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FOREWORD 

The Ground Water Atlas of the United States presents a comprehensive summary of the 

Nations's ground-water resources, and is a basic reference for the location, geography, geology, 

and hydrologic characteristics of the major aquifers in the Nation. The information was collected 

by the U.S. Geological Survey and other agencies during the course of many years of study. Results 

of the U.S. Geological Survey's Regional Aquifer-System Analysis Program, a systematic study 

of the Nation's major aquifers, were used as a major, but not exclusive, source of information 

for compilation of the Atlas. 

The Atlas, which is designed in a graphical format that is supported by descriptive discus­

sions, includes 13 chapters, each representing regional areas that collectively cover the 50 States 

and Puerto Rico. Each chapter of the Atlas presents and describes hydrogeologic and hydrologic 

conditions for the major aquifers in each regional area. The scale of the Atlas does not allow 

portrayal of minor features of the geology and hydrology of each aquifer presented, nor does 

it include discussion of minor aquifers. Those readers that seek detailed, local information for 

the aquifers will find extensive lists of references at the end of each chapter. 

An introductory chapter presents an overview of ground-water conditions Nationwide and 

discusses the effects of human activities on water resources, including saltwater encroachment 

and land subsidence. 

Dallas L. Peck 
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ATLAS ORGANIZATION 

For readers who prefer to use the International System (Sl) units, rather than the inch­
pound terms used in this report, the following conversion factors may be used: 

The Ground Water Atlas ofthe United States is divided into 14 chapters. Chapter A presents 
introductory material and nationwide summaries; chapters B through M describe all 
principal aquifers in a multistate segment of the conterminous United States; and chapter 
N describes all principal aquifers in Alaska, Hawaii, and Puerto Rico. 

Multiply inch-pound units By To obtain metric units 

Length 
inch (in) 2.54 centimeter (em) 
foot (ft) 0.3048 meter (m) 
mile (mi) 1.609 kilometer (km) 

Area 
square mile (mi2 ) 2.590 square kilometer (km2 ) 

Flow 
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s) 
gallon per minute (gal/min) 0.06309 liter per second (L/s) 
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s) 
billion gallons per day (Bgal/d) 3.785 million cubic meters per day (Mm3/d) 

Transmissivity 
foot squared per day (ft2/d) 0.0929 meter squared per day (m2/d) 

Temperature 
degree Celsius (0 C) 9/5 (°C)+32=°F degree Fahrenheit (°F) 

Sea Level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD 
of 1929)- a geodetic datum derived from a general adjustment of the first-order level nets of both 
the United States and Canada, formerly called Sea Level Datum of 1929. 
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INTRODOCTION 

Regional 

Segment 9, which consists of Minnesota, Iowa, Wisconsin, 
and Michigan, abuts the Canadian border in the upper Midwest 
and lies adjacent to or surrounds four of the Great Lakes­
Superior, Michigan , Huron, and Erie. Thousands of small to 
large lakes similar to the one shown in figure 1 dot the land · 
scape , which is drained by numerous rivers and streams tribu­
tary primarily to the Mississippi River in the west and to the 
Great Lakes-St. Lawrence River system in the east. These 
abundant surface-water sources represent an ample supply of 
water to large users, such as the cities of Milwaukee, Wis., and 
Detroit, Mich. However, water stored in unconsolidated and 
consolidated sedimentary-rock aquifers that underlie the four 
States also is in abundant supply and is an economical source 
that can be used for nearly any purpose, usually with little or 
no treatment. In more than 95 percent of the four-State area , 
these aquifers supply water to a broad spectrum of con­
sumers-from individual households to cities, such as St. Paul , 
Minn., Madison, Wis., and Lansing , Mich. These aquifers are 
the subject of this chapter. The geology and the hydrology of 
each of the principal aquifers are illustrated and discussed 
insofar as information was available from the literature. 
Hydrogeology, ground-water flow. availability and quality of 
water, and freshwater withdrawals from each of the aquifers are 
the principal subjects of discussion. 

summary 
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SCALE 1 :7,500,000 

50 100 MILES 

50 100 KILOMETERS 

EXPLANATION 

Each dot represents 1,000 
people within a census 
tract, 1990 

Figure 2. Population in th e four Sta tes is concentrated in the 
cities and is thinly dispersed in lhe broad ag ricultural areas. 
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Figure 4. Average annual runoff (1951-80) genera lly reflects 
precipitation and increases (rom northwest to southeast. The 
greatest runoff is downwind (rom Lakes Superior and Michigan. 

Figure 1. The numerous lakes that dot th e landscape were 
formed when bur ied ice blocks f rom recent continental g lacia tion 
m e/led lo leave w aler-(illed depressions. 

Population in the four States is concentrated in th e cities 
and is thinly dispersed in the broad agricultural areas of the 
States (fig. 2). Minneapolis-St. Paul , Minn., Des Moines, Iowa , 
Milwaukee and Madison , Wis., and Detroit and Lansing , Mich., 
are a few of the principal cities. Many of these cities and 
other large population centers represent areas of concentrated 
ground-water withdrawals . 

Precipitation is the source of all water in Segment 9. Av­
erage annual precipitation ranges from about 20 to 40 inches 
across the segment and generally increases from northwest to 
southeast (fig. 3) . Precipitation is least in the northwestern part 
of the segment because of the orographic effect of the Rocky 
Mountains, which are hundreds of miles to the west. Annual 
precipitation in excess of 36 inches that falls south and east of 
Lakes Superior and Michigan (fig. 3) is a result ofthe prevailing 
westerly winds that evaporate moisture from the lakes; this 
moisture subsequently condenses and falls as precipitation 
over the land. 
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SCALE 1:7,500,000 

50 100 MILES 

50 100 KILOMETERS 

EXPLANATION 

Average annual precipitation 
(1951-80), in inches 

28 

36 

--28- Line of equal average annual 
precipitation ( 1951-80)­
lnterva l 4 inches 

Figure 3. Average annual precipitation (795 7-80) increases 
from aboul 20 lo aboul 40 inches from north west to southeas t 
across th e four Sta les. 

