and Johnston, 1994). Objectives of the Mid-
western Basins and Arches RASA project were to describe
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the geohydrology, ground-water flow, and geochemistry in
this aquifer system (Bugliosi, 1990). Large subregions of the
Midwestern Basins and Arches aquifer system were previ-
ously investigated (Ohio Department of Natural Resources,
Division of Water, 1970; Norris and Fidler, 1973; Bloyd,
1974; Weist, 1978; Indiana Department of Natural Resources,
1988, 1990); these investigations, however, were limited in
areal extent by political boundaries (state lines) or surface-
water drainage divides. The RASA program provided an
opportunity to synthesize earlier work and to study the full
areal extent of the aquifer system.

Principal results of the Midwestern Basins and Arches
RASA project are presented in Professional Paper 1423.
Chapter A is a summary of the aquifer system. Chapter B
describes the geohydrologic framework of the aquifer system.
Chapter C (this chapter) describes regional ground-water flow
and geochemistry in the aquifer system.

PURPOSE AND SCOPE

This report presents information on the geohydrology of
and regional flow and geochemistry in the Midwestern Basins
and Arches aquifer system in parts of Indiana, Ohio, Michi-
gan, and Illinois. Specific report objectives are to describe (1)
physical and hydraulic boundaries of the aquifer system; (2)
regional relations between surface water and ground water;
(3) a numerical model used to compute a regional ground-
water budget, regional recharge and discharge areas, and pat-
terns of regional ground-water flow; and (4) ground-water
chemistry in relation to these patterns of regional flow. In the
“Summary and Conclusions” section of the report, the hydro-
logical and geochemical information are integrated to present
a comprehensive analysis of the occurrence and flow of water
in the aquifer system.

Regional flow, as defined for this report, is ground-water
flow associated with flow systems that are minimally affected
by seasonal variations in ground-water recharge from precipi-
tation. Although local-scale flow systems that readily respond
to variations in ground-water recharge are numerous and
important throughout the aquifer system, it was outside the
scope of the RASA project to investigate such flow systems.
Specifically, local flow systems are not explicitly simulated
by the numerical ground-water flow model.

APPROACH

A steady-state quasi-three-dimensional finite-difference
ground-water flow model (numerical model) was constructed,
calibrated, and used to describe regional flow in the Midwest-
ern Basins and Arches aquifer system. Before this regional
ground-water flow model was constructed, calibration targets
were established. These calibration targets are based on mea-
sured ground-water levels and estimated ground-water dis-

charge from regional flow systems, as approximated from
measured streamflows, and were used to judge how well the
numerical model simulated field conditions in the aquifer sys-
tem. The numerical model (a mathematical representation of
regional flow in the aquifer system) was built from a concep-
tual model (a simplified description of the aquifer system).
The conceptual model was developed by synthesizing infor-
mation on the thickness and areal extent of the aquifers and
confining units within the aquifer system, as well as informa-
tion on hydraulic characteristics, boundary conditions, flow
regimes, sources and sinks of water, and general directions of
ground-water flow. A geographic information system (GIS)
was used to prepare a geographically referenced data base of
this information, which was then converted for input into the
numerical model by use of an interface program (Van Metre,
1990). Available computer codes MODFLOW (McDonald
and Harbaugh, 1988) and MODFLOWP (Hill, 1992) were
used to construct and calibrate the numerical model on the
basis of a nonlinear-regression method developed by Cooley
and Naff (1990). Nonlinear regression was used to automati-
cally adjust parameter values that represent hydraulic charac-
teristics of the aquifers and confining units, as well as annual
recharge, so that the calibration targets were matched as
closely as possible. Aspects of the model other than the
parameter values were calibrated by trial and error adjust-
ment. A postprocessing routine (Harbaugh, 1990) was used to
help quantify ground-water budgets. Output from the cali-
brated numerical model was also used in conjunction with the
GIS to map regional recharge and discharge areas. The parti-
cle-tracking program MODPATH (Pollock, 1989) was used to
determine and illustrate simulated advective regional ground-
water flow patterns. An additional postprocessing routine was
used to map discharge vectors (Scott, 1990).

Geochemistry data were used to describe the relations
among ground-water chemistry, aquifer mineralogy, and
present and past patterns of regional flow in the Midwestern
Basins and Arches aquifer system. The spatial variability in
the concentrations of major solutes in the ground water was
evaluated and related to the source aquifers and general pat-
terns of regional ground-water flow. Chemical and isotopic
analyses of ground water and aquifer material along general
directions of regional ground-water flow were used to evalu-
ate the important hydrologic and geochemical processes con-
trolling ground-water chemistry and to qualitatively estimate
ground-water ages.
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REGIONAL GROUND-WATER FLOW

that any exchange of water between this zone and deeper bed-
rock units is negligible. Therefore, the lower model boundary
beneath the upper weathered zone water-bearing unit is simu-
lated as a no-flow boundary.

Specified-head boundaries

The northeastern model boundary in model layer 1 coin-
cides with the shore of Lake Erie. It is assumed that ground-
water levels in the glacial deposits along this boundary are
near lake level and that they can be represented by the aver-
age lake level for the long-term period. A specified-head
boundary condition is also imposed on the southern part of
the western boundary of model layer 1 where the boundary is
coincident with the 700-ft equipotential line on the ground-
water-level map of the glacial deposits (fig. 11).

Water-level data reported by Eberts (1999) indicate that
ground-water flow in the bedrock on both sides of the Ohio
River is toward the river. As a result, the southern boundary
of model layer 2 coincides with the position of the Ohio
River. Specified hydraulic heads used to simulate this bound-
ary were derived from 1:250,000 topographic maps. A speci-
fied-head boundary condition also is imposed along a small
section of the western boundary of model layer 2 where nota-
ble glacial aquifers, and thus model layer 1, are absent. This
boundary coincides with the 700-ft equipotential line on the
potentiometric-surface map of the carbonate-rock aquifer in
figure 12.

Specified-flux boundary

A specified-flux boundary condition is imposed on the
most northwestern boundary of model layer 2. Ground-water
flow across this boundary is approximated by use of Darcy’s
Law,

dh

Q:

where K is horizontal hydraulic conductivity,
A is the cross-sectional area through which flow
occurs, and
— is the hydraulic gradient approximated from the
hydraulic-head contours in figure 12.
This boundary flow was manually recalculated and a new
amount of flow was specified in the model after transmissiv-
ity estimates were updated by the model during calibration.

Head-dependent flux boundaries (sources and sinks)

Principal streams that drain the modeled area are explic-
itly simulated by use of head-dependent-flux boundary condi-
tions (figs. 218 and 22). Although these streams only partially
penetrate the glacial deposits or carbonate-rock aquifer, anal-
ysis of streamflow data indicates that they are discharge
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points for regional flow within the aquifer system. Hydraulic
heads along these stream cells are set equal to the stage of the
streams.

The upper boundary of the aquifer system coincides
with the water table, which is generally present in glacial
deposits but is locally present in bedrock where glacial
deposits are thin or absent. A discussion of the treatment of
flow across the water-table boundary in the model can be
found in the following section.

APPROACH TO MAPPING REGIONAL RECHARGE AND
DISCHARGE

Anderson and Woessner (1992, p. 152) note that no uni-
versally applicable method has been developed for estimating
ground-water recharge across a water table and that most pro-
posed methods have been used with limited success.
Although recent investigations have demonstrated that spatial
variation in the rate of recharge across the water table of an
aquifer system can be significant (Stoertz and Bradbury,
1989), modelers have traditionally assumed a spatially uni-
form recharge rate to simulate the water-table flux across
areas of similar surficial geology. Such an approach prohibits
adequate representation of flow across the water table
because ground-water basins often include areas where the
net flux is upward (Anderson and Woessner, 1992, p. 152).

A few recently published concepts, which have been used
by other researchers to simulate a water-table flux, are sum-
marized below. These ideas were considered during construc-
tion of the numerical model of regional flow in the
Midwestern Basins and Arches aquifer system.

Jorgensen and others (1989a, b) and Stoertz (1989) dem-
onstrate that the water-table flux, which is appropriate for
simulation of an aquifer system, is scale dependent. If the
size of a model cell is larger than the length of some flow
paths within the aquifer system, some ground water recharges
and discharges within the area represented by a single model
cell. The result is a need to reduce the amount of net recharge
applied at the water-table boundary of the model to simulate
the aquifer system correctly at the desired scale. Buxton and
Modica (1992) show that despite uniformity of surficial geol-
ogy (and thereby recharge rates) in the physical aquifer sys-
tem across a modeled area, net recharge may vary across the
modeled area because the water-table boundary combines the
effects of recharge from precipitation and ground-water dis-
charge to streams. Stoertz (1989) also notes that a model-cell
spacing that captures the general water-table curvature is nec-
essary in order to equate simulated recharge with basin yield.
An additional observation by Stoertz (1989) is that simulated
patterns of recharge and discharge are not affected if the per-
meability of the entire basin is changed; however, simulated
recharge and discharge rates are affected. To map recharge
and discharge areas and to simultaneously estimate appropri-
ate rates, the modeler must constrain the model solution with
some measurements of flow such as streamflow or pumpage.
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In the current investigation, the assumption was made that
the amount of net recharge appropriate for simulation of
regional ground-water flow equals the amount of water neces-
sary to maintain the regional trend of the water table and to
simultaneously supply the principal streams with a base flow
equal to long-term average ground-water discharge from
fairly stable flow systems within the aquifer system (mean
sustained ground-water discharge). This net recharge
excludes recharge across the water table that discharges near
the point of recharge by means of evapotranspiration or by
means of local-flow-system discharge to small tributary
streams.

Because net regional recharge results from the combined
effects of recharge from precipitation and local ground-water
discharge, net regional recharge is simulated in the numerical
model by applying a uniform rate of recharge to areas of sim-
ilar surficial geology and allowing recharge in excess of the
appropriate net regional recharge to discharge by application
of a general head-dependent-flux boundary condition above
the uppermost active model layer (figs. 21 and 22). This gen-
eral head-dependent-flux boundary condition is not coinci-
dent with the head-dependent-flux boundary condition used
to simulated the principal streams (stream cells); no recharge
is applied to stream cells because the principal streams are
areas of known regional discharge, and estimates of discharge
from regional flow systems to these streams are used to con-
strain the model solution.

Hydraulic heads specified for the general head-depen-
dent-flux boundary condition used to help simulate the
exchange of water at the regional water table are equal to the
altitude of the regional water table. These altitudes were esti-
mated by a method in which digital topographic data and
empirical equations relate water-table altitudes and land-sur-
face topography (Williams and Williamson, 1989). The con-
ductance term for the general head-dependent-flux boundary
condition is defined to be proportional to the total length of
small tributary streams in each model cell (fig. 20) because
such streams are assumed to dominate the exchange of water
at this boundary.

The inclusion of the general head-dependent-flux bound-
ary condition in the numerical model allows for simulation of
some discharge from regional flow systems to areas that are
not coincident with the principal streams. Such upward net
flux across the regional water table may include water that
flows from the point of recharge by way of regional flow sys-
tems and subsequently leaves the aquifer system through
evapotranspiration or discharge to springs, seeps, ditches, and
streams smaller than those represented by the stream cells in
the model. This approach to simulation of the water-table
boundary also allows for simulation of horizontal flow in the
water-table aquifer.

Regional recharge and discharge arcas were mapped on a
cell-by-cell basis by computing the difference between the
amount of recharge applied to the uppermost active model
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layer and the amount of water lost by means of the head-
dependent-flux boundary conditions. In localized areas near
regional potentiometric highs, recharge to the deep regional
flow systems may be higher than the amount of recharge
applied to the model in areas with similar surficial geology. In
these places, additional water may enter the simulated
regional flow systems by means of the general-head-depen-
dent-flux boundary condition. No net regional recharge or
discharge was simulated or mapped where layer 2 is the
uppermost active model layer and the carbonate-rock aquifer
is isolated from the water table by the upper confining unit
(fig. 21).

Head-dependent-flux boundary conditions have been used
by other modelers to simulate the flux across a regional
water-table boundary (Williamson and others, 1990; Leahy
and Martin, 1993). Because the Midwestern Basins and
Arches aquifer system is a relatively unstressed steady-state
system at the regional scale, the application of a head-depen-
dent-flux boundary condition in this investigation had to dif-
fer slightly from previous applications. Specifically, the
approach taken in this investigation, as described above,
allows net regional recharge to be computed by a steady-state
model on a cell-by-cell basis while horizontal flow in the
water-table aquifer is simulated. This is possible because, in
addition to observations of hydraulic head, base-flow obser-
vations along the stream cells are included in the model. The
combination of hydraulic-head and base-flow observations
was necessary to prevent the general head-dependent-flux
boundary condition from overly constraining the model solu-
tion.

