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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

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

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

SUMMARY OF GROUND-WATER HYDROLOGY OF THE CAMBRIAN-
ORDOVICIAN AQUIFER SYSTEM IN THE NORTHERN MIDWEST,
UNITED STATES

By H.L. YounG

ABSTRACT

The Cambrian-Ordovician aquifer system contains very productive
aquifers throughout an area of about 161,000 square miles in the
northern Midwest. The aquifer system is used extensively for indus-
trial and rural water supplies and is the primary source of water for
many municipalities in most of its area of occurrence, except in Indiana,
central and southern Illinois, and western Iowa, where the aquifer
system contains saline water. About 680 million gallons per day was
withdrawn from drilled wells in the aquifer system in 1980.

Rocks of Cambrian and Ordovician age, mainly marine sandstones
and carbonate rocks, constitute most of the bedrock and suberop
beneath glacial drift in southeastern Minnesota, northeastern Iowa,
Wisconsin, northern Illinois, and extreme northwestern Indiana. These
strata dip generally to the south and east off the Transcontinental arch
in Minnesota and the Wisconsin arch, which are structurally high areas
of the Precambrian basement, into the structural lows of the Forest
City basin of southwestern Iowa, the Illinois basin, and the Michigan
basin.

The Cambrian and Ordovician rocks are buried by younger rocks in
the remainder of Iowa, Illinois, and Indiana and in most of northern
Missouri. Silurian and Devonian carbonate rocks immediately overlie
the Cambrian and Ordovician rocks in those areas and are termed the
“Silurian-Devonian aquifer” in this study. The balance of the Devonian
rocks and the overlying Mississippian and Pennsylvanian rocks gener-
ally are fine-grained sediment or dense earbonate rocks and collectively
are considered to be a regional confining unit. Most of the area is
covered by a veneer of glacial drift, which, along with Cretaceous
sandstone in northwestern Iowa, is treated as a regional water-table
aquifer.

The Cambrian-Ordovician aquifer system is composed of six hydro-
geologic units, which are, in descending order, the Maquoketa confin-
ing unit, St. Peter-Prairie du Chien-Jordan aquifer, St. Lawrence-
Franconia confining unit, Ironton-Galesville aquifer, Eau Claire
confining unit, and Mount Simon aquifer. The uppermost confining unit
is the least permeable; it consists primarily of the Maquoketa Shale but
includes the dense carbonate rocks of the Galena Dolomite and the
Decorah, Platteville, and Glenwood Formations where they are over-
lain by the Maquoketa Shale. The presence of the Maquoketa in Iowa,
eastern Wisconsin, northeastern Illinois, and Indiana effectively con-
fines the entire aquifer system below.

The aquifer system is a leaky-artesian system in which movement of
ground water is controlled partly by the internal confining units. In the
northern outerop area, unconfined conditions prevail in shallow parts of
the aquifer system and where the system is thin. Much of the recharge
in upland areas discharges to streams through local flow systems,
which are no more than a few miles in length. The remainder of the
recharge moves slowly downward to deeper formations and downgra-
dient to form or join the regional flow system.

Computer simulations of regional ground-water flow improve under-
standing of the regional character of the Cambrian-Ordovician aquifer
system. Ground-water flow in the confined part of the aquifer system is
mainly horizontal, away from the structural highs in the north, toward
the structural basins in the south and east. The rate of ground-water
movement is very slow, and the flux along flow paths into the basins
decreases because of a progressive loss of head and small but wide-
spread upward leakage. Saline water in the basins restricts movement
of freshwater into the deeper parts of the basins, thereby forcing flow
upward through confining units. Principal regional discharge areas are
the Mississippi and Missouri Rivers, the Illinois and Michigan struc-
tural basins, and Lake Michigan. However, the lake is not in direct
hydraulic connection with the Cambrian-Ordovician aquifer system and
receives flow primarily from the Silurian-Devonian aquifer, which it
directly overlies. The longest regional flow paths originate in recharge
areas in northwestern Iowa and extend southeastward as much as 400
miles toward the Illinois basin.

Simulated predevelopment recharge and discharge for the Cambrian-
Ordovician aquifer system balance at 351 million gallons per day.