Average annual runoff in rivers and streams (fig. 4) gen­
erally reflects average annual precipitation patterns (fig. 3). 
Runoff generally increases from less than 1 to more than 20 
inches. Runoff also tends to be substantial downwind from 
Lakes Superior and Michigan . However, in no part of the 
segment does runoff exceed precipitation. Much of the water 
from precipitation is returned to the atmosphere by evapo­
transpiration-evaporation from the land and water surfaces , 
and transpiration by plants. Some of the water is stored in 
aquifers through ground-water recharge or is stored on the land 
surface in lakes, marshes, and reservoirs. Runoff represents 
water from precipitation that runs directly off the land surface 
to st reams and water discharged to streams that was stored in 
lakes, marshes, reservoirs, or aquifers. 
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Base modified from U.S. Geological Survey 
National Atlas, 1:2,000,000, 1970 

LOCATION AND EXTENT 
OF MAJOR AQUIFER SYSTEMS 
AND AQUIFERS 

There are two major aquifer systems and seven major 
aquifers in Segment 9 consisting of rock types that range in 
composition from unconsolidated glacial deposits to hard crys­
talline rocks. An aquifer system consists of two or more 
aquifers that are hydraulically connected, and that function 
similarly in response to changes in hydrologic conditions. Be­
cause rock types generally correlate with geologic age in the 
segment, most aquifer systems and aquifers have been desig­
nated by age, according to local usage. The major aquifer 
systems and aquifers in Segment 9 are, in descending order: 
the surficial aquifer system, which is generally present through­
out the segment; the Cretaceous aquifer in southwestern 
Minnesota and northwestern Iowa; the Pennsylvanian aquifer 
in central Michigan; the Mississippian aquifer in central and 
southeastern Iowa and central Michigan; the Silurian-Devonian 
aquifer in eastern Iowa, eastern Wisconsin, and northern and 
southeastern Michigan; the upper carbonate aquifer in south­
eastern Minnesota and northern Iowa; the Cambrian-Ordo­
vician aquifer system in Iowa, most of southeastern Minnesota, 
much of Wisconsin, and northern Michigan; the Jacobsville 
aquifer principally in northern Michigan; and crystalline-rock 
aquifers in northern Minnesota and Wisconsin, and northwest ­
ern Michigan. 
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Figure 5. Separa te advances of continenta l g laciation, wh ich 
took p lace mostly during the Pleistocene Epoch , covered most of 
the (our-State area. 
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and coarse- and fine-grained alluvium 

Area where glacial deposits are thin or missing or 
consist of unsorted, unstratified deposits of till 
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Figure 6. Glacial meltwater deposits of sand or sand and gravel cover much 
of Segment 9 and form aquifers that are unconfined and readily receive, store, 
transmit, and discharge water. The glacial deposits are a primary source of water 
for wells and supply much of the base flow ({air-weather flow) of streams. 

0 

0 25 

The surficial aquifer system is the uppermost , and most 
widespread, aquifer system in the four-State area. This 
system consists primarily of material deposited during multiple 
advances of continental glaciers from the north (fig. 5) during 
the Pleistocene and, possibly, Pliocene Epochs. The massive 
ice sheets planed off and incorporated soil and rock fragments 
during advances and redistributed these materials on the 
eroded land surface as water- or ice-contact deposits or both 
during retreats. Glaciofluvial or meltwater deposits , such as 
outwash, lake sand, kames, and eskers, are sorted and gener­
ally stratified deposits of sand or sand and gravel. These de­
posits , mapped in figure 6 , generally form permeable bodies 
of sand and gravel that are exposed at the land surface and 
that readily receive, store, transmit, and discharge water. They 
are a primary source of water for wells throughout the four­
State area and supply much of the base flow (fair-weather flow) 
of streams. Ground and terminal moraines , which are the 
dominant type of ice-contact deposit, normally are poorly 
sorted, unstratified deposits of clay, silt, sand, gravel , and 
boulders called glacial till. 

Major bedrock aquifers that form the bedrock surface in 
Segment 9 , including those that comprise the Cambrian­
Ordovician aquifer system, are shown in figure 7, and all aqui­
fer systems and aquifers are listed in figure 8. The surficial 
aquifer, for the most part, is present over the entire area. 

The bedrock surface of Segment 9 is obscured by thin to 
extremely thick unconsolidated glacial deposits (representing 
the surficial aquifer system) except in the Driftless Area of 
southwestern Wisconsin and adjacent parts of Minnesota and 
Iowa (fig. 7) , which have not been glaciated; in smaller areas , 
primarily in northern Minnesota and Wisconsin; and in the 
Upper Peninsula of Michigan, where the glacial deposits have 
been removed by erosion. The surficial aquifer system is gen­
erally hydraulically connected with each of the major bedrock 
aquifers in their area of outcrop. 

All major bedrock aquifers, including those comprising 
the Cambrian-Ordovician aquifer system in Segment 9 , crop 
out at the bedrock surface, but also extend into the subsurface 
and yield usable quantities of water in a much larger area than 
their outcrop, as in , for example, southwestern Minnesota and 
northwestern Iowa. Many of the aquifers do not end at the four­
State border, but extend into adjacent segments (fig. 7) . For 
example, the Cambrian-Ordovician aquifer system extends 
into Illinois (part of Segment 10) . That part of the aquifer 
system is discussed in Chapter K of this Atlas. 

Modified from unpublished maps by D.R. Soller 
in the fil es of the U.S. Geological Survey 
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confining units, underlie much of Segment 9, and successively younger aquifers 
and confining units crop out at the bedrock surface in generally concentric belts 
centered on the Wisconsin Dome. Glacial deposits, which are not shown on the 
map, overlie these aquifers in most places. The Driftless Area in southern 
Wisconsin and adjacent parts of Iowa and Minnesota was not glaciated. 

*Topeka .Kansas City 

MISSOURI 

*Jefferson City 

J4 

.Wichita 

A 

D 
~ 
~ 

N 

ONTARIO 

e 
s u p e 

...... 

EXPLANATION \ 
Cretaceous aquifer Chicago~ 
Pennsylvanian aquifer ~ 

A 

..... 

D Mississippian aquifer-Lines represent carbonate 
rocks. Dots represent sandstone 

Q Silurian-Devonian aquifer 

D Opper carbonate aquifer 

D Cambrian-Ordovician aquifer system 

D Jacobsville aquifer 

D Crystalline-rock aquifer 

D Confining unit 

~ Not a principal aquifer 

---Limit of Driftless Area-Dashed where 
approximately located 

ILLINOIS 

Evansville 

-~ / 



I t/!.Nj: 

.. 
It 

"south 
Bend 

D 

Fot·t Wayne. 

INDIANA 

.Jndianapolis 

A 

K E N T U C 
Frankfort 

.Lexington 

· · · · · ·'~.· .. 

- ~ .. 
'· 

- ~r 
Georgian ·-"~,· · 

· .:·{ 

Modified from Hershey, 1969; Western Michigan University, 
1981; Morey and others, 1982; and Young, in press 

0 25 

0 25 50 

0 H I 0 

Columbus 
* 

SCALE 1:2,500,000 

50 75 

75 100 KILOMETERS 

100 MILES 

·.• .. 