PARAMETERIZATION

To simulate steady-state regional ground-water flow in the
aquifer system, the modeler specified the following system
characteristics: (1) horizontal hydraulic conductivity or trans-
missivity, (2) vertical hydraulic conductivity, (3) streambed
hydraulic conductivity, (4) recharge, and (5) a conductance
term for the general head-dependent-flux boundary condition
used to help simulate flux at the regional water table. These
quantities were calculated by means of 16 parameters (a
quantity that is estimated by use of trial and error or nonlinear
regression) because it was found that regional ground-water
flow in the aquifer system could be reasonably simulated with
this few parameters. In addition, for reliable estimation of
parameter values, the number of parameters must be a frac-
tion of the number of observations of ground-water levels and
flows used to estimate them (Hill, 1992, p.15).

Horizontal hydraulic conductivity in layer 1, used to sim-
ulate glacial deposits, is simulated with three parameters. The
corresponding parameter zones (areas over which a parameter
value is applied uniformly) are shown in figure 23A and rep-
resent areas of moraine deposits, outwash deposits, and glaci-
olacustrine deposits. The horizontal hydraulic conductivities
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measure for the calibrated final model is 0.38. This value falls
between the critical value of 0.046 (a value below which
Beale’s measure would indicate model linearity) and 0.52
(the value above which would indicate model nonlinearity).

If weighted residuals are independently distributed, the
model is likely to be correct; if weighted residuals are nor-
mally distributed and the model is linear, the estimated
parameter values are generally normally distributed (Hill,
1994; Seber and Wild, 1989). To test whether the weighted
residuals are independent and normally distributed, they were
compared with expected independent values from a standard
normal distribution. The RN2 statistic (Hill, 1992) for the cal-
ibrated final model is 0.948, which is less than the critical
value of 0.987 at the 95-percent confidence level. This statis-
tic indicates that the weighted residuals may not be indepen-
dent and normally distributed. However, this test is more
restrictive than the less powerful Kolmogorov test (Hill,
1992, p 63). On the basis of the Kolmogorov test, Yager
(1993) demonstrated that a RN2 statistic of 0.946 indicates
that weighted residuals are independent and normally distrib-
uted at the 99-percent confidence interval for a model with a
similar number of parameters and observations as for the cal-
ibrated final model. These results indicate that the weighted
residuals from the calibrated final model are at least nearly
independent and normally distributed. The distribution of the
residuals was not investigated further.

Beale’s measure indicates that the calibrated final model
is at least slightly nonlinear; moreover, figure 24 indicates
some spatial patterns in the weighted residuals for hydraulic
head, and figure 25 indicates some nonrandomness of the
weighted residuals for flow. As a result, the confidence inter-
vals given in table 3 should be considered approximate.

The relative reliability of estimated parameter values were
compared by use of coefficients of variation. Smaller coeffi-
cients of variation indicate greater reliability than do larger
coefficients of variation. For parameters that are log-trans-
formed during the regression, a substitute for the coefficient
of variation (pseudo coefficient of variation) can be calcu-
lated by determining the difference between the upper and
lower confidence limits divided by the exponential of the esti-
mated parameter value and dividing this result by two times
the critical value from the Students-t probability distribution
used to compute the confidence limits. This measure is
exactly the coefficient of variation for the parameters that
were not log-transformed and is a comparable measure of
reliability for those parameters that were log-transformed. All
of the parameter values except the recharge parameter in the
calibrated final model of this investigation were log-trans-
formed during calibration. (Hydraulic-conductivity measure-
ments in various geohydrologic situations are commonly
lognormally distributed (Hill, 1992, p. 18)). Coefficients of
variation and pseudo coefficients of variation for the optimal
parameter set of the calibrated final model are listed in table
3. The parameter values for recharge applied to the moraine
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deposits, transmissivity of the carbonate-rock aquifer, and
horizontal hydraulic conductivity of the moraine deposits are
the most precisely known parameter values, whereas the ver-
tical hydraulic conductivity of the upper confining unit is the
least precisely known parameter value.

It should be noted once more that the recharge parameter
estimate listed in table 3 does not represent net recharge to
regional flow systems. Because net regional recharge (or net
regional discharge) was computed by subtracting the simu-
lated flux associated with the head-dependent-flux boundary
conditions from the flux associated with this estimated value
of recharge applied to the moraine deposits (see fig. 28), the
reliability of net recharges or net discharges is not known.

SIMULATED REGIONAL GROUND-WATER FLOW

The calibrated final model can be used to quantify various
aspects of the conceptual model and to draw conclusions
about regional ground-water flow in the Midwestern Basins
and Arches aquifer system. A ground-water budget that quan-
tifies flow associated with the regional flow systems repre-
sented by the model is given in table 4; simulated net
recharges or net discharges across the regional water table
were used in the computations.

The calibrated final model represents the movement of
1,292 Mgal/d of water through the parts of the aquifer system
not greatly affected by seasonal variations in ground-water
recharge from precipitation; this is approximately 10 percent
of the total flow in the aquifer system. Ninety-nine percent of
this water is from recharge at the water table. Seventy-eight
percent of the water (1,006 Mgal/d) leaves the system by
means of the principal streams that were explicitly repre-
sented in the model by use of the stream cells. Nineteen per-
cent of simulated regional ground-water flow discharges by
means of seeps, springs, ditches, small streams, or evapo-
transpiration—discharge that was simulated by use of the
general head-dependent-flux boundary condition. Two per-
cent of the water (24 Mgal/d) leaves the system along the
margin of the Illinois (structural) Basin. Much of this water
probably discharges to streams just beyond the model bound-
ary, but some of it may move downdip into the Illinois Basin.
(Previous work (Cartwright, 1970) demonstrates, by means of
temperature data, that some water enters the Illinois Basin
and that water in the deep parts of the Illinois Basin ulti-
mately discharges near the center of the basin through frac-
ture zones associated with faults and anticlines in the basin.)
Approximately 1 percent (18 Mgal/d) of the water associated
with regional ground-water flow represented in the model dis-
charges to the Ohio Valley aquifer that follows the Ohio River
(local-scale alluvial aquifer not represented in the calibrated
final model) and ultimately discharges to the Ohio River.
Most of this discharge is from the carbonate-rock aquifer;
less than 1 Mgal/d is from the upper weathered zone water-
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bearing unit (not an aquifer). Discharge attributed to regional
ground-water flow in these bedrock units is a very small per-
centage of total ground-water discharge to the Ohio River;
discharge directly to the Ohio River from the Ohio Valley
aquifer along the boundary of the modeled area has been
computed at approximately 1,400 Mgal/d (C.G. Norman,
Ohio River Valley Water Sanitation Commission, written
commun., 1989). These relative amounts of discharge to the
Ohio River are consistent with a conceptual model in which
local flow systems dominate flow in the Midwestern Basins
and Arches aquifer system. Less than 1 percent of the
regional ground-water flow represented in the model dis-
charges to Lake Erie.

A ground-water budget that quantifies regional flow
within the carbonate-rock aquifer, as represented by the

TABLE 4—Simulated ground-water budget of regional flow
systems in the Midwestern Basins and Arches aquifer system
[Mgal/d, million gallons per day]

Percent
Flow recharge or
(Mgal/d) discharge
Recharge

Across the regional trend of the 1,277 99
water table
From losing stream reaches 15 1

Total 1,292 100

Discharge

To principal streams 1,006 78
Across the regional trend of the
water table to seeps, springs, 242 19
ditches, small streams, or by
means of evapotranspiration
Along the margin of the 24 2
Illinois (structural) Basin
From the carbonate-rock 18 1
aquifer to the Ohio River
To Lake Erie 1 <1
Across the northwestern 1 <1
boundary of the modeled area
From the upper weathered
zone water-bearing unit to <1 <1
the Ohio River

Total 1,292 100
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model, was also computed (table 5). Of the 386 Mgal/d of
water that moves along simulated regional flow paths in the
carbonate-rock aquifer, 85 percent enters the aquifer by
means of percolation through the overlying glacial deposits.
Fifteen percent is associated with recharge by precipitation
directly onto the carbonate-rock aquifer. Most of the water
that enters the carbonate-rock aquifer flows back into the
overlying glacial deposits. Eight percent of simulated
regional flow in the carbonate-rock aquifer discharges to
seeps, springs, ditches, and streams smaller than those repre-
sented in the model by use of the stream cells. Less than 1

TABLE 5.—Simulated ground-water budget of regional flow
systems in the carbonate-rock aquifer in the Midwestern
Basins and Arches aquifer system
[Mgal/d, million gallons per day]

Flow P;rcent
Ml arge
Recharge
From percolation of water 327 85

through glacial deposits

Across the regional trend of the
water table from precipitation 59 15
directly onto the aquifer

From the upper weathered <1 <1
zone water-bearing unit
Total 386 100
Discharge
By means of flow into 322 84

overlying glacial deposits

Across the regional trend of the
water table to seeps, springs, 32 8
and small streams

To the Ohio River 18 5
To principal streams 9 2
Along the margin of the 5 1

Illinois (structural) Basin

Into the upper weathered zone <1 <1
water-bearing unit

Across the northwestern <1 <1
boundary of the modeled area
386

Total 100
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TaBLE 6.—Well construction information for wells sampled during investigation of the Midwestern Basins and Arches

aquifer system, 1991-92
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[Map number is location in figure 32; ft, feet; --, not applicable; N.A,, data not available; G, glacial aquifer; C-R, carbonate-rock aquifer;

all depth data are in feet below land surface]

May Well Depth to Depth to top of Depth to bottom of ~ Length of open .

Well name numlr))er depth (ft) bedrgck (ft) opelrl) intervarl) (ft) og)en interval (ft) in;gerval (fIt)) Aquifer
Ross 10G 102 - N.A. N.A. N.A. G
Birt 108 86 76 80 86 6 CR
Ben Logan H.S. 10D 340 97 160 340 2180 C-R
Searfoss 15G 60 -- N.A. N.A. N.A. G
Rife 158 39 34 34 39 5 C-R
Schoenberger 15D 240 33 36 240 205 CR .
Beasley 16 G 81 -- 61 81 20 G
Hill 16 S 80 52 63 80 17 CR
Gillig 16D 310 45 55 310 255 C-R
Lamalie 17G 75 - 71 75 4 G
S-18 17D 340 70 180 340 160 C-R
Finnegan 18D 185 2 26 185 159 C-R
Wilson 11G 50 -- N.A. N.A. N.A. G
Spencer 118 43 16 22 43 21 C-R
Stair 11D 250 18 21 250 229 C-R
Francis 128 62 40 43 62 20 C-R.
Augustine 12D 320 6 9 320 311 C-R
Richard 13G 81 -- N.A. N.A. N.A. G
Kemn 138 102 73 75 102 27 C-R
Auckerman 13D 400 78 109 400 €291 C-R
Rice 148 35 32 32 35 3 C-R
City of Weston 14D 500 65 410 500 490 C-R
Hartman 19 144 114 114 144 30 C-R
Lacy 4G 67 -- 64 67 3 G
Hummel 48 121 88 90 121 31 C-R
Jones 4D 201 119 122 201 79 C-R
Harrison 3S 117 108 108 117 9 C-R
Martin 3D 200 135 138 200 62 C-R
Lockhart 2G 140 -- 136 140 4 G
Mattingly 28 150 140 140 150 10 CR
Merchant 2D 310 170 170 310 140 C-R
Gates 1D 320 88 88 320 €232 CR
Bickford 5G 45 -- 41 45 4 G
Bartlett 58S 106 74 74 106 32 C-R
Desoto Substation 5D 265 88 91 265 174 CR
Staggs 6G 116 -- 113 116 3 G
Ice 685 110 92 92 110 18 C-R
Underwood 6D 302 161 162 302 140 CR
Cohee 7G 99 - 84 89 5 G
Ellis 78 102 49 55 102 47 C-R
Harmon 7D 293 51 53 293 240 C-R
Fox 8G 89 -- 84 89 5 G
Skiles 8D 202 63 64 202 138 C-R
Justice 9G 62 -- 59 62 3 G
Lee 9S 113 65 67 113 46 C-R
Starbuck 9D 182 76 79 182 103 C-R
Geradot 22 260 72 70 260 190 G, C-R
Stenzel 21 260 170 170 260 90 C-R
Rees 20 230 160 160 230 70 C-R

2Well is cased through the top 83 ft of bedrock.

YWell is cased through the top 110 ft of bedrock.

°Well is cased through the top 31 ft of bedrock.

9Well is cased through the top 345 ft of bedrock.