Development of the aquifer system began in various parts of the
northern Midwest in the 1860’s and 1870’s with the drilling of deep,
generally flowing artesian wells near Lake Michigan in eastern Wis-
consin and northeastern Illinois and along the valleys of the Mississippi
River and its tributaries. Initial heads of 186 and 130 feet above Lake
Michigan at Milwaukee and Chicago, respectively, have been reported.
Large-scale pumping has produced cones of depression in these two
areas, with respective head declines of as much as 375 and 900 feet.
Other major pumping centers generally have had much smaller
declines. The largest withdrawals from the aquifer system were about
180 million gallons per day in each of the major metropolitan areas of
Chicago and Minneapolis-St. Paul (Twin Cities). However, the total
decline in head in the St. Peter-Prairie du Chien-Jordan aquifer in the
Twin Cities by 1980 was only 90 feet because the aquifer is unconfined.
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Most of the eastern two-thirds of Iowa, where the aquifer system is
tightly confined, is eharacterized by more than 50 feet of head decline,
with 200 feet or more at Mason City and the Quad Cities.

Pumpage from the Cambrian-Ordovician aquifer system throughout
the study area averaged 683 million gallons per day for the period
1976-80. Results of a transient-model simulation show that recharge
increased over predevelopment recharge by 447 million gallons per
day. Natural discharge decreased by 99 million gallons per day, and 137
million gallons per day was released from aquifer storage.

Mineralization of ground water in the aquifer system increases from
slightly mineralized calecium magnesium bicarbonate water in the
northern recharge areas, through more mineralized, mixed water types
with increased sodium and sulfate, to highly mineralized sodium
chloride brines in the deeper parts of the structural basins.

INTRODUCTION

Much of the sedimentary rock that overlies the Pre-
cambrian crystalline basement rock in the northern
Midwest consists of the marine sandstone and carbonate
rocks that make up the Cambrian and Ordovician Sys-
tems. The entire Cambrian and Ordovician sequence
forms the major regional aquifer system of the area. The
Cambrian-Ordovician aquifer system is essentially con-
tinuous and contains very productive aquifers through-
out an area of about 161,000 mi® (square miles) in
southeastern Minnesota, Wisconsin, Iowa, northern Mis-
souri, and northern Illinois (fig. 1). Many metropolitan
areas depend on the aquifer system for municipal and
industrial water supplies. It also is used extensively for
self-supplied industrial, rural, and domestic water sup-
plies.

Development of the Cambrian-Ordovician aquifer sys-
tem in the northern Midwest began as early as 1864 when
a flowing well 711 ft (feet) deep was drilled in Chicago.
By the late 1800’s many wells had been drilled, especially
where flowing wells were obtainable. Withdrawal of
ground water from the aquifer system has increased
almost steadily in relation to the growth in population,
attaining rates of about 180 Mgal/d (million gallons per
day) in 1980 in the Chicago and Minneapolis-St. Paul
areas. The hydraulic head in the aquifer system has
declined hundreds of feet since the late 1800’s in the
Chicago and Milwaukee areas and to a somewhat lesser
extent in other areas, such as Minneapolis-St. Paul,
Green Bay, Wis., and Des Moines, Mason City, and
Cedar Rapids, Iowa. Increased ground-water withdraw-
als in the future will cause continued or increased water-
level declines.

The aquifer system contains highly mineralized water
in several places, especially in its deepest parts, gener-
ally coinciding with regional discharge or structurally
low areas. This mineralized water is unsuitable for most
uses and limits ground-water development in some
areas. It is a possible source of contamination to fresh-
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water supplies in areas of large ground-water withdraw-
als, such as northeastern Illinois, southeastern Wiscon-
sin, and central Iowa.

In October 1978, the U.S. Geological Survey (USGS)
began a regional assessment of the Cambrian-Ordovician
aquifer system in the northern Midwest (Steinhilber and
Young, 1979,) as part of its national program of Regional
Aquifer-System Analysis (RASA) (See Foreword of this
report, and Bennett, 1979).

Although many parts of the aquifer system have been
studied in each State within the project area as part of
the USGS’s Cooperative Program and by State and local
agencies, the regional study has the obvious benefit of
assessing the aquifer system in its entirety. The major
goals of the RASA program are to (1) gain an under-
standing of each hydrogeologic system, including the
nature of the hydrogeologic units and the ground-water
flow system, and the chemical quality of the water, and
(2) describe the regional interaction of components of the
system, especially as affected by large-scale withdrawal
of ground water.