< 

Southeastern Iowa Wisconsin Michigan Hydrogeologic Geologic Principal 
Era 

Minnesota 
Modified from Horick and nomenclature nomenclature lithology Modified from Del in and Steinhilber, 1973,1978, Modified from Modified from Western used in this chapter Woodward, 1984 and Horick, 1984 Kammerer, 1983 Michigan University, 1981 

u Lacustrine sand Quaternary 'Ci 
Undifferentiated Sand and gravel Sand and gravel 

Sand 
N and Outwash and glacio- Surficial aquifer system 0 and c drift aquifer aquifer aquifer fluvial deposits 
QJ late Tertiary gravel u Till 

-~ Cretaceous 
Confining unit Confining unit Shale Confining unit 

0 
N Cretaceous aquifer Cretaceous aquifer Sandstone Cret;~ceov~; aql!iter' 0 
<f) 

Red beds QJ Jurassic Shale Confining unit ~ confining unit 

Pennsylvanian Grand River-
Pennsylvanian Saginaw aquifer Sandstone Pennsylvanian aquifer' 

confining unit 

Limestone Confining unit 

Bayport- Michigan ~ ",, ~ 
confining unit Shale 

Mississippian Mississippian 
""'' 

ississi pian aquifer 
aquifer Marshall aquifer Sandstone 

Coldwater Shale Shale ~ confining unit '!' 

Devonian Antrim Shale Shale Confining unit 
confining unit 

Traverse 
aquifer 

~ 
1-

~ ~ Confining unit :l .. 
Devonian Devonian Devonian Devonian C' 

:l ·:; ro ' ~ h; aquifer ~ aquifer C' aquifer C' Roger City- c ro ro Dundee aquifer .!!? Dolomite ... 
:l c c c :; 
C' ro -~ 0 and Silurian-Devonlan ro ·c: ~. Detroit River > r::f' 

c .'f:'ij aquifer QJ limestone OJ 
aquifer .2l 0 0 ~u 

B ro > > u~ 0 
c QJ QJ ~"' Confining I (II 

0 0 0 1- c c:; 

-2 I I unit "' 0 c c ·;: -€ 
"' ro "' :l 

C) u 
Silurian 

·;: 
Silurian 

·;: Engadine- Ul l.IJ 0 Q; :l :l 
N Silurian - - Manistique- Burnt ... 

0. aquifer aquifer Ul <II 0 (Jl Bluff aquifer &: ~ 0. 
ro ::J ::::> a_ 

Maquoketa Shale Maquoketa Shale 
Confining 

Shale and Confining unit unit 
and confining unit dolomite 

Galena Dolomite Galena Dolomite Galena-Platteville Trenton- Dolomite 1-'- Maquoketa 
aquifer Decorah-Platteville- Black River confining unit 

Glenwood Confining unit Glenwood Shaly 
aquifer 

Ordovician 
confining unit confining unit dolomite 

E 
St. Peter aquifer ~ St. Peter Confining 

Q) 

Basal St. Peter St. Peter ·u ~ Sandstone 
t) 

aquifer 
·:; aquifer unit >-

confining unit 0 ·:; St. Peter- "' '0~ 
~w C' 0,... ~ ro Prairie dU. Chien-Confining unit ~5 ~ Prairie du Chien- ~ Prairie du Chien- Prairie du Chien c Dolomite Jordan aquifer g ·~ (t) ::::> 

aquifer 
ro 

Jordan aquifer ~ 
.0 Jordan aquifer C' ·c:; and 

Jordan aquifer' ~ "' ·:; sandstone c 

"' u Q) 0 ttl 

c c Trempealeau '2 '13 
St. Lawrence- "' St. Lawrence- B aquifer 0 Dolomite and St. Lawrence- ·;:; 

'(j "' 0 
Franconia ''> Confining unit Franconia '0 I fine-grained Franconia '0 c c 0 confining unit 0 confining unit "' ·~ sandstone confining unit '0 (Jl I 

~ 
..0 c: 0 

Cambrian Ironton-Galesville I Ironton-Galesville ~ Ironton- Galesville E Sandstone Ironton- Galesville -~ 
"' ..5 c: ·:; aquifer ttl aquifer 

C' 
aquifer Munising u aquifer 

E ~ "' aquifer "' Eau Claire E Eau Claire .!:: Eau Claire Shaly Eau Claire u u confining unit ttl confining unit "' confining unit sandstone confining unit u ..0 
Mount Simon "' Mount Simon ~ ,/ Mount Simon- aquifer 0 aquifer 

Sandstone Mount Simon5 

Hinckley aquifer Lake Superior aquifer 
u Sandstone 
'Ci 
N Jacobsvil le 

Sandstone Jacobsville aquifer& e Sandstone Q) 

15 Precambrian Crystalline a: 
Crystalline rocks Crystalline Q) 

:0 
'0 

rocks 

~ 

' MaJor aqu1fer on ly 1n southwestern Mmnesota and northwestern Iowa. 
2Major aquifer on ly in the Lower Peninsula of Mich igan. 
3Major aquifer on ly in southeastern Minnesota. 
4ln cludes lower part of the Prairie du Chien Group and the Jordan Sandstone. 
5Major aquifer includes the Hinckley Sandstone of Precambrian age in southeastern Minnesota. 
6Major aquifer on ly in part of the Upper Peninsula of Michigan. 

rocks Crystalline Crystalline Crystalline-rock 
rocks rocks aquifer 

Figure 8. The numerous aquifers and confining units that 
have been named in the four States of Segment 9 are grouped 
into the sequence of hydrogeologic units shown in the column 
on the right. The gray area represents missing rocks. 

IMPORTANCE OF 
MAJOR AQUIFER SYSTEMS 
AND AQUIFERS 

The surficial aquifer system is the most widespread, 
extensively used, and easily accessible source of water in Seg­
ment 9. It consists chiefly of stratified sand and gravel, ice­
contact deposits, and alluvium. Water is withdrawn from eas­
ily installed shallow wells for domestic and stock-watering uses 
throughout much of the segment and from deeper and larger 
wells for public-supply, agricultural, and industrial uses. The 
aquifer system stores water and transmits it either along short 
flow paths to streams, thus sustaining base flow, or downward 
to underlying aquifers, thus providing recharge to the under­
lying aquifers where they subcrop at the bedrock surface. Be­
cause the surficial aquifer system is highly permeable through­
out much of its area and is present at the land surface, it is 
vulnerable to contamination from human activities. 