“Well is open to the New Albany Shale (upper confining unit) from 88 to 204 ft below land surface.
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TABLE 7.—Chemical analyses of selected constituents in water from wells sampled during investigation of the Midwestern
Basins and Arches aquifer system, 1991-92

[Map number is location in figure 32; uS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; pg/L,
micrograms per liter; --, data not collected]

pH Temperature Dissolved

Specific . . . .

Map  Date of Eh Calcium Magnesium Sodium Potassium
Well name number collection CO(II;S;/C:;]’;CC (Stla:lfsr 4 (millivolts) (élfﬁzzf (();Kg%lej (mg/L)  (mg/l) (mgL) (mglL)
Ross 10G  08-06:91 2,360 6.83 121 12.1 0.1 290 200 38 45
Birt 108 08-07-91 1,010 7.10 512 11.5 45 120 55 16 2.4
BenLoganHS. 10D 07-28-92 707 7.35 397 13.8 9 87 34 13 1.6
Searfoss 15G  08-15-91 2,400 7.08 145 115 <l 490 75 62 3.9
Rife 158 08-12-91 2,400 6.93 58 11.1 1 490 69 46 4.6
'Schoenberger 15D  08-14-91 © 2,720 6.95 52 11.2 <1 540 79 53 50
Beasley - 16G 081991 772 132 70 105 .1 8 34 15 14
Hill 168 082091 = 1760 737 126 115 1 200 7571 40
Gillig =~ 16D 082191 1,660 7.400 102 11.6 <l 220 66 65 40
Lamalie © ©~ = 177G 08-22:91 = 2,450 7.18 72 2.1 <l 400 140+ 40 42
S-18 17D 08-27-91 2,690 6.99 3 12.6 <l 490 160 27 4.6
Finnegan 18D  06-13-92 765 7.15 82 11.8 - 100 47 1.4 1.4
Wilson 11G  08-03-92 1,470 7.38 35 11.3 <l 190 72 47 3.5
Spencer 11S  07-29-92 1,010 7.02 176 12.8 1 140 50 16
Stair 11D 08-04-92 1,070 7.21 153 11.4 1 140 56 21
Francis 128 08-05-92 991 7.30 -36 12.1 -- 120 480 19
Augustine 12D 08-06-92 1,260 7.34 -79 11.3 <l 140 62 41
Richard 13G  07-30-92 2,080 7.85 67 11.5 1 250 88 120
Kern © 138 08-07-92 1,610 7.75 127 2.3 1 - 170 57 120
Auckerman 13D . 08-13-92 1,690 . 7.20 —132 124 <1 190 73069
Rice 148 08-12-92 1,180 7.41 -88 12.8 1 130 62 45
City of Weston 14D 08-11-92 3,250 7.25 -96 12.9 <l 540 180 74
Hartman 19 09-10-92 1,330 7.00 . 13.5 - 100 67 53
Lacy 4G 09-06-91 670 7.42 72 7.4 <l 86 36 11
Hummel 4S8  09-05-91 953 7.22 95 11.3 1 110 58 22
Jones 4D 090391 695 7.19 126 113 <l 98 35 . 88 .
Harrison = 3S 100791 595 749 77 122 2 716 26 14
Marin =~ 3D 09-04-91 570 7.40 56 135 <l 77 26 0 16
Lockhart =~ 2G. © 09-09-91 1,140  7.23 104 124 <l 110 35 87
Mattingly ©28 0 09-11-91 1,060 7.32 70 12.1 1110 S 46 43
Merchant 2D 09-1091 908 7.30 . 13.2 - 100 43 31
Gates 1D 10-08-91 1,210 7.41 -84 13.7 <l 44 27 170
Bickford 5G  09-03-92 958 7.17 97 13.0 <l 110 44 32
Bartlett 58S  09-01-92 765 7.26 143 12.0 1 100 42 8.5
Desoto Substation 5D 08-19-92 738 7.26 149 13.0 2 96 37 10
Staggs =~ 6G 082092 723 737 128 114 1 100 32 10
Tee  6S  09-0292 713 731 132 126 <1 .. 8. ' 35 12
‘Underwood . =~ 6D  08-21-92 653 . 744 = 124 11.7 79 3219
‘Cohee ~ 7G 090492 673 735 76 12.5 <l 95 32 10
Ellis 7S @ 082492 746 734 123 12.0 <1 96 34 13
Harmon 7D 08-25-92 711 7.31 87 12.3 <l 98 31 7.1
Fox 8G  08-29-92 683 7.15 124 11.9 1 75 29 18
Skiles 8§D 08-26-92 782 7.44 -1 13.3 <l 92 34 17
Justice 9G 082792 736 7.20 113 124 1 100 32 6.2
Lee 9S  08-28-92 834 7.31 125 11.6 ! 100 3% 13
Starbuck 9D  05-29-92 =~ 655 = 7.22 -28 113 1 75 3511
Geradot 22 08-28-92 942 724 76 133 <1 110 47 26
Stenzel. .~ .21 = 08-30-91 588 740 30 1138 <l 6 29 22

Rees 20 082991 603 748  -68 121 <1 59 22 45
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TABLE 7.—Chemical analyses of selected constituents in water from wells sampled during investigation of the Midwestern
Basins and Arches aquifer system, 1991-92—Continued

[Map number is location in figure 32; pS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; ug/L,
micrograms per liter; --, data not collected]

Dissolved .
Bicarbonate, Sulfate, . . - solids, R DISSOI‘.’Ed
Well name Map as HCO;  as SO, Sulfide Chloride Bromide Silica sum of Iron Strontium  organic
number (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) constituents (ng/L) (ng/L) carbon
(mg/L) (mg/L)
Ross 10G 533 1,200 <0.01 7.0 0.12 22 1,930 9,000 16,000 2.0
Birt 108 397 240 <.01 7.2 .04 11 665 4 13,000 1.0
Ben Logan H.S. 10D 383 60 <01 20 .04 10 427 3 8,900 .60
Searfoss 15G 224 1,600 .02 23 .08 17 2,400 5,200 12,000 1.3
Rife 158 266 1,600 <01 6.3 .08 17 2,430 3,100 12,000 12
Schoenberger 15D 229 1,500 .01 17 15 16 2,340 2,100 11,000 1.3
Beasley 16 G 346 120 .01 6.4 .05 13 454 520 4400 1.1 :
Hill 16 S 168 850 <01 16 .19 12 1,330 1,500 14,000 = 1.6
Gillig 16 D 179 860 <01 15 25 12 1,350 2,200 0 12,000 1.6 ;
Lamalie 17G 222 1,500 .02 37 45 17 12,270 2,600 13,000 1.3
S-18 17D 280 1,600 0.35 44 .36 12 2,490 780 12,000 1.6
Finnegan 18D 528 19 1.1 2.2 .02 7.2 439 12 200 2.4
Wilson 11G 285 610 .04 10 .09 15 1,110 2,700 17,000 1.0
Spencer 118 463 180 .02 28 .08 15 668 720 5,000 1.5
Stair 11D 490 190 <.01 13 .07 20 702 3,100 13,000 1.1
Francis 128 454 170 .28 27 12 16 656 770 27,000 1.3
Augustine 12D 478 180 33 100 .16 ‘16 - 784 14 . 4700 L3
Richard 13G 89 1,100 02 34 32 11 1,670 1,700 . 14,000 1.1
Kemn 138 144 750 <01 35 31 8.4 1,240 990 22,000 .80
Auckerman 13D 283 530 233 110 S1 - 6.5 1,150 13 18,000 90
Rice 14 S 227 440 2.3 12 .09 13 836 52 17,000 1.5
City of Weston 14D 196 1,900 7.4 45 38 9.0 2,860 350 10,000 1.0
Hartman 19 472 65 -- 100 - 9.5 826 180 7,100 3.8
Lacy 4G 432 33 .03 9.5 .06 19 416 2,800 3,200 1.1
Hummel 4 536 130 <01 9.2 .09 20 630 2,200 11,000 1.7
Jones 4D 466 6.5 <.01 4.4 .04 15 402 1,200 1,300 1.3
Harrison 38 390 0.10 .01 5.5 .10 16 334 1,400 620 1.7
Martin 3D 397 <.10 .01 5.6 04 20 344 1,000 530 1.6
Lockhart 2G 427 49 <01 150 .09 12 658 1,600 220 1.0
Mattingly 28 410 40 .02 140 .20 14 603 2,700 1,100 = 1.0
Merchant 2D 395 28 <.01 85 .06 14 501 64 1,100 1.1
Gates 1D 407 19 4.1 210 1.20 7.0 694 7 1,800 1.4
Bickford 5G 439 83 .02 61 .04 15 566 2,200 430 .90
Bartlett 58 476 43 .02 6.0 .02 18 459 2,300 3,000 1.4
Desoto Substation 5D 420 74 <.01 49 .02 15 453 1,600 5,200 1.2
Staggs 6G 412 48 <01 21 .03 20 439 1,900 1,500 1.2
Ice 68 439 42 .03 5.4 .03 17 426 1,100 4,800 1.2
Underwood 6D 441 5.0 .03 8.6 .04 16 383 - 890 1,500 1.5
Cohee 7G 401 40 .02 5.1 .02 17 403 2,000 1,600 1.1
Ellis 78 421 65 .01 12 .01 16 - 452 2,000 -3,000 1.2
Harmon 7D 376 65 <01 14 .03 16 421 1,800 860 1.2
Fox 8G 472 .40 <.01 5.3 .03 19 393 4,000 930 3.6
Skiles 8§D 371 43 A1 54 .06 17 445 2,100 510 1.7
Justice 9G 377 71 <01 26 .04 18 442 2,300 190 1.2
Lee 98 388 85 <01 39 .07 15 489 1,700 1,500 .90
Starbuck 9D 440 6.9 1.8 7.6 .05 10 368 8 1,100 © 1.0
Geradot 22 395 190 .01 35 .05 15 628 1,500 5,300 1.8
Stenzel 21 371 30 .03 1.9 02 16 357 370 9,700 13
Rees 20 384 16 13 29 .04 11 355 250 2,400 @ 1.6
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TABLE 8. —Analyses of isotopes in water from wells sampled during investigation of the Midwestern Basins and Arches
aquifer system, 1991-92

[Map number is location in figure 32; delta notation (8) explained on p. C92; TU, tritium units; --, data not available]

34 3+8S, .. Carbon-14

Well name Map 8 ISO. oD . 8 BC. s?ﬂf'ie sulfide Tritium (percent

number (per mil) (per mil) (per mil) (per mil) (per mil) (TU) modern)
Ross 10G -8.35 -51.5 -14.9 -10.40 -- 1.7 49.1
Birt 10S —8.60 -54.0 -14.2 -5.80 - 9.1 58.9
Ben Logan H.S. 10D -8.55 -54.5 -14.1 4.80 - 11.2 69.5
Searfoss 15G -8.10 -51.0 -16.6 4.00 -- 34 37.9
Rife 158 -8.00 -50.0 -15.4 3.20 -- <1 303
Schoenberger = 15D -8.10 -50.0 -15.7 3.20 - <.1 245
Beasley 16 G -8.55 -56.5 -13.2 -9.60 -- <.1 - 546
Hill 16 S ~7.90 -48.5 -14.7 -~7.60 -- <1 62
Gillig 16D -7.85 -49.0 -13.7 -9.60 - o<l © 86
Lamalie 17G -8.40 -54.5 -10.8 23.30 -- <l - 39
S-18 17D -8.45 -54.5 -8.5 26.70 -42.40 <1 4.7
Finnegan 18D -9.05 -59.0 -10.0 -3.20 -22.90 5 47.7
Wilson 11G -7.95 -50.0 -15.4 -9.20 -- <1 18.5
Spencer 118 -8.15 -51.0 -13.8 -9.80 -- 10.9 58.1
Stair 11D -8.15 -50.5 -15.0 -7.70 -- 6.2 55.7
Francis 128 -8.20 -51.5 -14.1 1.50 -53.20 11.6 45.0
Augustine 12D -8.05 -51.0 -15.3 -1.80 -51.50 10.6 62.0
Richard 13G -9.65 -65.5 -17.2 .30 -- 5 -
Kern 138 -9.90 -67.5 -13.3 6.60 -- <1 1.3
Auckerman 13D -14.35 -99.5 -10.7 29.00 -27.80 <1 0.2
Rice 14S -8.40 -55.0 -14.1 4.40 -33.00 <1 8.8
City of Weston 14D -10.05 -67.5 -7.1 25.90 -42.50 <1 1.4
Hartman 19 -8.45 -55.5 -12 20.50 -- .6 5.5
Lacy 4G -7.85 -47.5 -14.6 3.10 -- 3.0 60.6
Hummel 48 -7.70 -46.5 -14.9 -7.90 -- <1 56.1
Jones 4D -7.90 -49.0 -14.3 40 -- <l 56.9
Harrison 38 -7.15 —44.5 -12.7 -- -~ <.1 43.4
Martin 3D -7.40 —46.0 -14.4 -= -- <1 45.6
Lockhart 2G -7.50 -45.5 -14.1 2.40 -- 16.9 100.0
Mattingly 28 -7.40 -46.0 -13.8 2.50 -- 19.1 78.1
Merchant 2D -7.40 —45.0 -13.8 2.00 - 14.1 67.5
Gates 1D -6.95 —43.5 -11.0 -- 2.2 <1 1.2
Bickford 5G -7.70 -47.0 -14.9 -.80 -~ 20.6 78.3
Bartlett 5S -7.60 —47.5 —14.4 -7.90 -- 3 61.8
Desoto Substation 5D =1.75 —47.5 -13.8 -10.00 -- 2 423
Staggs 6G -1.75 -46.5 -14.5 -2.10 -- 7.8 66.8
Ice 6S -7.45 -46.5 -15.0 -2.20 -- v 61.8
Underwood 6D -7.40 -44.5 -15.6 - -43.40 <1 357
Cohee 7G -7.65 -47.5 -~14.7 -5.90 -- 4 58.0
Ellis 78 ~7.65 —46.5 -15.1 -5.50 -- 1.6 56.9
Harmon 7D -7.65 -46.5 —14.2 -3.90 -- 10.9 68.0
Fox 8G -7.25 —45.0 -8.8 -- -- <1 44.2
Skiles 8D -7.75 -47.0 -13.7 1.90 -37.80 20.0 51.3
Justice 9G -7.65 -48.5 -13.8 -.20 -- 18.1 72.3
Lee 9S -7.75 -47.5 -14.2 3.00 -- 15.0 65.3
Starbuck 9D -7.40 —45.5 -3.1 -- ~12.20 <.1 28.1
Geradot 22 -1.75 -49.0 -16.2 -8.10 - 12.2 74.3
Stenzel 21 -7.60 —47.5 -14.9 9.40 <.1 35.1