The border of the area of study of the Cambrian-
Ordovician aquifer system (fig. 1) delimits either the
natural physical or hydrologic boundaries of the aquifer
system or places where aquifers in the system are not
used because of water containing extremely high dis-
solved solids (greater than 10,000 mg/L (milligrams per
liter)). The northern boundary, from northwestern Iowa
to northeastern Wisconsin, delineates the erosional edge
of Cambrian-age rocks overlying crystalline basement
rocks of Precambrian age. The Missouri River is a
ground-water discharge line and forms the western and
southwestern boundary. Beyond the eastern and south-
eastern boundary in Michigan, Illinois, and Indiana,
water in the aquifer system is highly mineralized.

The rocks of the aquifer system subcrop beneath
glacial drift or crop out in much of the northern part of
the study area, but in most of the remainder of the area
they are overlain by the Maquoketa Shale, the upper-
most Ordovician rock unit, which has very low perme-
ability. The aquifer system is bounded below by imper-
meable Precambrian basement rock. Other rocks in the
study area are minor aquifers regionally, but can be
important locally. The major local aquifers consist of
Silurian and Devonian carbonate rocks, Cretaceous sand-
stone, and Quaternary sand and gravel. Some wells
developed in the Cambrian-Ordovician aquifer system
also are open to the Silurian and Devonian carbonate
rocks; thus, the Silurian-Devonian aquifer was also
included in the study.

The purpose of this report is to summarize the findings
of the regional study of the Cambrian-Ordovician aquifer
system. The report includes discussions of the hydroge-
ology, geochemistry, and development of ground water













































































































































GROUND-WATER FLOW SIMULATION
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FIGURE 33.—Hydrograph for well Wk-07/17TE/05-0020 completed in the St. Peter-Prairie du Chien-Jordan aquifer in northwestern
Waukesha County, Wisconsin. (Location shown in fig. 82. From H.L. Young and A.J. MacKenzie, U.S. Geological Survey, written

commun., 1988.)

Drift aquifer Silurian-Devonian
aquifer
Magquoketa confining unit
Model 8.51 4.92 1.84
layer I 0.78 0.f1 I 0.00043
V ! / ! Y !
73.3 80.7 22.4
0.79 0.57 0.0078
St. Peter-Prairie du Chien-Jordan aquifer
Modeled area, in square miles 1,257 148 1,923 607 38,853 4,297
EXPLANATION

SIMULATED 1985 FLUX ACROSS TOP OF ST.
PETER-PRAIRIE DU CHIEN-JORDAN AQUIFER —
Arrow shows direction of flow. Numbers are sums

73.3
0.79

of fluxes. Upper number is cubic feet per second,
lower number is inches per year

FIGURE 34. —Simulated 1985 ground-water flow across the top of the St. Peter-Prairie du Chien-Jordan aquifer within the
area of the Chicago-Milwaukee flow system. (From H.L. Young and A.J. MacKenzie, U.S. Geological Survey, written

commun., 1988.)

the predevelopment simulation. Average pumpage from
the Cambrian-Ordovician aquifers in the Chicago-
Milwaukee area flow system was about 322 ft%/s (208
Mgal/d) for the period 1981-85. Contribution from stor-
age during this period accounted for about 116 ft%/s, and
net increase from vertical flow was 161 ft%s, leaving a
difference of about 45 ft3/s, which is induced flow within

the aquifer system from the extended cone of depression
west of the original potentiometric divide.

The indication that the major cones of depression have
extended westward beyond the original potentiometric
divide, especially within the fully confined Ironton-
Galesville and Mount Simon aquifers, is a significant
finding of this simulation of the Chicago-Milwaukee area.
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Fortunately, little extension of the cones of depression is
apparent in the St. Peter-Prairie du Chien-Jordan and
drift aquifers, which are shallower and are under water-
table conditions.

TOPICS FOR FURTHER INVESTIGATION

A number of areas of investigation warrant consider-
ation in planning further studies of the Cambrian-
Ordovician aquifer system in the northern Midwest.
Those discussed here are related primarily to the oceur-
rence and quality of ground water in heavily pumped
areas in the confined parts of the aquifer system.

Confining units are important controlling factors in the
regional flow system; thus, knowledge of their hydraulie
properties and leakage capability, which affect water
quality and quantity in adjacent aquifers, needs to be
improved. Although the rate per unit area is small,
induced transient leakage from a confining unit can be a
major part of the volume of water released from storage
during pumping of a confined aquifer because of the size
of the confined area and the thickness of the confining
unit. Ground water in confining units generally is of a
different quality, commonly containing more dissolved
solids than that in nearby aquifers, and its movement
into these aquifers can alter water quality in the aqui-
fers.