The Cambrian-Ordovician aquifer system underlies parts 
of each of the four States of Segment 9 (figs. 7, 8) and is the 
second largest source of ground water for public supply, agri­
cultural, and industrial uses in the segment. The aquifer system 
consists of a sandstone and dolomite aquifer and two sandstone 
aquifers, which are separated by less-permeable confining 
units. The Maquoketa confining unit caps the aquifer system 
where it is overlain by younger bedrock . 

The Silurian-Devonian aquifer, which is the third largest 
source of ground water in the segment, underlies the eastern 
one-half of Iowa, eastern Wisconsin, and parts of the Upper and 
the Lower Peninsulas of Michigan (figs. 7, 8). This aquifer is 
primarily a dolomite or limestone that yields water from sol­
utionally enlarged fractures and karst features. 

The Pennsylvanian aquifer is present only in the central 
part of the Lower Peninsula of Michigan (figs. 7, 8 ); however, 
this aquifer is the fourth largest source of ground water in 
Segment 9. The aquifer consists primarily of sandstone and is 
the principal bedrock aquifer in the Lower Peninsula. 

The Cretaceous aquifer, which is present only in western 
Minnesota and Iowa (figs. 7, 8), is the fifth largest source of 
ground water in the segment and yields nearly as much water 
as the Pennsylvanian aquifer. The Cretaceous aquifer, which 
consists primarily of sandstone, yields moderate quantities of 
water of marginal quality; however, the aquifer is the only source 
of ground water in parts of its extent and, therefore, is consid­
ered to be a major aquifer. 

The Mississippian aquifer (figs. 7, 8), which is present only 
in Iowa and Michigan, is the sixth largest source of ground water 
in the segment. The aquifer is dolomitic in Iowa where it is 
present in the southern part of the State. This aquifer consists 
of sandstone in the Lower Peninsula of Michigan and is a major 
aquifer in that area. 

In southeastern Minnesota, the locally important upper 
carbonate aquifer (figs. 7, 8) is the seventh largest source of 
ground water in the segment. Karst development in a carbonate­
rich part of the upper Maquoketa Formation and the Galena 
Dolomite (of the Maquoketa confining unit) has made these 
rocks extremely porous. These rocks and an overlying dolo­
mitic Devonian formation form the upper carbonate aquifer, 
which is a large-yielding aquifer used for municipal and indus­
trial supplies. 

The Jacobsville aquifer in rocks of Precambrian age is 
adjacent to Lake Superior in the Upper Peninsula of Michigan 
(figs. 7, 8) and extends into Iron County, Wisconsin. The well­
hardened sandstone aquifer is the eighth largest source of 
ground water in the segment and yields small quantities of water 
adequate for domestic and small-community uses. Because 
the aquifer is the only source of ground water where it is present, 
it is considered to be a major aquifer. 

The crystalline-rock aquifer (figs. 7, 8), which forms the 
bedrock surface throughout a large area in northern Minnesota, 
northern Wisconsin, and the western Upper Peninsula of Michi­
gan, is the ninth largest source of ground water in the segment. 
The aquifer consists predominantly of crystalline rocks that 
yield small to moderate quantities of water from joints and 
fractures. Although the aquifer is the least productive major 
aquifer in the segment, it is the only source of ground water in 
many parts of its extent and, thus, is considered to be a major 
aquifer. 
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GEOLOGY 

The geologic and hydrogeologic nomenclature used in 
this report differs from State to State because of independent 
geologic interpretations and varied distribution and lithology 
of rock units. A fairly consistent set of nomenclature, however, 
can be derived from the most commonly used rock names. 
Therefore, the nomenclature used in this report is basically a 
synthesis of that of the U.S. Geological Survey, the Iowa Geo­
logical Survey Bureau, the Michigan Department of Natural Re­
sources, the Minnesota Geological Survey, and the Wisconsin 
Geological and Natural History Survey. Individual sources for 
nomenclature are listed with each correlation chart prepared 
for this report. 

Segment 9 lies on the periphery of the Canadian Shield, 
which is a vast province of extremely old (Precambrian) and 
predominantly crystalline rocks in central Canada, northern 
Minnesota, northern Wisconsin, and the Upper Peninsula of 
Michigan. The surface formed by the Precambrian crystalline 
rocks is present throughout the segment as a floor or basement 
for the overlying Cambrian and younger sedimenta~y-rock 
sequence (fig. 9). 

The crystalline-rock surface is an ancient erosional sur­
face that yielded vast quantities of sediments through geologic 
time. The sediments derived from the weathering of the crys­
talline rocks were transported into multiple ancient seas that 
periodically encroached onto the crystalline-rock surface 
during the Precambrian and the Paleozoic. The sediments were 
deposited as extensive sequences of sandstone, shale, and 
limestone or dolomite that comprise the present-day sedimen­
tary-rock aquifers and confining beds. 

Because the crystalline-rock surface in Segment 9 slopes 
generally southward and eastward from its highest areas in 
Minnesota and Wisconsin, as shown in figure 9, the overlying 
sedimentary-rock sequence similarly dips and also thickens 
southward and eastward. Several structural features, which are 
shown in figure 9, controlled sedimentation in the segment. In 
northeastern Minnesota and north-central Wisconsin, the 
crystalline-rock surface rises to about 1 ,800 feet on the Trans­
continental Arch and to about 1 ,500 feet above sea level on the 
Wisconsin Dome. These were the areas of erosion that pro­
duced the sediments. Areas of greatest sediment accumula­
tion were the basins or low-lying areas on the crystalline-rock 
surface. The Hollandale Embayment of southeastern Minne­
sota, the Forest City Basin of southwestern Iowa, and the 
Michigan Basin in the Lower Peninsula of Michigan (fig. 9) are 
the principal basin areas; for example, sediments are about 
14,000 feet thick in the circular Michigan Basin, and rocks in 
the segment dip into the basin from eastern Wisconsin and the 
Upper Peninsula of Michigan. Although not shown in figure 9, 
the Illinois Basin, which is centered in south-centrallllinois, has 
affected sedimentation in Segment 9. Rocks in southern Wis­
consin and southeastern Iowa dip toward the Illinois Basin. The 
Illinois Basin is discussed in greater detail in Chapter K (Seg­
ment 1 0) of this Atlas. Rocks in western Wisconsin and south­
central Minnesota dip and thicken toward the center of the 
Hollandale Embayment. They continue to dip and thicken 
southwestward toward the Forest City Basin in southwestern 
Iowa. 