Rees 20 -7.50 —46.5 -17.9 5.50 -27.60 <1 208
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Water in the carbonate-rock aquifer in the Appalachian
Basin is predominantly the Na-Ca-Cl type with nearly equal
milliequivalent percentages of Na and Ca. In the Michigan
Basin, water is either a Na-Cl or Ca-Na-Cl type, depending
on the specific bedrock unit within the carbonate rocks from
which the water is produced. The predominant water type in
the Illinois Basin is Na-Cl; however, an area of Ca-Mg-Na-
HCO; water is present in the basin as far as 15 miles downdip
from where the carbonate-rock aquifer becomes confined.

RELATION BETWEEN DISSOLVED-SOLIDS CONCENTRATIONS
AND HYDROCHEMICAL FACIES

Examination of figures 33, 34, 37, and 38 indicates a
strong relation between the distribution of dissolved-solids
concentrations and the distribution of hydrochemical facies in
the glacial and carbonate-rock aquifers. The trilinear dia-
grams (figs. 35 and 36) of water from the glacial aquifers and
the carbonate-rock aquifer, where it is does not underlie the
upper confining unit, also show that water type changes as
dissolved-solids concentrations change. The Ca-Mg-HCO;4
water found throughout the aquifer system is characterized by
dissolved-solids concentrations that are generally less than
500 mg/L. Ca-Mg-SO, water has dissolved-solids concentra-
tions that range from about 500 to more than 3,000 mg/L. As
figure 35 shows, dissolved-solids concentrations increase as
the percentage of sulfate in water increases. The dissolved-
solids concentrations of ground water in the multiple-water-
type facies are varied. as one would expect given the variabil-
ity in water types in such facies.

Water type and dissolved-solids concentrations are also
related in the carbonate-rock aquifer where it underlies the
upper confining unit. Ground water from the carbonate-rock
aquifer in each of the surrounding structural basins is catego-
rized by basin on the trilinear diagram in figure 36. Based on
the available analyses, waters from the Appalachian Basin
have dissolved-solids concentrations that are generally
greater than 200,000 mg/L and are Na-Ca-Cl type waters.
Waters from the Michigan Basin range in dissolved-solids
concentration from around 10,000 mg/L to more than
300,000 mg/L; water type changes from a Na-Cl to a Ca-Na-
Cl as dissolved-solids concentrations increase. The dissolved-
solids concentration in waters from the Illinois Basin is gen-
erally less than 100,000 mg/L. and the waters are primarily of
the Na-Cl type.

Examination of figures 33, 34, 37, and 38 indicates that
the spatial distribution of dissolved-solids concentrations and
hydrochemical facies in the glacial and carbonate-rock aqui-
fers is similar. The similarity likely reflects the hydraulic con-
nection between the units. Ground water can flow through the
glacial deposits and into the bedrock, then can discharge to
streams and lakes back through the glacial deposits. More-
over, the source rock of the glacial deposits in the region is
primarily the underlying bedrock (Strobel and Faure, 1987).
Thus, the similarity in chemistry is also likely due to the pres-
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ence of the same reacting mineral phases in the glacial and
carbonate-rock aquifers.

GEOCHEMICAL AND HYDROLOGICAL PROCESSES,
BY WATER TYPE

The trends in major-ion chemistry in the Midwestern
Basins and Arches aquifer system are controlled, in a large
part, by interactions between ground water and minerals that
compose the aquifers. Important geochemical reactions that
can affect solute concentrations in ground-water systems
include mineral dissolution and precipitation, oxidation and
reduction, and ion exchange. Additional processes such as
evaporation and mixing of water from various sources can
also be important controls of solute concentrations. The
extent to which these processes control ground-water chemis-
try is affected by the paths and rates of ground-water flow and
the sequence of reactions in an aquifer system. The geochem-
ical and hydrologic processes responsible for the various
water types in the Midwestern Basins and Arches aquifer sys-
tem are discussed in the following sections.

CALCIUM-MAGNESIUM-BICARBONATE WATER

Ca-Mg-HCO; water, the predominant type in the glacial
and carbonate-rock aquifers, is generally produced by disso-
lution of the carbonate minerals calcite and dolomite. The
reaction of calcite and dolomite with water and carbon diox-
ide can be written as follows:

CaCOj + H,O + CO, <--> Ca?* + 2HCO5” 4)

(calcite)

CaMg(CO3), + 2H,0 + 2C0O, <--> Ca?* + Mg>* + 4HCO; (5)

(dolomite)

Typically, CO, is derived from the oxidation of organic mat-
ter and root respiration in the soil zone and is dissolved by
recharge water. Dolomite is more abundant than calcite in the
aquifer system (Harrison, 1960; Steiger and Holowaychuk,
1971; Wilding and others, 1971; Casey, 1994); if dolomite
dissolves according to equation 5, the molar proportions of
[Ca+Mg] to [HCOs3] should be linear, with a slope of 0.5. A
fairly strong relation exists between [Ca+Mg] and [HCOs3]
for Ca-Mg-HCOj5 type water from the glacial and carbonate-
rock aquifers (figs. 39 and 40); however, the Ca-Mg-SO, and
Ca-Mg-Na-SO,4 water types do not follow the trend predicted
by the dolomite dissolution model and are highly enriched in
calcium and magnesium relative to bicarbonate ([Ca+Mg]/
[HCO3] > 0.5). The Ca-Mg-Na-HCOj; waters plot slightly
below the line and are depleted in calcium and magnesium
relative to bicarbonate ([Ca+Mg]/[HCO;3] < 0.5). (The mech-
anism by which calcium and magnesium are depleted is ion
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FiGure 39.—Concentration of calcium plus magnesium as a function of bicarbonate concentration in ground water from the glacial
aquifers in the Midwestern Basins and Arches aquifer system.

exchange of calcium and magnesium for sodium and is dis-
cussed in the section on “Sodium-Enriched Water.”)

The state of equilibrium between ground water and cal-
cite, dolomite, and other minerals in the aquifer system can
be evaluated by the computation of saturation indices (SI),
expressed as

SI minera1=log IAP/Kr), (6)

where IAP is the ion-activity product of the mineral calcu-
lated from analytical data, and K is the thermodynamic equi-
librium constant at the measured temperature of the water
sample (Plummer and others, 1976). If the saturation index is
negative, the water is undersaturated with respect to the par-
ticular mineral, and dissolution of the mineral is possible. If
the saturation index is positive, the water is oversaturated
with respect to the mineral, and precipitation of the mineral in
the aquifer is possible. A saturation index of zero indicates
that the mineral is in equilibrium with the water and that the
tendency or rates of dissolution and precipitation should be
equal. Thermodynamics can only indicate the potential for

such phase transfers. In reality, various kinetic factors may
cause systems to behave differently than predicted (Nord-
strom and Ball, 1989; Busby and others, 1991).

Saturation indices were calculated for calcite and dolo-
mite (and other mineral phases discussed later in this report)
by use of the computer model WATEQF (Plummer and oth-
ers, 1976) and chemical data for the water collected as part of
this investigation. The accuracy of the saturation index for
predicting equilibrium of carbonate minerals depends largely
on the accuracy of the field measurements of pH and alkalin-
ity. Uncertainty in these and other analytical data produces an
uncertainty estimate in the saturation index of + 0.1 for cal-
cite and + 0.2 for dolomite (Nordstrom and Ball, 1989; Busby
and others, 1991). Because the accuracy of the pH measure-
ments could not be verified for much of the historical ground-
water-chemistry data, saturation indices were not calculated
for historical samples.

The saturation indices for calcite and dolomite generally
do not correlate with dissolved-solids concentrations (fig.
41). Nearly all the Ca-Mg-HCO;3; water is in equilibrium or
oversaturated with respect to calcite and dolomite, an indica-
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FIGURE 40.—Concentration of calcium plus magnesium as a function of bicarbonate concentration in ground water from the carbonate-
rock aquifer in the Midwestern Basins and Arches aquifer system.

tion that carbonate mineral equilibria could be controlling
concentrations of calcium, magnesium, and bicarbonate in
Ca-Mg-HCOj3 water in the aquifer system. The tendency
toward oversaturation with respect to calcite has been noted
in other aquifers by Nordstrom and Ball (1989), who con-
clude that kinetic effects may inhibit calcite precipitation.
Reactions that add calcium, magnesium, and bicarbonate or
that consume carbon dioxide can promote oversaturation with
calcite and dolomite. For example, dissolution of gypsum
may add calcium at a rate that exceeds calcium removal by
calcite precipitation, causing oversaturation with calcite. Sev-
eral Ca-Mg-SOy-type waters are saturated with calcite but are
significantly undersaturated with respect to dolomite. Under-
saturation with respect to dolomite is an important factor in
dedolomitization, a process that can promote the formation of
Ca-Mg-SO,-type water. (Dedolomitization is discussed fur-
ther in the next section.)

Ca-Mg-HCOj; water is the predominant water type in the
glacial and carbonate-rock aquifers because calcite and dolo-
mite are abundant in these aquifers (Harrison, 1960; Steiger

and Holowaychuk, 1971; Wilding and others, 1971; Casey,
1994) and recharge takes place across most of the study area.
A steady supply of CO, is available for carbonate dissolution
in the glacial aquifers because ground-water recharge gener-
ally takes place through the organic-rich soils overlying these
deposits. Dissolved CO, and other solutes are also recharged
to the underlying bedrock because the glacial aquifers pro-
vide most of the recharge to the carbonate-rock aquifer at the
regional scale.

CALCIUM-MAGNESIUM-SULFATE WATER

The predominant water type in the northeastern part of the
Midwestern Basins and Arches aquifer system is Ca-Mg-SO,.
This water is characterized by high concentrations of dis-
solved solids, calcium, magnesium, and sulfate. The predom-
inance of sulfate over bicarbonate and the lack of agreement
of the Ca-Mg-SO, water with the simple dolomite dissolution
model (figs. 39 and 40) indicates that other processes are con-
trolling the chemistry of this water type. Two reactions can
produce this type of water: (1) dedolomitization, which
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involves dissolution reactions with carbonate minerals and
gypsum, and (2) sulfuric acid neutralization, which involves
dissolution of carbonate minerals with sulfuric acid generated
by the oxidation of pyrite.