HYDRAULIC CHARACTERISTICS OF CONFINING UNITS

Vertical hydraulic conductivity and specific storage of
confining units are the properties that are the most
difficult to determine and generally are estimated. It is
likely that vertical openings, such as joints and fractures,
rather than the permeability of the solid, unfractured
rock, account for much of the regional leakage through
shale confining units. Detailed research on the confining
units of the aquifer system is needed, similar in scope to
the field and simulation studies by Bredehoeft and others
(1983) of the effects of confining units on the Dakota
aquifer in South Dakota. Data on the Maquoketa Shale
and the underlying Galena-Platteville unit are especially
important. The Galena-Platteville unit is known to be
more of a confining unit than an aquifer where overlain
by the Maquoketa, but its transition into a moderately
productive, unconfined aquifer where the Maquoketa is
absent has not been quantified. The lithostratigraphy of
the Maquoketa in Iowa, northern Illinois, and Indiana
has been studied in some detail (Parker, 1971; Gray,
1972; Kolata and Graese, 1983), as has the Galena-
Platteville unit in northern Illinois (Willman and Kolata,
1978). However, facies maps of the Maquoketa in eastern
Wisconsin are not available.
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The Mount Simon Sandstone in southeastern Wiscon-
sin, northeastern Illinois, and northwestern Indiana con-
tains much interbedded siltstone and shale, especially in
the upper part of the formation. The extent and confining
properties of these units have not been studied. A
500-ft-thick zone containing interbedded shales begins
about 100 ft below the top of the Mount Simon in the
3,475-ft-deep test well at Zion, Ill. (Nicholas and others,
1987). Water-level measurements from packer tests and
deep piezometers installed in the well show that the
present hydraulic head is about 50 ft higher beneath the
zone than above. The concentration of chloride in the
ground water yielded during the air-rotary drilling proc-
ess inereased sharply as this zone was penetrated. The
confinement by this zone undoubtedly controls the ver-
tical distribution of saline water in the Mount Simon
aquifer in the Chicago area. Historical records indicate
that many wells originally drilled into the Mount Simon
there have been backfilled to eliminate flow of saline
water from that aquifer. Also, several deep wells in the
Mount Simon in north-central Illinois and northwestern
Indiana are used for disposal of liquid wastes. Therefore,
knowledge of the extent and characteristics of this
interbedded shale zone is important for future ground-
water development and disposal of liquid wastes in these
areas.

RELATION OF CONFINING UNITS TO WATER QUALITY

Back (1985) described the influence of confining units
on aquifer geochemistry and pointed to the need for
development of special techniques for collecting and
interpreting data from confining units. Shales and silt-
stones are particularly important vehicles for water-
quality change because of the susceptibility to solution
and chemical reaction of their very small sediment par-
ticles and component mineral species. The particles in
roeks of these types are dominantly clay minerals and
quartz, but they contain variable amounts of other
minerals, such as feldspar, mica, chlorite, pyrite,
hydrated oxides of iron or aluminum, glauconite, or other
minor minerals. Ground water readily dissolves or reacts
with these minerals, thereby affecting the chemistry of
water in confining units.

Ground-water quality also is believed to be altered by
the selective ion filtration processes of chemiecal osmosis
and reverse chemical osmosis by shale or clay layers that
function as a semipermeable membrane, and by ion
exchange with the clay minerals in shales. As summa-
rized by Hanor (1983), these processes and others have
been invoked by various investigators to explain the
origin of brines in sedimentary basins.

The major concerns about water quality in the
Cambrian-Ordovician aquifer system are the occurrences
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of excessive radium concentrations and saline water.
These are characteristics of the aquifer system primarily
where it is confined by the Maquoketa, but high
dissolved-solids concentrations also are present at depth
along the Mississippi River valley and in areas of eastern
Wisconsin just west of the western edge of the
Maquoketa. Levels of radium that exceed the current
primary drinking-water standard of 5 pCi/Li (picocuries
per liter) (U.S. Environmental Protection Agency, 1986)
have been reported for water from many wells in the
confined aquifer system in Iowa, northern Illinois, and
eastern Wisconsin. The widespread occurrence of radium
is not everywhere directly correlated with salinity; how-
ever, water salinity usually is directly related to radium
concentrations. Field studies are needed to determine
the exact source(s) of the radium within the aquifer
system and the relation to the Maquoketa confining unit.