Figure 10. The extent of 
the major bedrock units in 
Segment 9 is shown on this 
simplified geologic map. The 
extent of these units is vir­
tually the same as the extent of 
the major bedrock aquifers and 
confining units. 
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Figure 11. Successively 
older bedrock units sub-
crop under a cover of glacial 
deposits in a northeasterly 
direction across Iowa from 
the Forest City Basin on the 
southwest toward the Wis­
consin Dome on the north­
east. The line of the section 
is shown in figure 10. 
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Figure 9. The crystalline-rock surface slopes generally 
southward into Iowa and southern Wisconsin and eastward into 
Michigan {rom the Transcontinental Arch in Minnesota and the 
Wisconsin Dome in Wisconsin. 
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Postdepositional erosion of the sedimentary-rock sequence 
in Segment 9 has beveled off the sediments, especially in the 
topographically higher areas. As a consequence, successively 
younger rocks form the bedrock surface downdip from the 
Transcontinental Arch and Wisconsin Dome toward the Forest 
City, the Michigan, and the Illinois Basins (figs. 9, 10). A com­
parison of the hydrogeologic map in figure 7 and the geologic 
map in figure 10 shows this effect of geology on the occurrence 
and the distribution of bedrock aquifers. Sectional views in Iowa 
(fig. 11 ), Minnesota (fig. 12), and the Lower Peninsula of Mich­
igan (fig. 13) emphasize the attitude of the rocks. 

The eroded bedrock surface of crystalline and sedimen­
tary rocks in Segment 9 was subjected to continental glaciation 
as recently as 10,000 years ago. Multiple glacial incursions into 
the area sculpted the bedrock surface, planed off loose and 
weathered rock, and deposited vast quantities of rock debris 
on the scoured bedrock surface. The unconsolidated glacial 
material was deposited as sorted and stratified water-laid 
material and as unsorted and unstratified ice-laid material. 

The sorted and stratified water-laid deposits are the most 
permeable materials and, therefore, are the most productive 
aquifers. These materials were deposited by meltwater streams 
flowing from the glacier or were laid down in glacial lakes. 
Some of the meltwater streams flowed through deep bedrock 
valleys and deposited thick beds of sand and gravel (valley­
train deposits) along the valleys. In many places, multiple 
meltwater streams deposited broad sheets of sand and gravel 
(outwash deposits) at the glacier front. In some places, strati­
fied deposits that consist of thin layers of principally fine­
grained material were laid down in glacial lakes. Stratified 
deposits also consist of mounds, hummocks, or terraces of 
sand and gravel (kame or kame-terrace deposits) deposited 
by meltwater along an ice margin or through an opening in the 
ice. Kame deposits tend to be extremely permeable and com­
monly have collapse features that are the result of the melt­
ing of remnants of glacial ice beneath the deposits. Some 

M sorted and stratified deposits, especially those in deep bed­
rock valleys, were overridden by later glaciation and covered 
by till or glacial-lake deposits. Many of these buried deposits 
form productive aquifers; however, they are difficult to locate 
in the subsurface. 

Till is unsorted and unstratified material that was depos­
ited by the ice under and in front of the glacier. Till consists of 
unsorted clay, silt, sand, gravel, and boulders. Because of the 
heterogenous nature of till, it tends to have minimal permea­
bility and yields only small quantities of water to wells. 
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Figure 12. In Minnesota, rocks of Preca mbrian through 
Devonian age are gently warped downward in the Hollandale 
Embayment and are generally covered by g lacial deposits. The 
Line of the section is shown in fig ure 7 0. 

Figure 13. A genera l­
ized section across the circular 
Michigan Basin shows that 
rocks of Precambrian through 
Jurassic age are deeply down­
warped and are mantled by a 
thick lay er of glacial deposits. 
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VERTICAL SEQUENCE 
OF AQUIFERS 

The vertical sequence of aquifer systems, aquifers, and 
confining units in Segment 9 varies from State to State; 
consequently, no one location has a total representation . They 
are discussed in descending order from geologically youngest 
to oldest. The vertical sequence of aquifer systems, aquifers, 
and confining units in each of the four States of Segment 9 is 
shown in the correlation chart (fig. 8 ), and the sequence of 
aquifers in consolidated rocks is shown in figures 14-18. 

The surficial aquifer system consists of permeable, sorted 
and stratified sand and gravel deposits of glacial origin (aqui­
fers) that commonly are interbedded with less permeable till 
(confining units) . Because of its permeability and extent 
throughout most of the segment, the surficial aquifer system 
is hydraulically connected with nearly all bedrock aquifers. The 
bedrock aquifers are exposed at the land surface only in small 
areas; generally, they are covered by the surficial aquifer sys­
tem, which provides an important component of storage from 
which water percolates downward to the underlying aquifers. 

The Cretaceous aquifer is a sandstone unit in Cretaceous 
rocks and is present primarily in western and southwestern 
Minnesota and in northwestern Iowa (fig. 14) . The aquifer is 
underlain by Precambrian crystalline rocks throughout much 
of its extent but overlaps onto rocks of Pennsylvanian through 
Cambrian age toward the south . The Cretaceous aquifer is hy­
draulically connected with many of the older bedrock aquifers 
where they subcrop under the Cretaceous rocks . In parts of 
northwestern Iowa, the Cretaceous aquifer is underlain by a 
confining unit of Pennsylvanian shale (fig. 8). 

The Pennsylvanian aquifer is a sandstone unit in Pennsyl­
vanian rocks, and is present only in the central part of the 
Lower Peninsula of Michigan (figs . 7 and 14). In places, the 
aquifer is overlain and confined by red shale of Jurassic age 
(red beds confining unit, fig. 8). The aquifer is underlain by a 
confining unit that consists mostly of limestone and shale of 
Pennsylvanian and Mississippian ages (Bayport-Michigan con­
fining unit, fig. 8). The Pennsylvanian aquifer is most produc ­
tive where it is overlain by the surficial aquifer system. 

The Mississippian aquifer in Iowa consists of dolomite and 
forms the bedrock surface in the central and the southeast­
ern parts of the State (figs. 7 and 15) . In southwestern Iowa, 
the aquifer is overlain and underlain by shale confining units 
(fig . 8) . 

In the Lower Peninsula of Michigan, the Mississippian aqui­
fer consists of sandstone and forms the bedrock surface in a 
circular pattern that reflects the structural basin (fig_ 15) . In 
most places, the aquifer is overlain by the Bayport-Michigan 
confining unit (fig. 8) , which consists mostly of limestone and 
shale of Mississippian and Pennsylvanian ages and which hy­
draulically separates the aquifer from the overlying Pennsyl­
vanian aquifer. The Mississippian aquifer is underlain by the 
Coldwater Shale confining unit, which consists of shale of 
Devonian and Mississippian ages. The contact between the 
Mississippian aquifer and the Coldwater Shale confining unit 
generally marks the base of freshwater in bedrock aquifers un­
derlying the Lower Peninsula. 