The results of investigations of other regional carbonate-
rock aquifers show that dedolomitization may be a control-
ling process (Pearson and Rightmire, 1980; Back and others,
1983; Busby and others, 1991). Ground water that moves
through the aquifer initially dissolves calcite, dolomite and
gypsum (or anhydrite). Once calcite and dolomite reach satu-
ration, gypsum is still undersaturated and continues to dis-
solve, adding calcium and sulfate to the water. Consequently,
calcite becomes oversaturated and, as it precipitates, the
bicarbonate concentration decreases. The decrease in bicar-
bonate concentration causes the water to be undersaturated
with respect to dolomite and promotes dissolution of dolo-
mite. Dissolution of dolomite causes increases in the concen-
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tration of magnesium in the water. The overall reaction can be
written as:

CaMg(CO;3)o(s) + CaSO, - 2H,0(s) + H' >

(dolomite) (gypsum)
CaCO;5(s)+CaZ* +Mg>* +S0,% +HCO5 +2H,0. )
(calcite)

As the reaction proceeds, Ca:Mg ratios in the water decrease
to 1.0, and sulfate concentrations increase. The ratio of
[Ca+Mg]/[HCOs;] is 1:1, in contrast to reaction 5, in which
the ratio of [Ca+Mg]/[HCO;3] is 1:2 or 0.5. On a plot of
[Ca+Mg] as a function of [SO4 + 0.5HCO;], the dedolomiti-
zation reaction yields a straight line with a slope of 1. Plots of
the water-chemistry data for the glacial aquifers (fig. 42) and
the carbonate-rock aquifer (fig. 43) show very close agree-
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ment between the theoretical trend for the dedolomitization
model and the trends for the Ca-Mg-HCOj3- and the Ca-Mg-
SOy4-type waters. The Ca-Mg-Na-HCO;- and Ca-Mg-Na-
SO,4-type waters tend to plot below the 1:1 line.

Gypsum saturation indices for ground water collected as
part of this investigation (fig. 44) increase with increasing
sulfate concentrations. A value of + 0.2 is used as the estimate
of uncertainty in the saturation index of gypsum. Saturation
with respect to gypsum generally is indicated for a few sam-
ples in which sulfate concentrations are greater than about
1,500 mg/L. Gypsum would tend to dissolve in water that is
undersaturated with respect to gypsum.

Dedolomitization is not the only process, however, that
yields the relation between Ca, Mg, SO4, and HCO5 shown in
figures 42 and 43. An alternative model involves dissolution

REGIONAL AQUIFER-SYSTEM ANALYSIS—MIDWESTERN BASINS AND ARCHES

of dolomite by sulfuric acid (H,SO4) produced by the oxida-
tion of pyrite (FeS,):

FeSz+ 15/4 02+7/2H20 (—)FG(OH)?,(S) 2H2504 8)
(Nordstrom and others, 1979). The sulfuric acid reacts with
dolomite:

CaMg(CO3)y ) +HyS0,>Ca + Mg +50,7+2HCO5.  (9)

The overall stoichiometry of the dissolved products in reac-
tion 9 is identical to that of the dedolomitization reaction (7).
Thus, either model could produce the trends shown in figures
42 and 43, and gypsum and (or) pyrite could be the sources of
sulfate in the Ca-Mg-SO, water in the northeastern part of the
aquifer system.
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The mineralogy of the carbonate rocks indicates that gyp-
sum and pyrite both are present in the northeastern part of the
aquifer system. Gypsum beds as thick as 5.5 ft are present at
or just below land surface in the rocks of the Salina Group in
the Sandusky Bay area of northwestern Ohio (Carlson, 1991).
Lesser quantities of gypsum are also found in carbonate rocks
of Silurian and Devonian age throughout the northeastern part
of the aquifer system. Pyrite is present in the Findlay Arch
mineral district as defined by Carlson (1991) and is associ-
ated with a suite of ore minerals that includes celestite, fluo-
rite, sphalerite, and galena. The Findlay Arch mineral district
forms a northeasterly trending belt that extends from the Ohio
and Indiana State line south of the Maumee River to the
islands in Lake Erie. Structural controls on the mineralization
in the Findlay Arch mineral district appear to be the Findlay
Arch and the Bowling Green Fault zone (Carlson, 1991). Sul-

C79

fide minerals are present throughout the carbonate rocks in
the Findlay Arch mineral district, but they are generally con-
centrated at or just below surfaces of past erosion and in col-
lapsed solution cavities (Botoman and Stieglitz, 1978).
Abundant pyrite and marcasite are found in the Columbus
Limestone in south-central Ohio and in the Devonian shales
along the entire east boundary between the carbonate rocks
and the younger shales (Carlson, 1991). Gypsum and sulfide
minerals also may be present in the glacial deposits because
the mineral composition of tills in the study area consists of
fragments of the local bedrock (Strobel and Faure, 1987).
The isotopic composition of sulfur in mineral and dis-
solved phases can be useful in distinguishing sources of sul-
fate to ground water and determining whether de-
dolomitization, driven by gypsum dissolution, or sulfide-min-
eral oxidation is the predominant geochemical reaction in the
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Major water type
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O CaMg-Na-HCO, water
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FIGURE 44.—Saturation indices of gypsum as a function of dissolved-sulfate concentration for water from wells in the
Midwestern Basins and Arches aquifer system. (Error limits are due to analytical and thermodynamic data uncertainties.
Points plotting within these lines are considered to be in equilibrium with gypsum.)
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aquifer system (Pearson and Rightmire, 1980). The sulfur
isotope data presented in tables 8 and 9 and discussed more
fully in the section “Sulfur Isotopes” indicate that pyrite is
the primary sulfate source for the glacial and carbonate-rock
aquifers in most of the aquifer system: however, both pyrite
and gypsum contribute sulfate to the Ca-Mg-SO,-type ground
water in the northeastern part of the aquifer system.

Deering and others (1988) noted that the chemistry of
ground water in the carbonate-rock aquifer in northwestern
Ohio is established chiefly by the mineralogy of the carbonate
rocks. Other researchers (Norris and Fidler, 1973; Norris,
1974) have discussed the distribution of water types in west-
ern Ohio in the context of chemical evolution of bicarbonate-
dominated water to sulfate-dominated water as ground water
flows down the potentiometric gradient from the potentiomet-
ric high near the Bellefontaine Outlier to Lake Erie and to the
Ohio River. The results of the ground-water flow model pre-
sented in the “Numerical Model” section, however, indicate
that water in the aquifer system does not follow long, contin-
uous paths from the highest potentiometric levels to Lake
Erie or the Ohio River. Rather, ground-water recharge and
discharge areas alternate across western Ohio. Thus, it is
likely that the distribution of Ca-Mg-SO, water in the north-
eastern part of the aquifer system is primarily controlled by
the mineralogy of the aquifer material.

The relatively large area of Ca-Mg-HCO; water within
the Ca-Mg-SO, facies in the carbonate-rock aquifer in north-
western Ohio corresponds to an area of thin or absent glacial
deposits where the Lockport dolomite, a relatively pure dolo-
mite (Janssens, 1977), crops out at the surface (fig. 5). The
Ca-Mg-HCO; water also generally corresponds to areas of
active ground-water recharge (fig. 28). Breen and
Dumouchelle (1991) showed that, in northwestern Ohio,
water in the carbonate-rock aquifer where the glacial deposits
are thin or absent has tritium concentrations indicative of
recharge since the 1950’s. Thus, active ground-water flushing
favors the formation of Ca-Mg-HCOj5 water in the carbonate-
rock aquifer in the northeastern part of the study area where it
is at or near the surface and recharge to the aquifer system
occurs.

SODIUM-ENRICHED WATER

Multiple-water-type facies described in the preceding sec-
tion (figs. 37 and 38), are characterized by the presence of
one or more of the following ground-water types: Ca-Mg-Na-
HCO;, Ca-Mg-Na-SO,, and Na-HCO;. Many researchers
have shown that an increase in sodium concentration in
ground water without an associated increase in chloride can
be caused by cation exchange of Ca>* and Mg>* ions for Na*
ions on clay minerals (Foster, 1950; Back, 1966; Freeze and
Cherry, 1979; Thorstenson and others, 1979; Chapelle and
Knobel, 1983). In an aquifer system with abundant carbonate
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minerals, cation exchange may be accompanied by the disso-
lution of calcite and dolomite.

Na-HCO; water can be produced from Ca-Mg-HCO;
waters by cation exchange on clay minerals according to the
reaction:

(1-x) Ca®* + x Mg?* + Na, ' Ex ---> 2Na® + (Ca;_Mg,) ' Ex,(10)

where 0 < x < 1. By combining reactions 4, 5, and 10, the
overall stoichiometry of dissolution of calcite and dolomite
and cation exchange may be represented as:

(Ca;,Mg,)CO; + H,0 + CO, + Na, - Ex ---> 2Na* +2HCO;3
+ (Ca;_Mg,) " Ex. (11D

As Ca’* and Mg”" are removed from solution and are
replaced with Na* by cation exchange, the solution becomes
undersaturated with respect to calcite and dolomite. The car-
bonate minerals dissolve, providing more Ca’* and Mg2+ in
solution to exchange with Na* and causing HCO;™ concentra-
tions to increase. The Ca-Mg-Na-HCO5 water in figures 39
and 40 plots below the line predicted by the dolomite-dissolu-
tion model; this pattern, which indicates that the water is
enriched in bicarbonate and depleted in calcium and magne-
sium relative to the dolomite dissolution model, is consistent
with cation-exchange reactions. Ca-Mg-Na-SO4 water is
associated with Ca-Mg-SO, water in the glacial and carbon-
ate-rock aquifers and is likely formed by the mixing of Na-
HCOj5 and Ca-Mg-SO,4 waters or incomplete cation exchange
of the Ca-Mg-SO, waters. The Ca-Mg-Na-SO, water does
not plot with the Ca-Mg-Na-HCO; water in figures 39 and 40
because of the additional calcium and magnesium from dedo-
lomitization (7) or sulfuric acid neutralization (9).

Eberts and others (1990) and Lesney (1992) describe the
presence of water ranging in composition from Ca-Mg-Na-
HCO; to Na-HCOj5 in bedrock units underlying shales and
siltstones of Mississippian age in northeastern Ohio. Their
research attributes this chemistry to mixing of Na-HCO;
water, produced by cation exchange in the shales and silt-
stones, with water in the underlying aquifers. A similar water
composition of Ca-Mg-Na-HCO3; to Na-HCO; is present in
the carbonate-rock aquifer in the Midwestern Basins and
Arches aquifer system where the carbonate-rock aquifer is
overlain by Devonian shales (upper confining unit) along the
margins of the Michigan Basin. This similarity indicates that
Na- and HCOj;-enriched water produced by cation exchange
in the shales is mixing with water in the underlying carbon-
ate-rock aquifer. However, significant areas of Ca-Mg-Na-
HCO; water, associated with some Na-HCOj; water, are
present in the carbonate-rock aquifer and the glacial aquifers
where shales do not overlie the carbonate-rock aquifer south
of the boundary between the aquifer and the upper confining
unit. If Na-HCO5 water from the upper confining unit is the
source of Na-enriched water south of this boundary, then it
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must have flowed in an updip direction out of the shales and
into the adjacent carbonate-rock aquifer and associated gla-
cial deposits.

Research on regional aquifers in the northern Midwest
(Siegel and Mandle, 1984; Siegel, 1989, 1991) suggests a
mechanism by which Na-HCO; water produced by cation
exchange in the shales at the margin of the Michigan Basin
may have moved into the carbonate-rock aquifer. On the basis
of distributions of solutes and isotopes in water from the
Cambrian-Ordovician aquifer in eastern Wisconsin, Siegel
(1989, 1991) proposed that loading of glacial ice during
Pleistocene glaciation may have reversed ground-water flow
gradients and caused ground water from within the Michigan
Basin to discharge at the west margin of the Michigan Basin
in eastern Wisconsin. A numerical model that simulated
ground-water flow during Late Wisconsinan glaciation in
northern Illinois (Filley, 1985) showed that increased pore
pressures may have caused water from within the Michigan
Basin to discharge at the basin margins. Panno and Bourcier
(1990) proposed that the formation of karst features in car-
bonate rocks adjacent to the Appalachian, Michigan, and Illi-
nois Basins was caused by mixing of ground water and deep-
basin saline water that was flushed from the basins during
Pleistocene glaciation. A similar flow of ground water out of
the Michigan Basin during the Pleistocene may have occurred
at its southern margin, pushing through the Devonian shales
and emplacing Na-HCOQO; water in the carbonate-rock aquifer
and overlying glacial aquifers.