OTHER TOPICS

Other subjects related to the Cambrian-Ordovician
aquifer system that need to be studied include the
following:

o Effects on, and contribution to, discharge from multi-
aquifer wells and interformational flow by the Silurian-
Devonian aquifer in eastern Wisconsin and northeast-
ern Illinois.

® Changes in water quality in the Cambrian-Ordovician
aquifer system within the heavily pumped areas in
eastern Wisconsin and northeastern Illinois during the
past 60 years or so since reversal of the upward head
gradient across the Maquoketa.

® Field delineation of potentiometric divides in individ-
ual aquifers west of the cones of depression in eastern
Wisconsin and northeastern Illinois.

® The possibility of artificial recharge of the aquifer
system in the Chicago area, suggested or proposed by
Foley and Smith (1954), Suter and others (1959),
Schicht and others (1976), and Bennett and others
(1982).

o Effects on the regional flow system of major structural
features, such as the Sandwich fault zone and La Salle
anticline in northern Illinois and the Plum River fault
zone of eastern Iowa.

® The role of ground water in the deposition of the
Mississippi Valley-type ore deposits in southwestern
Wisconsin and northwestern Illinois.

CONCLUSIONS

The Cambrian-Ordovician aquifer system is a very
important regional resource in the northern Midwest. It
provided about 680 Mgal/d of the ground-water needs to
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parts of Illinois, Iowa, Minnesota, Missouri, and Wiscon-
sin in 1980. About 180 Mgal/d was pumped in each of the
metropolitan areas of Chicago and Minneapolis-St. Paul.

The aquifer system is composed of the entire thick and
areally extensive sequence of Cambrian and Ordovician
sandstone, siltstone, dolomite, and shale in the northern
Midwest. Three aquifers, composed mainly of sandstone,
are recognized in the aquifer system; the aquifers are
separated by confining units. The major hydrogeologic
units are the Maquoketa confining unit (the uppermost
part of the aquifer system) and, in descending order, the
St. Peter-Prairie du Chien-Jordan, Ironton-Galesville,
and Mount Simon aquifers. The Cambrian and Ordovi-
cian strata dip gently off the elevated Precambrian
basement of northern Minnesota and Wisconsin toward
structural basins to the south and east.

Unconfined conditions prevail in the aquifer system in
its northern outcrop area in the shallow parts of the
aquifer system and where it is thin. Leaky-artesian
conditions generally prevail elsewhere in the aquifer
system.

Ground water moves in the aquifer system within flow
systems of different areal and subsurface extent. Much of
the ground-water recharge in upland areas discharges to
streams through local, unconfined flow systems that are
no more than a few miles in length. This flow is a large
part of the overall volume of recharge and discharge in
the study area. The remainder of the recharge moves
slowly downward to deeper formations and downgradi-
ent to form or join the regional flow system. This deeper
flow occurs within intermediate- or regional-scale flow
systems toward the structural basins in the south and
east. The rate of flow is very small and decreases
progressively downgradient because of head loss from
upward leakage through confining units. Saline water
within the structural basins restricts movement of fresh-
water into the deeper parts of the basins; thus, the water
is forced upward.

Principal regional discharge areas are the Mississippi
and Missouri Rivers, the Illinois and Michigan basins,
and Lake Michigan. However, the lake is not in direct
hydraulic connection with the Cambrian-Ordovician
aquifer system; rather, it receives flow from the Silurian-
Devonian aquifer, which directly underlies the lake and
receives upward leakage from the Cambrian-Ordovician
aquifer system.

The first deep wells were drilled into the aquifer
system in the 1860’s. Many were flowing artesian wells
located near Lake Michigan in eastern Wisconsin and
northeastern Illinois, and along the Mississippi River
valley and its tributaries. Initial heads of 186 and 130 ft
above Lake Michigan were reported at Milwaukee and
Chicago, respectively.
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High rates of pumping from the aquifer system have
caused large head declines and extensive cones of depres-
sion. The largest head declines are in areas where the
aquifer system is well confined—as much as 900 ft at
Chicago, 375 ft at Milwaukee, and more than 200 ft at
Mason City, Iowa, and the Quad Cities of Iowa and
Illinois by 1980, and 440 ft at Green Bay, Wis., by 1957.
However, the head decline in the upper, unconfined part
of the aquifer system in Minneapolis-St. Paul was only 90
ft by 1980.