The Silurian-Devonian aquifer consists mostly of dolomite 
and limestone in which fracture permeability has been en­
hanced by solution and extensive karst development. The aqui ­
fer is present in eastern Iowa , the eastern part of Wisconsin , 
the southern part of the Upper Peninsula of Michigan, and the 
Lower Peninsula of Michigan (figs. 7 and 16) . In Iowa, the aqu­
ifer forms the bedrock surface in the northeastern part of the 
State; in the southern and western parts, the aquifer is over-

MICHIGAN BASIN 
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Devonian rocks 

lain by a confining unit of Devonian-age shale (fig_ 8) . The 
aquifer forms the bedrock surface throughout the area of east­
ern Wisconsin adjacent to Lake Michigan , in the southern part 
of the Upper Peninsula of Michigan, and in the northern and 
the southeastern parts of the Lower Peninsula. In these parts 
of Michigan, the aquifer only yields water adequate for domes­
tic and small community supplies . In the rest of the Lower 
Peninsula of Michigan, the aquifer generally contains saltwater 
where it is overlain by the Coldwater Shale confining unit 
(fig. 8) and, therefore , is not developed. 

The upper carbonate aquifer, which consists of Ordovician 
dolomitic shale and dolomite and overlying Devonian dolomite 
in southeastern Minnesota, is an extremely productive aqui­
fer that extends a short distance into northern Iowa (figs. 7 and 
17) . The permeability of the aquifer has been substantially 
enhanced by extensive karst development. The aquifer is un­
derlain by shaly dolomite of Ordovician age that forms the 
lower part of the Maquoketa confining unit (fig. 8). This con­
fining unit also underlies the Silurian- Devonian aquifer. 

The Cambrian- Ordovician aquifer system consists of three 
aquifers separated by two leaky confining units and is capped 
by the Maquoketa confining unit (fig_ 8). This aquifer system 
is present in parts of each of the four States (figs. 7 and 18). 
In Minnesota and Michigan, the aquifer system is called the 
Cambrian-Ordovician aquifer (fig_ 8 ). In Iowa , the upper part 
is called the Cambrian-Ordovician aquifer system, and the 
lower part is called the Dresbach aquifer (fig. 8). In Wiscon­
sin, the aquifer system is called the sandstone aquifer (fig_ 8). 

In parts of Minnesota , Iowa, and Wisconsin, the Cambrian­
Ordovician aquifer system crops out at the land surface in the 
Driftless Area (fig. 7). Elsewhere, the aquifer system crops out 
at the land surface only in small areas ; it is generally overlain 
by either the surficial aquifer system or younger bedrock 
aquifers . 

The Maquoketa confining unit, whi ch is the uppermost 
confining unit of the Cambrian-Ordovician aquifer system 
(fig. 8) , consists of shale and dolomite of Ordovician age . Only 
the lower part of the confining unit is present in southeastern 
Minnesota and northern Iowa where the Maquoketa Shale and 
the underlying Galena Dolomite form the lower part of the 
upper carbonate aquifer (fig. 8). In Wisconsin , Minnesota, and 
the Upper Peninsula of Michigan, the Galena-Platteville aquifer 
(fig. 8), which consists of dolomite of Ordovician age, is are­
ally extensive but generally yields water only in small quanti­
ties and is not considered to be a major aquifer. 

The St. Peter-Prairie du Chien-Jordan aquifer consists of 
an upper sandstone unit of Ordovician age (St. Peter Sand­
stone) , a middle dolomite unit of Ordovician age (Prairie du 
Chien Group) , and a lower sandstone unit of Cambrian age 
(Jordan Formation) and forms a major aquifer in southeastern 
Minnesota , northern Iowa, southern and eastern Wisconsin, and 
the Upper Peninsula of Michigan. Although the three units gen­
erally function as one aquifer, geologic conditions cause the 
significance and the relation of the units to change a really. For 
example, in Minnesota, the upper sandstone unit is locally sep­
arated by the shaly basal St. Peter confining unit from the 
underlying dolomite. In Iowa, rocks that are stratigraphically 
equivalent to the upper unit of the Prairie du Chien Group form 
a confining unit that separates the St. Peter aquifer from the 
lower part of the Prairie du Chien Group and the underly­
ing sandstone. In Michigan, the upper sandstone unit is thin 
(fig . 8) and not permeable. Where either all three units are in 
direct contact, as in Wisconsin, or the middle and the lowei 
units are in direct contact, as in Iowa, the aquifer is extremely 
productive. The St. Peter-Prairie du Chien-Jordan aquifer is 
underlain and confined by the St. Lawrence-Franconia confin­
ing unit throughout its area of occurrence. 
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Figure 14. The youngest 
consolidated rocks in south­
western Minnesota and west­
ern Iowa consist of sandstone 
and make up the Cretaceous 
aquifer. In the centra l part 
of the Lower Peninsula of 
Michigan, sandstones of 
Pennsylvanian age make up 
the Pennsylvan ian aquifer. 
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Figure 15. The Mississ­
ippian aquifer underlies the 
Cretaceous aquifer in Iowa, 
and the Pennsylvan ian aqu ifer 
in the Lower Peninsula of 
Mich igan, but is separated 
from the over lying aquifers 
by con{! ning units in both 
Sta tes. The Miss issippian 
aquifer, wh ich is a sandstone 
in Michigan, consists of 
carbonate rocks in Iowa. 

Figure 16. The Silurian­
Devonian aquifer is present in 
Iowa, Wisconsin, and Mich i­
gan. The aquifer consists of 
limestone and dolomite, yields 
water mostly from fractures, 
and underlies the Miss issippian 
aquifer in Iowa and Michigan. 

Figure 17. The upper 
carbonate aquifer is present in 
southeastern Minnesota and 
extends a short d istance in to 
Iowa. It consists of carbonate 
rocks of Devonian and Ordo­
v ician ages. A lthough of small 
areal extent, the aquifer p ro­
duces large quantities of w ater. 