An alternative hypothesis for the presence of multiple-
water-type facies along the northern boundary of the carbon-
ate-rock aquifer and upper confining unit is cation exchange
within the glacial and carbonate-rock aquifers. Some bedrock
units within the Salina Group and carbonate rocks of Devo-
nian age in northern Indiana and northwestern Ohio contain
numerous thin shales (Janssens, 1977; Turner, 1977; Doheny
and others, 1975). Cation exchange within these shale-rich
carbonate rocks may result in the formation of Na-enriched
water. Mazor and others (1993) suggest that significant differ-
ences in water composition in an area indicate that water may
be stored in distinct pockets within an aquifer and that such
pockets are caused by changes in lithology. Thus, the pres-
ence of multiple-water-type facies may be the result of a tran-
sitional bedrock lithology in the aquifer along the subcrop
boundaries.

The Ca-Mg-Na-HCO; water found along the west sub-
crop boundary of the carbonate-rock aquifer is not associated
with Na-HCO; water, nor is it as enriched in sodium as the
Ca-Mg-Na-HCO; water along the north subcrop boundary of
the carbonate-rock aquifer. The Ca-Mg-Na-HCO3 water
found in the carbonate-rock aquifer beyond the west bound-
ary of the carbonate-rock aquifer and upper confining unit
increases in chloride concentration in a downdip direction
and most likely results from mixing of Ca-Mg-HCO3 water
with Na-Cl water from the Illinois Basin.
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The multiple-water-type facies in the glacial aquifers in
the south-central part of the study area is associated with the
area where Ordovician shales and limestones (the upper
weathered zone water-bearing unit) directly underlie the gla-
cial deposits. Most of the water in this facies is the Ca-Mg-
HCOj5 type; however, some ground water that is enriched in
sodium or chloride or both is present in this area. Research on
glacial buried-valley aquifers in the Great Miami River Valley
(Dumouchelle and others, 1993) indicates two potential
sources of sodium and chloride to the glacial aquifers. In the
Great Miami River Valley, shallow ground water in highly
permeable outwash valleys contains elevated concentrations
of sodium and chloride that are related to human activities.
Moreover, small amounts of moderately saline Na-Cl water
discharges from the shale bedrock to the glacial aquifers in
the Great Miami River Valley. Thus, sodium and chloride
from both sources may be affecting the chemistry of water in
the glacial aquifers in the south-central part of the aquifer
system.

Water with elevated percentages of sodium and chloride is
also present in the carbonate-rock aquifer where it is not
overlain by the upper confining unit. Na-Cl or Cl-influenced
ground water is uncommon in the carbonate-rock aquifer;
most of the few areas of such water are within the multiple-
water-type facies that borders the Michigan Basin. Possible
sources of sodium and chloride to these ground waters
include the dissolution of halite from the carbonate rocks,
mixing with small amounts of formation brine from deeper
bedrock units, or surface contamination by water affected by
road-deicing salts or formation brine associated with petro-
leum exploration and production activities (Breen and
Dumouchelle, 1991). The presence of Na-Cl water in the car-
bonate-rock aquifer along the margin of the Michigan Basin
may also be related to the hydrodynamic displacement of
brine by Pleistocene glaciation.

In summary, the exact geochemical and hydrologic pro-
cesses responsible for the multiple-water-type facies are
unknown, especially along the north boundary of the Mid-
western Basins and Arches aquifer system. The distribution
of water types in the multiple-water-type facies however, is
clearly related to the change in lithology, from carbonate
rocks to shales, at the boundaries of the carbonate-rock aqui-
fer. The multiple-water-type facies along the margin of the
Michigan Basin may also be related to changes in the ground-
water flow regime during Pleistocene glaciation.

SODIUM-CHLORIDE AND CALCIUM-SODIUM-CHLORIDE WATER

Na-Cl type water with dissolved-solids concentrations
less than 10,000 mg/L is present in the carbonate-rock aquifer
beneath the upper confining unit at the margins of the struc-
tural basins. Its presence likely results from mixing of fresh-
water with brines from within the basins. Processes
responsible for the chemistry of brines in the Illinois, Michi-
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gan, and Appalachian Basins are complex (Stueber and oth-
ers, 1987; Lowry and others, 1988; Walter and others, 1990;
Stueber and Walter, 1991; Stueber and others, 1993; Wilson
and Long, 1993a, b) and are beyond the scope of this report.
Na-Cl, Na-Ca-Cl and Ca-Na-Cl type waters with dissolved-
solids concentrations greater than 10,000 mg/L are present
just beyond the boundary between the carbonate-rock aquifer
and the upper confining unit in the Michigan and Appalachian
Basins, an indication that the upper confining unit prevents
water from recharging the carbonate-rock aquifer in these
areas. The presence of water with dissolved-solids concentra-
tions less than 10,000 mg/L in the Illinois Basin more than 70
mi downdip from the boundary of the carbonate-rock aquifer
and the upper confining unit may be related to present or past
patterns of flow in the carbonate-rock aquifer. Results of the
regional ground-water flow model show that a small percent-
age of water may flow from the subcrop area down into the
Illinois Basin. Such water could contribute to the current dis-
tribution of solutes. Other research on Illinois Basin brines
(Clayton and others, 1966; Rupp and Pennington, 1987; Stue-
ber and Walter, 1991) suggests that dilution of the brines may
have occurred as a result of increased infiltration through
fracture systems in the carbonate rocks or from meltwater
that recharged the carbonate-rock aquifer during the Pleis-
tocene. The origin of low dissolved-solids water deep in the
Illinois Basin is uncertain, and more research would be
needed for a full understanding of this part of the aquifer sys-
tem.

INSIGHTS INTO REGIONAL FLOW PROVIDED BY
GEOCHEMICAL DATA

Ground-water samples were collected from the glacial
and carbonate-rock aquifers along four general directions of
regional ground-water flow, as determined from the potentio-
metric surface map of the carbonate-rock aquifer (fig. 12).
The locations of the sampling points are shown in figure 32.
The data are listed in tables 7 and 8. Although the regional
ground-water flow model indicates that ground water in the
Midwestern Basins and Arches aquifer system does not fol-
low long paths from the highest regional potentiometric lev-
els to the lowest regional potentiometric levels, it is useful to
evaluate the differences in ground-water chemistry along the
general directions of regional ground-water flow.

MAJOR SOLUTES

Dissolved-solids and sulfate concentrations have been
used as indicators of chemical evolution of ground water in
various regional-scale carbonate-rock aquifers, such as the
Floridan aquifer in Florida, the Edwards aquifer in Texas, and
the Madison aquifer in parts of Montana, South Dakota and
Wyoming (Plummer, 1977; Rye and others, 1981; and Busby
and others, 1991). In these aquifers, concentrations of dis-
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solved solids and sulfate generally increase along the princi-
pal directions of regional ground-water flow. Figures 45 and
46 show dissolved-solids and sulfate concentrations along
geochemical sections A-A’, B-B’, C-C” and D-D’ in the Mid-
western Basins and Arches aquifer system. In general, no
consistent systematic change in dissolved-solids and sulfate
concentrations is evident along the geochemical sections. The
deep bedrock wells along section C-C’ are the only subset of
the data indicating consistent increases in dissolved-solids
and sulfate concentrations in the direction of regional flow.
This general absence of systematic trends in chemistry along
the general directions of regional ground-water flow indicates
that the aquifer system is not characterized by long flow paths
that are isolated from additions of recharge, as have been pos-
tulated for regional carbonate-rock aquifers in other parts of
the United States.

Figures 45 and 46 also can be used to compare the chem-
istry of ground water from the glacial aquifers and the car-
bonate-rock aquifer. In general, dissolved-solids and sulfate
concentrations in the glacial and carbonate-rock aquifers are
similar. The only notable exception to this is sample 10G (fig.
32) from a glacial aquifer, which has considerably higher dis-
solved-solids and sulfate concentrations than samples 10S
and 10D from the carbonate-rock aquifer.

In addition, figures 45 and 46 show the relation of chem-
istry between ground water from the shallow bedrock wells
and ground water from the deep bedrock wells. In general,
the dissolved-solids and sulfate concentrations in ground
water from shallow bedrock wells were similar to those in
ground water from deep bedrock wells. The exceptions are
wells 4S8 and 4D and wells 14S and 14D. Of all the wells
shown in figure 32, the wells that show the largest variations
in ground-water chemistry with aquifer type or depth at a sin-
gle sampling location (well groups 4, 10, and 14) are in the
groups that have the greatest distance between the wells.
Apparent variations with depth may be more related to spatial
variability than to specific differences with depth.

ISOTOPES

Interpretation of isotopic data can often provide more
insight into chemical and hydrologic processes than can be
provided by interpretation of chemical data alone. The isoto-
pic composition of ground water can be used to distinguish
between competing reactions that contribute dissolved sulfur
and carbon to water, to examine the possibility of different
water masses mixing in an aquifer, and to estimate the rela-
tive or absolute ages of ground water in different parts of an
aquifer system. Consequently, isotopic data can provide an
independent confirmation of the interpretations made from
the hydrologic and chemical data.

In this investigation, the stable isotopes 8348 (for the sul-
fate and sulfide phases), 5180, 8D, 5!3C and the radioactive
isotopes 14C and tritium were measured in ground water
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in the carbonate-rock aquifer, the highest 834S(su1fate) value
in ground water is 9.4 per mil. an indication that the primary
source of sulfate to ground water is from the oxidation of sul-
fide minerals or from the dissolution of gypsum formed by
the oxidation of sulfide minerals. Ground water with 634S(Su1_
fate) Values consistent with the dissolution of marine gypsum
or anhydrite of Silurian and Devonian age are found only in
the northeastern part of the study area, coincident with the
location of the only significant deposits of gypsum and anhy-
drite.

Sulfur isotope values in ground water reflect the 334s val-
ues of the sulfur source but are also dependent on chemical
reactions that can cause isotopic fractionation. For example,
sulfate reduction can affect the isotopic composition of dis-
solved sulfate in ground water. Sulfate reduction is mediated
by bacteria, which reduce sulfate to sulfide and oxidize
organic carbon to CO, under anaerobic conditions. The sul-
fate-reduction reaction can be written as

S04 +Corganic +2H,0<->H,$ +2HCO;". (12)
If the pH is greater than 7, HS” will predominate over H,S as
the sulfide product (Garrels and Christ, 1990). Bacterial sul-
fate reduction preferentially incorporates >2S into the sulfide
product, causing the residual sulfate to be enriched in the
heavier isotope, Mg, Thus, as sulfate reduction progresses,
84S of sulfide will be less than that of sulfate, and 834S(Su1_
fate) Will increase relative to the original composition.

Bacterial sulfate reduction is the likely source of the dis-
solved sulfide in the Midwestern Basins and Arches aquifer
system as indicated by the values of 834S(sulﬁde) in ground
water from the aquifers, which range from -53.2 to -12.2 per
mil (fig. 47). Sulfate reduction has probably produced the
extensive areas of the carbonate-rock aquifer in northwestern
Ohio that are characterized by dissolved sulfide concentra-
tions exceeding 3.0 mg/L. (Ohio Department of Natural
Resources, 1970); sulfide concentrations as high as 70 mg/L
were noted in this area. Dissolved sulfide is less abundant in
other parts of the aquifer system.

The differences between the 834S(Sulfate) values and the
834S(sulﬁde) values, A%, are also shown in figure 47. The A
values range from 19.7 to 69.1 per mil. The largest A3* values
in the aquifer system, 69.1 and 68.4 per mil, were found for
water from the deep bedrock wells near the Maumee River
and Sandusky Bay. Equilibrium fractionation between sulfate
and sulfide is estimated to be between 65 and 74 per mil
(Pearson and Rightmire, 1980). Thus, the large A values in
the northeastern part of the study area may indicate isotopic
equilibrium between dissolved sulfate and sulfide. In addi-
tion, the large A** values in ground water near the Maumee
River and Sandusky Bay may indicate a long residence time
in the aquifer; in the Floridan aquifer of central and southern
Florida, for example, A values were reported to be directly
related to ground-water residence time in the aquifer. In addi-
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tion, the largest A** values were found in the areas of the

Floridan aquifer farthest from the recharge area (Rye and oth-
ers, 1981).