Computer simulations of the regional ground-water
flow system were made to approximate the predevelop-
ment head in 1864 and to evaluate the flow system under
both steady-state and transient conditions. The transient
simulation through 1980 depicts the large water-level
declines in the confined parts of the Cambrian-
Ordovician aquifer system in Iowa, eastern Wisconsin,
northeastern Illinois, and north-central Missouri and the
associated changes in direction of ground-water move-
ment. Ground-water withdrawals caused little change in
the unconfined parts of the flow system. The simulation
shows that total recharge to the aquifer system increased
by 692 ft?/s from predevelopment conditions to a total of
1,236 ft*/s in 1980. Natural discharge decreased by 153
ft%/s, to a total of 391 ft%/s, and 212 ft*s was released
from aquifer storage.

A subregional simulation of the Cambrian-Ordovician
aquifer system in the Chicago-Milwaukee area shows the
effects of development there in more detail. The original
artesian conditions caused upward flow from the aquifer
system through the Maquoketa confining unit into the
overlying Silurian-Devonian aquifer near Lake Michi-
gan. However, by the 1920’s in the areas of greatest head
decline, the head in the aquifer system had begun to
decline below that in the Silurian-Devonian aquifer. This
head reversal caused the vertical flow to reverse, being
induced downward across the Maquoketa. By 1985, the
area of downward flow across the Maquoketa had
increased to encompass most of the Chicago-Milwaukee
area affected by pumping. A potentiometric divide that
bounds the Chicago-Milwaukee area flow system on the
west apparently has shifted westward as much as 20 mi
in response to the expanding cones of depression. Down-
ward flow across the Maquoketa in the Chicago-
Milwaukee area flow system increased by 64 ft*/s from
predevelopment conditions to a total of 81 ft%s in 1985,
and recharge to the aquifer system from the overlying
drift aquifer increased by 42 ft%s to a total of 73 ft%/s.
Natural discharge decreased by 38 ft*/s to a total of 15
ft%s in 1985.

Ground water in the Cambrian-Ordovicican aquifer
system is characterized by an extreme range of mineral-
ization and chemical types, but its quality is good and
suitable for most uses in most of the study area.

REGIONAL AQUIFER-SYSTEM ANALYSIS—NORTHERN MIDWEST

Dissolved-solids concentrations generally are low (less
than 500 mg/L) in the recharge areas in the northern and
central parts of the area and are high (brines containing
as much as 200,000 mg/L) in the structural basins to the
south and east. The water in the Cambrian-Ordovician
aquifer system in most of the unconfined areas is a
calcium magnesium bicarbonate type and is similar in
quality in each of the aquifers.

Water quality in the confined parts of the aquifer
system is much more variable. Concentrations of dis-
solved solids and the major ions in most places increase in
direct proportion to the distance the water has traveled
from areas of recharge. Transition to higher dissolved
solids in the confined areas commonly is accompanied by
substantial increases in sulfate concentration and the
presence of calcium sodium sulfate-type water.

The residual effects on ground-water quality from
continental glaciations during the Pleistocene are indi-
cated by isotopic analysis of the ground water. Depletion
of the oxygen-18 isotope in water indicates that the
source of much of the ground water in the confined areas
was subglacial recharge of meltwater during the Pleisto-
cene. Effects from loading by Pleistocene ice sheets may
be shown by the positive 8*‘S values for sulfur in sulfate
in saline water near Lake Michigan in eastern Wisconsin
and northeastern Illinois. It is believed that isostatic
loading from glacial ice over the Michigan basin created
a westward hydraulic gradient, opposite from the natural
eastward gradient that prevailed prior to development in
the Chicago-Milwaukee area. This flow reversal by ice
loading caused saline water from the Michigan basin,
which contained sulfate with sulfur of an evaporitic
origin, to flow westward and discharge through the
present recharge areas.

Important research topics for future studies include
the hydraulic characteristics and geochemical control of
confining units in the Cambrian-Ordovician aquifer sys-
tem, especially for the Maquoketa confining unit and a
local confining unit in the upper part of the Mount Simon
aquifer in the Chicago-Milwaukee area.
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