Figure 18. The Cambrian- Ordov ician aquifer system 
underlies the aquifers composed of younger rocks, shown 
in figu res 14-17, in parts of each of the Stales of Segment 9. 
The Cambrian-Ordovician aquifer sy stem consists of three 
sandstone aquifers separated by partial confin ing units and 
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it is capped by the Maquoketa confining unit. The Jacobsville 
aqu ifer is a sandstone aquifer that extends over a small part of 
the Upper Peninsula of Michigan and is underlain by crysta lline 
rocks of Precambrian age. The crysta lline-rock aquifer underlies 
the Ca mbrian-Ordovician aquifer system throughout the seg­
ment and is exposed only in nor thern Minnesota, Wisconsin, 
and the Upper Peninsula of Michigan. A lth ough ar'eally 
extensiue, the o y stalline-rock aquifer generally y ields only 
small quantities of w atet: 

The St . Law rence-Franconia confining unit, which is 
present in Minnesota, Iowa, and Wisconsin (fig . 7), consists 
of a dolomite and a fine-grain ed sandstone of Cambrian age 
(fig_ 8) . In Michigan, some of the rocks that comprise the con­
fining unit in the other three States are absent, and the 
remaining sandstone is sufficiently permeable to be included 
in either the St. Peter-Prairie du Chien- Jordan aquifer [called 
the Prairie du Chien and the Trempealeau aquifers in Michigan 
(fig_ 8)] or the Ironton-Galesville aquifer ]called the Munising 
aquifer in Michigan (fig_ 8)]. Where present, the St. Lawrence­
Franconia confining unit functions as a leaky confining unit. 

The Ironton-Galesville aquifer (figs. 7 , 8) consists of 
medium- to fine-grained sandstone of Cambrian age and is 
present in all four States ; in Michigan, the aquifer is equiva­
lent to the upper part of the Munising aquifer (fig . 8) . In Min­
nesota, Iowa , and Wisconsin, the Ironton- Galesville aquifer is 
overlain by the St. Lawrence- Franconia confining unit, and, ex ­
cept in Michigan, the aquifer is underlain by the Eau Claire con­
fining unit. 

The Eau Claire confining unit , which is present in 
Minnesota , Iowa , and Wisconsin (fig_ 8) , consists of a shaly 
sandstone of Cambrian age; in Michigan, the sandstone is suf­
ficiently permeable to be considered part of the Munising aqui­
fer. Where present, the confining unit functions as a leaky 
confining unit between the overlying Ironton-Galesville aqui­
fer and the underlying Mount Simon aquifer. 
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The Mount Simon aquifer consists of a medium- to fine­
grained sandstone of Cambrian age and is the lowermost aqui­
fer of the Cambrian-Ordovician aquifer system (fig. 8) . The 
aquifer is present in all four States, although in Michigan, the 
aquifer is equivalent to the lower part of the Munising aquifer. 
In Minnesota , the aquifer includes the underlying Hinckley 
Sandstone of Precambrian age and the aquifer is called the 
Mount Simon-Hinckley aquifer. Also , in all four States, the 
aquifer overlies the crystalline-rock aquifer. 

The Jacobsville aquifer consists of a sandstone of Precam­
brian age adjacent to Lake Superior in the Upper Peninsula of 
Michigan (figs. 7 and 18). A small part of the aquifer extends 
inland as far as Iron County in Wisconsin. The aquifer is under­
lain by the crystalline-rock aquifer (fig. 8) _ 

The crystalline-rock aquifer (fig. 7), which is the lower­
most aquifer in the segment, consists of fractured crystalline 
rocks of Precambrian age . Although the crystalline rocks ex­
tend throughout the segment, they are not considered to be 
an aquifer except in northern Minnesota , northern Wisconsin , 
and part of the Upper Peninsula of Michigan where they are 
not deeply buried (fig_ 1 8) . Although the crystalline rocks yield 
small to moderate quantities of water from fractures in the 
upper part of the rocks, few fractures are at depth; thus, the 
rocks form an impermeable boundary at the base of the aquifer 
sequence . 
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GROUND-WATER QUALITY 

The natural chemical quality of water from the principal 
surficial and bedrock aquifers in the four-State area generally 
is suitable for most uses. The quality, however, is variable as 
indicated by the broad range of concentrations of a given dis­
solved constituent; for example, maximum and minimum dis­
solved-solids concentrations for 152 analyses of ground-water 
samples in Michigan differed by a factor of 1 00. Freshwater in 
each of the aquifers is predominantly a calcium magnesium 
bicarbonate type; that is, calcium and magnesium ions consti­
tute more than 50 percent of the cations, and bicarbonate ions 
constitute more than 50 percent of the anions. In areas or aqui­
fers or both where dissolved-solids concentrations are greater 
than normal, the proportions of sodium, sulfate, and chloride 
ions also are large. Aluminum, boron, iron, fluoride, titanium, 
radium-226, and hydrogen sulfide also are present in large 
concentrations in some parts of the four States. 

Saltwater (water with dissolved-solids concentrations in 
excess of 1,000 milligrams per liter) underlies much of western 
and extreme northeastern Minnesota, nearly all of Iowa, small 
parts of eastern Wisconsin, and the Lower Peninsula of Michi ­
gan. Much of this saltwater is present at depths of less than 
1,000 feet. 

The chemical quality of natural ground water is primarily 
affected by the mineralogy of aquifer materials and the length 
of time that the water is in contact with these materials; for 
example, a plot of the relation of boron and sodium to rock 
types in Michigan (fig. 19) shows the differences that occur 
from contact of the water with various aquifer materials. Water 
deep within an aquifer, as well as that near the end of a long 
flow path, has generally been in contact with aquifer materi­
als for a long time, which results in large concentrations of dis­
solved constituents. In general, water in outcrop and recharge 
areas of aquifers is the least mineralized, but water in deep, 
confined parts of aquifers where the water movement is slug­
gish tends to be the most mineralized. 

The chemical nature of ground water is characteris­
tically related to dissolved-solids concentrations, as illustrated 
by data from Michigan in figure 20. As dissolved-solids con­
centrations increase, the percentages of sulfate, chloride, and 
sodium ions increase, the percentages of calcium and bi­
carbonate decrease, and the percentage of magnesium ions 
is about the same. 
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Figure 19. Aquifer 
mineralogy affects water 
quality as indicated by the 
relation of boron and sodium 
to several rock types in 
Michigan. 
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Figure 20. As dissolved­
solids concentrations in ground 
waler increase, lhe percentages 
of sulfate (S04), chloride (CI), 
and sodium (Na) ions increase; 
the percentages of calcium 
(Ca) and bicarbonate (HC03 ) 

ions decrease; and the per­
centage of magnesium (Mg) 
ions is about the same. 
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Because ion concentrations increase along flow paths, a 
progressive change that occurs in the water chemistry can be 
mapped as hydrochemical facies, or classification of waters 
based on their dominant cations and anions. A hydrochemical­
facies map of water in the combined St. Peter-Prairie du Chien­
Jordan and Mount Simon aquifers of the Cambrian-Ordovician 
aquifer system for the western part of Segment 9 is shown in 
figure 21. In unconfined recharge areas of the Cambrian-Or­
dovician aquifer system in southeastern Minnesota, northeast­
ern Iowa, and most of Wisconsin and the Upper Peninsula of 
Michigan, calcium magnesium bicarbonate water prevails due 
to the short flow paths and the carbonate-rich minerals in the 
aquifer system. 