The sulfur isotope data were also used to evaluate the pro-
cesses responsible for the elevated concentrations of dis-
solved sulfate in much of the northeastern part of the study
area. Ground waters with sulfate concentrations greater than
1,000 mg/L were found along geochemical sections C-C* and
D-D’. These ground waters are saturated or nearly saturated
with respect to gypsum, but their 834S(Sulfate) values indicate
several different sources of sulfate. The 834S(Su1fate) values of
25.9, 26.7, and 28.3 per mil in ground water from wells 14D,
17D, and 17G (sulfate concentrations of 1,900, 1,600, and
1,500 mg/L, respectively) are consistent with the dissolution
of Silurian-Devonian-age gypsum (or anhydrite). However,
ground water with similar sulfate concentrations but 834S(Su1_
fare) Values that range from -10.4 to 4.0 per mil (wells 10G,
13G, 15G, 158, and 15D) cannot be explained by the dissolu-
tion of Silurian-Devonian age gypsum (or anhydrite) but are
consistent with pyrite as the sulfur source. The limit on the
amount of sulfate that can be produced in ground water by
pyrite oxidation (reaction 8) in a closed system is less than 25
mg/L owing to solubility constraints on dissolved-oxygen
concentrations. Thus, closed-system pyrite oxidation could
not generate the high sulfate concentrations that are found in
the northeastern part of the aquifer system. Closed-system
conditions are unlikely in much of the aquifer system. how-
ever, because the glacial aquifers are generally water-table
aquifers, and the carbonate-rock aquifer is generally only
semiconfined by the overlying glacial deposits. Thus, where
pyrite is abundant in the glacial deposits, sulfate produced by
the oxidation of pyrite (or other sources of reduced sulfur) in
the glacial deposits may be continually added to the ground
water as the water table rises and falls. Alternatively, high sul-
fate concentrations and isotopically light 834S(Sulfate) values
in ground water in the northeastern part of the aquifer system
can be explained by the dissolution of gypsum composed of
isotopically light sulfate, such has been noted in tills in Can-
ada (Hendry and others, 1986; Keller and Van Der Kamp,
1988).

The sulfur isotope data include a wide range in sulfur iso-
tope signatures of sulfur sources in the Midwestern Basins
and Arches aquifer system. In addition, sulfur isotope values
for ground water in the aquifer system are highly varied, and
the geochemical and hydrological processes affecting sulfur
isotope values are not completely understood. As a conse-
quence, use of the sulfur isotope data to help constrain the
possible mass balance reactions may not be particularly
effective, and large uncertainties in the l4c ages estimated for
ground water in the aquifer system may result.
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OXYGEN AND HYDROGEN ISOTOPES

Variation in the isotope ratios of 180/'°0 and 2H/'H
(deuterium/hydrogen) in meteoric water (water that originates
in the Earth’s atmosphere) results from a combination of
physical and chemical processes that change the isotopic
composition from that of seawater. By definition, the isotopic
composition of seawater, Standard Mean Ocean Water
(SMOW), is 0 per mil for both 8'80 and 8D (Fritz and Fon-
tes, 1980). Meteoric water is depleted in 830 and 3D relative
to seawater because of isotopic fractionation; the lighter iso-
topes, 160 and 'H, evaporate preferentially, whereas the
heavier isotopes, 180 and H, are concentrated in seawater.
The distribution of '%0 and 8D in modern precipitation is
related to mean annual temperature and latitude (Dansgaard,
1964). Generally, a greater amount of fractionation takes
place at colder temperatures than at warmer temperatures;
hence, 3'80 and 8D values decrease with a decrease in tem-
perature, which corresponds to an increase in latitude or alti-
tude. This covariance of 3'30 and 8D is reflected by the
composition of meteoric water throughout the world and
defines an average meteoric water line (Craig, 1961) defined
as

sD=858'%0+ 10. (13)

Ground water recharged under present-day climatic condi-
tions should have an isotopic composition similar to that of
present-day meteoric water. However, if ground water was
recharged during a colder climate, its isotopic composition
should be lighter than that of present-day precipitation but
should still plot on the meteoric water line.

Values for the stable isotopes of oxygen and hydrogen in
ground water samples that were collected as part of this
investigation are listed in table 8: 830 values are shown spa-
tially in figure 48. All the data plot on or slightly above the
meteoric water line (fig. 49), an indication that the ground
water in the Midwestern Basins and Arches aquifer system
originated as atmospheric precipitation. Surface-water sam-
ples collected at U.S. Geological Survey Benchmark Stations
in Indiana, Michigan and Ohio (Tyler Coplen, U.S. Geologi-
cal Survey, written commun., 1992) were used to determine
the isotopic composition of present-day recharge in the area.
Most of the ground water in the aquifer system has an isoto-
pic composition similar to surface water in the study area and
therefore was most likely recharged under similar climatic
conditions as the present. A few ground-water samples col-
lected from the northeastern part of the study area are isotopi-
cally light relative to the rest of the ground-water samples and
present-day recharge. These relatively light waters probably
recharged the aquifer system during a climate colder than the
present.

Ground water with isotopically light 3180 values may
represent either water that recharged aquifers beneath Wis-
consinan-age ice sheets or meltwater from those ice sheets.
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Estimates of the 380 value of Wisconsinan-age ice sheets
range from -20 to -12 per mil (Yapp and Epstein, 1977;
Desaulniers and others, 1981). Isotopically light ground
water in areas around the Great Lakes has been previously
found in east-central Michigan near Lake Michigan (Long
and others, 1988) and southwestern Ontario near Lake Erie
(Desaulniers and others, 1981; Clayton and others, 1966).
The 8!80 values from these studies range from -18.5 to -7 per
mil in Michigan and -17 to -9 per mil in southwestern
Ontario.

The areas of isotopically light ground water in the Mid-
western Basins and Arches aquifer system and in the areas
discussed above are all associated with lowlands that were
once occupied by late Wisconsinan glacial lakes (Wayne and
Zumberge, 1965). The glacial deposits in these areas are typi-
cally lacustrine clays or clay-rich tills derived from the lacus-
trine sediments. The presence of clay-rich deposits in the
areas once occupied by glacial lakes may inhibit ground-
water recharge. In addition, glaciolacustrine clays in areas
close to the Great Lakes are typically found near the base
level of the various aquifer systems and are generally coinci-
dent with regional ground-water discharge areas. Vertical
ground-water flow velocities through glaciolacustrine clays
and clayey tills in southwestern Ontario (Desaulniers and oth-
ers, 1981) were determined to be on the order of 40 to 80 ft in
10,000 years. Pore waters in these deposits exhibit a distinct
regular shift in 5130 values with depth from 3180 values
characteristic of present-day recharge at the water table to
values between -14 to -17 per mil at depths of 60 to 100 ft. A
similar decrease in 8!30 values with depth is seen in the Mid-
western Basins and Arches aquifer system in well groups 13
and 14 and in the data presented by de Roche and Breen
(1989). This decrease indicates that a lack of substantial
recharge has likely preserved Pleistocene-age water in deeper
parts of the aquifer system beneath the Maumee River Basin.

TRITIUM AND CARBON ISOTOPES

Tritium (3H) and carbon-14 (14C) are radioactive isotopes
whose concentrations in ground water can be used as a guide
to ground-water age. Estimated ground-water ages can help
validate or refute interpretations made about ground-water
flow based on other chemical and isotopic data or results of
ground-water-flow modeling.

Because large quantities of tritium were introduced into
the atmosphere during atmospheric testing of nuclear bombs
from 1953 to the mid-1960’s, tritium is a useful indicator of
post-1953 recharge to ground water. Tritium concentrations
in precipitation peaked at several thousand tritium units (TU;
1 TU is equal to 1 tritium atom in 1018 hydrogen atoms or
3.24 picocuries per liter, pCi/L) during 1963-64 (Michel,
1989). Since the signing of the nuclear test ban treaty in the
late 1960’s, tritium concentrations in present-day precipita-
tion have been decreasing to the pre-bomb levels of 2 to 8 tri-
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various lengths of the top section of the carbonate-rock aqui-
fer (table 6). Data from these deep bedrock wells were com-
pared to data from nearby shallow bedrock wells to assist in
understanding the ground-water chemistry at depths as great
as 450 ft below the top of the carbonate-rock aquifer.

A comparison of the chemical and isotopic data and the
estimated ground water ages (tables 7, 8, and 11) between the
shallow bedrock wells and the deep bedrock wells that are
open hole through the entire length of the well shows that the
chemistry and the ground-water ages between these wells are
generally similar. The differences in ground-water ages in all
these wells ranges from several hundred to less than 3,000
years. Of the pairs of shallow and deep bedrock wells that
have ages greater than 50 years, ground water in the deep
bedrock well is older than in the shallow bedrock well in well
groups 3, 5, and 15; whereas ground water in the shallow bed-
rock well is older than in the deep bedrock well in well
groups 4 and 16. The similarity between ground water from
wells that are open only to the shallow part of the carbonate-
rock aquifer and ground water from wells that are open to a
much greater part of the carbonate-rock aquifer indicates that
either (1) the chemistry and age of the ground water is similar
throughout the sampled thickness of the carbonate-rock aqui-
fer or (2) if ground water at depth has a distinctly different
chemistry or older age, then the carbonate rocks are not trans-
missive enough at the greater depths to contribute signifi-
cantly to the overall chemistry of the sampled water, and most
ground water is produced from the upper part of the carbon-
ate-rock aquifer.

Data from a shallow interval (less than 50 ft below the top
of the aquifer) and an isolated deeper interval (as great as 450
ft below the top of the aquifer) within the carbonate-rock
aquifer are available for well groups 10, 13, 14, and 17. A
comparison of ground-water chemistry and ages between the
shallow and deep bedrock wells at well groups 13 and 14
shows a systematic change in chemistry with depth and a dis-
tinctly different ground water in the deeper part of the car-
bonate-rock aquifer than in the shallow part. The chemical
and isotopic data from these two well groups indicate that, in
this area of the aquifer system, some recharge water enters
the glacial aquifers and the shallow zones of the carbonate-
rock aquifer but does not penetrate deeply into the aquifer
system. In contrast, a comparison of ground-water chemistry
and ages at well groups 10 and 17 shows little difference
between the shallow and deeper parts of the aquifer system.
At well group 10, tritium concentrations indicative of post-
1953 recharge are found throughout the entire sampled thick-
ness of the carbonate-rock aquifer. These wells are located at
the highest potentiometric level in the aquifer system, where
recharge rates to the deepest parts of the aquifer system
should be relatively high. The chemical and isotopic data for
ground water from wells 17G and 17D, located near the
Sandusky River and Lake Erie, is quite similar. The age of the
water in the overlying glacial aquifer is slightly older than
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water from deeper within the carbonate-rock aquifer (13,500
years compared to 12,000 years, using the lower age limit as
discussed in the previous section). This slight decrease in age
with depth may reflect an upward flow of ground water as it
discharges the aquifer system.

Chemical and isotopic data are also available for ground
water that was sampled from specific intervals in three deep
wells that penetrate the entire thickness of the carbonate-rock
aquifer in northwestern Indiana (D.J. Schnoebelen, U.S. Geo-
logical Survey, written commun., 1993). Ground water was
sampled from various 10-ft intervals of the carbonate-rock
aquifer by use of an inflatable packer system. Hydrogeologic
data for these three wells and a description of the packer tech-
nology are given in Arihood (1994). The chemical and isoto-
pic data from all the sampled intervals in each well are very
similar, an indication that there is no stratification of ground-
water chemistry with depth in this part of the aquifer system;
however, the samples do not represent water from the deepest
part of the carbonate-rock aquifer because the rocks in the
bottom 60 to 400 ft of the wells are not necessarily transmis-
sive (Arihood, 1994).

SUMMARY AND CONCLUSIONS

Aquifers in Quaternary glacial deposits and underlying
Silurian and Devenian carbonate rock in parts of Indiana,
Ohio, Michigan, and Illinois compose an integrated regional-
scale water-table aquifer system. This aquifer system gener-
ally lies between the Appalachian, the Illinois, and the Michi-
gan (structural) Basins and is located along the axes of the
Cincinnati, the Findlay, and the Kankakee Arches.

Glacial deposits within the study area are the result of
multiple glacial advances and directly overlie the carbonate
rocks along the axes of the structural arches in the central part
of the study area. These glacial deposits mask the ancient
bedrock topography and bury numerous valleys in the bed-
rock surface. The glacial depeosits and the carbonate rocks are
separated by a shale sequence along the margins of and
within the surrounding structural basins.

The water table within the Midwestern Basins and Arches
aquifer system generally is within the glacial deposits. Gla-
cial aquifers typically consist of sands and gravels in outwash
deposits or as discontinuous lenses within ground or end
moraines. Because such lenses are not necessarily areally
extensive, the glacial aquifers can supply large yields of
ground water only locally.

An areally extensive aquifer is present in the carbonate
rocks that underlie the glacial deposits. At the regional scale,
the carbonate-rock aquifer is semiconfined by the finer
grained glacial deposits where the aquifer directly underlies
these deposits (subcrop area of the carbonate-rock aquifer)
but is confined where the aquifer underlies the intervening
shale sequence, called the upper confining unit, along the
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margins of the aquifer system. Most active freshwater flow in
the carbonate-rock aquifer is limited to the subcrop area of
the aquifer because the upper confining unit inhibits recharge
to the carbonate-rock aquifer. This lack of freshwater flow
beneath the upper confining unit results in a transition from
freshwater to saltwater in the carbonate-rock aquifer within
the surrounding structural basins. Saline water is present
within 5 mi of the subcrop boundary along the Michigan and
Appalachian Basins. Freshwater extends as far as 70 mi
downdip from the western subcrop boundary along the Illi-
nois Basin; however, 14C data for one freshwater sample (1D)
(fig. 32) collected from the aquifer just west of the subcrop
boundary indicates that this water may be 23,000 to 31,000
years old. The fact that this water is older than most waters
throughout the subcrop area may indicate that freshwater in
the carbonate-rock aquifer in the Illinois Basin is not associ-
ated with active freshwater flow.

The hydraulic characteristics of the aquifers within the
Midwestern Basins and Arches aquifer system are varied. On
the basis of available aquifer-test data, transmissivities of the
glacial deposits span four orders of magnitude, ranging from
1.5 to 69,700 ft*/d, whereas transmissivities in the carbonate-
rock aquifer span three orders of magnitude, ranging from 70
to 52,000 ft%/d. Such variability in the carbonate-rock aquifer
is attributed to the nonuniform distribution of fractures,
joints, bedding planes, and solution channels in the rocks.
The results of a numerical ground-water flow model, which
simulates regional flow systems within the aquifer system,
indicate that where the carbonate rocks are hundreds of feet
thick, the entire thickness of the rocks may not contribute
substantially to the transmissivity of the aquifer. Some of the
available aquifer-test data support these model results. In
addition, the local presence of anhydrite within the carbonate
rocks at depths of only a few hundred feet near Sandusky Bay
in the northeastern part of the aquifer system indicates that
active freshwater flow may be restricted to the upper few hun-
dred feet of the carbonate rocks in this area.

The types and distribution of hydrochemical facies of
water within the glacial aquifers and the subcrop area of the
carbonate-rock aquifer are similar. Water of a Ca-Mg-HCO4
type is present throughout much of the area but is found only
locally in the northeastern part of the study area, where Ca-
Mg-SO, type water predominates. The dissolution of calcite
and dolomite is responsible for the presence of the Ca-Mg-
HCO3; water, whereas dedolomitization driven by gypsum
dissolution and the oxidation of pyrite are responsible for the
Ca-Mg-SO4 water. Multiple-water-type facies in the aquifer
system, which are found near the margins of the Michigan
and Illinois Basins, are characterized by the presence of Ca-
Mg-Na-HCO; water or Ca-Mg-Na-SO, water, or both; cation
exchange in shales within the aquifer system is responsible
for the presence of these Na-enriched waters. The distribution
of these multiple-water-type facies may be related to past pat-
terns of ground-water flow associated with Pleistocene glaci-

REGIONAL AQUIFER-SYSTEM ANALYSIS—MIDWESTERN BASINS AND ARCHES

ation. Water in the carbonate-rock aquifer under the upper
confining unit in the Appalachian and Michigan Basins is a
Na-Ca-Cl type, whereas the water under the upper confining
unit in the Illinois Basin is a Na-Cl type. In general, the distri-
bution of hydrochemical facies observed within the aquifer
system is controlled by the mineralogy of the aquifer material
rather than the evolution of water chemistry along paths of
regional ground-water flow, as is commonly observed in
closed aquifer systems.

Some ground-water flow systems within the Midwestern
Basins and Arches aquifer system provide base flow to
streams in response to ground-water recharge events, whereas
other (often deeper) ground-water flow systems respond min-
imally to variations in ground-water recharge from precipita-
tion. These latter, more stable flow systems have a more
dominant influence of intermediate- and regional-scale flow
than do the flow systems that readily respond to ground-water
recharge, and they provide a fairly constant supply of water to
streams over the course of a year and throughout long peri-
ods. Discharge to streams from such stable flow systems
within the aquifer system is termed “sustained ground-water
discharge” in this report.

Mean sustained ground-water discharge (discharge from
fairly stable ground-water flow systems) to selected stream
reaches within the study area ranges from 3 to 50 percent of
mean ground-water discharge (discharge from all ground-
water flow systems) to the stream reaches. These percentages
indicate that the greatest amount of ground-water discharge
to the streams (50 to 97 percent) is generally associated with
transient flow systems, which typically have a major compo-
nent of local-scale flow. Because results of the regional
ground-water flow model indicate that most water in regional
flow systems within the aquifer system discharges to streams
within the study area, these percentages imply that seasonally
transient local flow systems dominate flow in the Midwestern
Basins and Arches aquifer system.

Values of mean sustained ground-water discharge as a
percentage of mean ground-water discharge increase with
distance downstream in nearly half of the principal surface-
water drainage basins; this pattern indicates that streams at
the bottoms of these drainage basins receive more base flow
from stable flow systems within the aquifer system than
streams in the upbasin areas. Percentages decrease with dis-
tance downstream along stream reaches in the south-central
part of the study area, where the carbonate-rock aquifer is
absent and the underlying bedrock is not an aquifer, and
along stream reaches in the Maumee and Sandusky River
Basins.

Differences in the relative amounts of base flow in the
principal surface-water drainage basins that can be attributed
to discharge from fairly stable ground-water flow systems are
notable for long-term steady-state conditions in the aquifer
system. On the basis of historic streamflow data, the Wabash
River Basin has the greatest percentage (33 percent) of base
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flow that can be attributed to discharge from fairly stable flow
systems. In contrast, less than 15 percent of the base flow in
the principal surface-water drainage basins that drain into
Lake Erie can be attributed to such stable flow systems.

The numerical model of regional flow systems within the
aquifer system, which simulates approximately 10 percent of
total ground-water flow in the system, indicates that most
water (99 percent) in simulated regional flow systems is from
recharge at the water table. Most water (78 percent) dis-
charges from simulated regional flow systems to the principal
streams within the area. Some water (19 percent) leaves sim-
ulated regional flow systems by means of evapotranspiration
or discharge to seeps, springs, ditches, or small streams. Less
than 3 percent of the water in simulated regional flow systems
discharges to the Ohio River or Lake Erie or flows downdip
into the Illinois Basin.

The Midwestern Basins and Arches aquifer system is gen-
erally characterized by alternating regional recharge and dis-
charge areas, typically on a scale of less than 10 mi. Ground
water does not follow long, continuous flow paths from
recharge areas associated with the very highest potentiomet-
ric levels to discharge areas associated with the very lowest
potentiometric levels while remaining isolated from additions
of recharge. Rather, regional recharge areas exist all along the
regional potentiometric gradient, except in the northeastern
part of the aquifer system. Some of the highest regional
recharge rates are associated with the Bellefontaine Outlier in
Ohio.

The presence of tritiated water across most of the aquifer
system can also be used to conclude that the aquifer system
receives recharge across most of the study area. On the basis
of tritium concentrations and modeled !4C activities, ground-
water ages throughout most of the aquifer system range from
less than 50 years to several thousand years. Significant
amounts of post-1953 water is found more than 100 ft
beneath the surface of the bedrock in the area of the Bellefon-
taine Outlier.

High rates of simulated discharge from regional flow sys-
tems are typically associated with the principal streams that
drain the area underlain by the aquifer system. Simulated
regional discharge areas, however, are not limited to the
vicinity of these streams. Specifically, a broad area (tens of
miles) of weak regional discharge (less than 0.5 in/yr) exists
within the northeastern part of the study area. This broad
regional discharge area likely represents an area in which
water that moves through regional flow systems leaves the
aquifer system by means of ditches, small streams, or evapo-
transpiration. The Maumee and Sandusky River Basins in the
northeastern part of the study area are the only principal river
basins where simulated regional discharge areas are larger
than simulated regional recharge areas.

A number of factors help explain the existence of the
broad, weak regional discharge area. The streams in this area
are incised only a few feet, which limits their ability to inter-
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cept regional ground-water flow. In addition, the area has a
very low hydraulic gradient, which results in the presence of
regional discharge areas that are broader than the streams
themselves. Results of the regional ground-water flow model
indicate that the magnitude of regional-scale horizontal
ground-water flow in the poorly permeable glaciolacustrine
deposits within the area is lower than elsewhere in the aquifer
system. In general, model results indicate that the regional
flow systems have a limited ability to carry ground water
away from the area, which prevents precipitation from
recharging the regional flow systems. Previous researchers
have noted that much of this area was swampland before
being ditched in the early 1900’s and that the historic Black
Swamp resulted from poor surface drainage in addition to
ground-water discharge from regional flow into what was a
relatively stagnant area. Conclusions based on results of sim-
ulations are consistent with the low percentages of mean sus-
tained ground-water discharge to streams relative to mean
ground-water discharge to the streams in the area; much of
the precipitation that is prevented from recharging the
regional flow systems in the area is likely to be forced to dis-
charge locally by means of drainage tile or shallow, transient
local flow systems.

Chemical data also indicate that the aquifer system
receives limited recharge in the northeastern part of the study
area. Water with isotopically light 5180 values (-10.05, -
14.35) is found in the aquifer system near the Maumee River;
these values indicate that the water may have entered the
aquifer system beneath Wisconsinan ice sheets. On the basis
of 14C ages, these are the oldest waters in the aquifer system.
These data indicate minimal flushing of ground water since
the last glaciation at depths greater than 100 ft below land
surface in this part of the aquifer system. The occurrence of
extensive sulfate reduction in this area, as indicated by sulfide
concentrations and sulfur isotope data, confirms that only
minimal recharge has taken place in this area over a long
period of time.

A three-dimensional flow field exists within the aquifer
system at the regional scale because regional recharge is
available to the regional flow systems across most of the
study area, as previously discussed. As a result, individual
regional ground-water flow paths cannot be determined from
two-dimensional potentiometric-surface maps of the aquifer
system. They can be determined, however, by use of the
three-dimensional regional ground-water flow model. Results
of the model indicate that the longest regional ground-water
flow paths within the aquifer system (at nearly 50 mi) termi-
nate at Lake Erie.

Chemical data also indicate that water in the regional flow
systems generally does not follow long flow paths (tens of
miles). On the basis of dissolved-solids and sulfate concentra-
tions in the ground water, there is a general absence of chem-
ical evolution of ground water from the highest regional
potentiometric levels to the lowest regional potentiometric
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levels. There also is no systematic increase in ground-water
ages along the dominant regional trends of the potentiometric
surfaces. An exception to this apparent absence of systematic
increase in ground-water ages was identified along a
geochemical section that terminates near Lake Erie.

Ground water at the downgradient end of the flow paths
that terminate at Lake Erie is some of the oldest in the aquifer
system (approximately 13,000 years). The very oldest ground
water (approximately 38,000-45,000 years) was identified
further west, beneath the Maumee River Basin. The A*S val-
ues (69.1 per mil, 68.4 per mil) for ground water sampled
near Lake Erie and the Maumee River also indicate relatively
long residence times in these parts of the aquifer system.
Because the very oldest ground water, which is present
beneath the Maumee River Basin, is associated with short
(typically less than 10 mi) regional ground-water flow paths
as compared to the flow paths that terminate at Lake Erie, it is
likely that this part of the aquifer system is fairly stagnant.
The old ground water near Lake Erie, however, is more likely
to be associated with position along regional flow paths rather
than with a stagnation point in the aquifer system. Results of
the regional ground-water flow model indicate that flow in the
aquifer system near Lake Erie at the end of relatively long
flow paths may be predominantly vertical and may be associ-
ated with discharge from the deep parts of the aquifer system.
Ground-water ages from !“C data for selected wells near
Lake Erie increase slightly with decreasing depth, a pattern
that is consistent with the modeled upward flow of ground
water in this area.

No effects of future pumping on the aquifer system were
investigated as part of the Midwestern Basins and Arches
Regional Aquifer-System Analysis project. Nearly 433
Mgal/d of ground water was reported to have been withdrawn
from the aquifer system by users capable of pumping 100,000
gal/d or greater during the 1990 calendar year. Only 15 per-
cent of this water was reported to have been withdrawn from
the carbonate-rock aquifer. Of the remaining 85 percent, most
of the water was reported to have been withdrawn from out-
wash deposits that underlie principal streams. Estimates of
mean ground-water discharge to streams for long-term
steady-state conditions in the aquifer system indicate that
more than 13,000 Mgal/d of water discharges from the aqui-
fer system to streams within the study area. Current pumpage,
therefore, is only a small percentage of the total amount of
water that moves through the aquifer system. No regional-
scale cones of depression are present within the aquifer sys-
tem; the aquifer system is not heavily stressed at the regional
scale, and much more of the water in the Midwestern Basins
and Arches aquifer system could be used.
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