In southwestern Minnesota and northwestern Iowa, a cal­
cium sodium sulfate bicarbonate water is present in the Cam­
brian-Ordovician aquifer system. It probably has its source as 
recharge from the overlying Cretaceous aquifer where the oxi­
dation of pyrite might be the source of the sulfate. 

The water chemistry evolves from a calcium sodium sul­
fate bicarbonate water to a sodium calcium sulfate bicarbon­
ate water (fig. 21) farther downgradient, possibly due to ion 
exchange of sodium for calcium by clay minerals in the aqui­
fer system. In east-central and southern Iowa, the water further 
evolves to a sodium-mixed anion water, again possibly due to 
a continued ion exchange (sodium for calcium). 

Calcium sodium sulfate chloride water in east-central 
Wisconsin (fig. 21) might be the result of updip migration of 
brines derived from evaporite deposits in the Michigan Basin 
during Pleistocene glaciation. The updip migration might have 
resulted from the depressing of the aquifer system by glacial 
ice. Farther downgradient toward Michigan, the water evolves 
to a sodium sulfate chloride water, which possibly is due to ion 
exchange (sodium for calcium). 

EXPLANATION 

Fresh ground-water withdrawals 
during 1985, in million 
gallons per day 
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Figure 21. Because ion concentrations in ground water 
increase along flow paths, the chemical evolution of the water 
results in hydrochemical facies. 
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Table 1. During 1980, public and domestic water-supply systems supplied ground water to nearly 73 
million people in the {our-Slate area 

[Modified from U.S. Geological Survey, 1985] 

Population Public water-supply systems Domestic water-supply systems 

State People served State total People served Total population People served Total population 
(thousands) (percent) (thousands) (percent) (thousands) (percent) 

Iowa 2,392 82 1,641 56 751 26 
Minnesota 3 ,051 75 1,910 47 1,141 28 
Wisconsin 3,280 70 1,620 35 1,660 35 
Michigan 3,978 43 1,310 14 2,668 29 

---
Total 12,701 6,481 6,220 
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Hydrochemical facies of the 
Cambrian-Ordovician 
aquifer system- Contact 
dashed where approxi-
mately located 
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FRESH GROUND-WATER 
WITHDRAWALS 

Ground water is a reliable source of water for nearly 13 
million people (table 1 ), or nearly 61 percent of the popula­
tion of Segment 9. Water systems are approximately evenly 
divided between public water-supply systems and private (do­
mestic) water-supply systems. Ground water is the source for 
nearly all public water-supply systems in small cities (less than 
10,000 population) and supplies nearly 100 percent of the un­
incorporated rural areas. 

seven-county Minneapolis-St. Paul metropolitan area of Min­
nesota (fig. 23) and from Wisconsin (fig. 24). The trend to­
ward increasing withdrawals has been confirmed by a 1987 
compilation of water-use data throughout the country by the 
U.S. Geological Survey. 

Figure 22. Fresh ground-water withdrawals, by county, in 
the four States are greatest near population or industrial centers 
or both. 

Total fresh ground-water withdrawals, by county, during 
1985 in the four States of Segment 9 are illustrated in figure 
22. Large withdrawals in counties of each State are related to 
large population centers or concentrations of industry or both. 
Many large cities located adjacent to major rivers or the Great 
Lakes (for example, Milwaukee, Wis.) withdraw surface water 
for public supply; their effect is not indicated on the map. 

The freshwater withdrawn from principal aquifers in the 
four-State area during 1985 is shown in figure 25. The dia­
meters of the circles are proportional to the rate of freshwater 
withdrawal from each aquifer. The surficial aquifer system , 
which is present throughout most of the four-State area, sup­
plied water at a rate of about 2.5 times as much as the next 
largest producing aquifer and nearly 1.5 times as much as all 
other aquifers combined during 1985. The Cambrian-Ordo­
vician aquifer system is the next largest producer and supplied 
water at a rate of about 2.5 times the third largest producer, 
the Silurian-Devonian aquifer. The lesser producing Creta­
ceous, Pennsylvanian, Mississippian, upper carbonate, and 
combined Jacobsville and crystalline-rock aquifers are limited 
in areal extent or do not underlie population or industrial cen­
ters or both with large water demands. Total withdrawal from 
all aquifers during 1985 was 2,545 million gallons per day. 
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Figure 23. Ground-water withdrawals from the Cambrian­
Ordovician aquifer system in the seven-county Minneapolis-
St. Paul metropolitan area haue increased {rom almost no use 
during J 880 to 1900 to nearly 190 million gallons per day 
during J 970-80. 
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Figure 24. Three principal categories of water use show 
a long-term trend of increasing ground-water withdrawals in 
Wisconsin. 

A trend of increasing withdrawal of ground water for all use 
categories in the four-State area is indicated by data from the 

Figure 25. The surficial aquifer system supplied water to 
the four-Stale area al a rate about 2.5 times thai of lhe next 
largest producing aquifer and about J .5 times as much as all 
other aquifers combined during 1985. 

Data from U.S. Geological 
Survey, 1990 

EXPLANATION 

Fresh ground-water withdrawals during 
1985, in million gallons per day 
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INTRODUCTION 

Figure 26. The surficial 
aquifer system is an important 
source of water throughout the 
four-State area. 

The surficial aquifer system is the uppermost and the most 
widespread aquifer system in the four-State area (figure 26). 
This aquifer system consists primarily of material deposited 
during multiple advances of continental glaciers from the north 
during the Pleistocene and, possibly, the Pliocene Epochs. The 
massive ice sheets planed off and incorporated soil and rock 
fragments as large as boulders during advances and redistrib­
uted these materials on the eroded land surface as water- or 
ice-laid deposits or both during retreats. Glaciofluvial or melt­
water deposits, such as outwash, lake sand, kames, and es­
kers, are sorted and generally stratified deposits of sand or 
sand and gravel (fig. 27). These water-laid deposits, mapped 
in figure 6, generally form permeable bodies of sand and gravel 
that are exposed at the land surface and that readily receive, 
store, transmit, and discharge water. They are a primary source 
of water for wells throughout the four-State area and supply 
much of the base flow (fair-weather flow) of streams. Ground 
and terminal moraines, which are the dominant type of deposit 
laid down directly by ice, normally are unsorted, unstratified 
deposits of clay, silt, sand, gravel, and boulders called glacial 
till. 

Figure 27. Sorted and stratified deposits of sand and gravel 
are productive aquifers. 

Figure 30. The thickness of surficial deposits in the four­
State area ranges from zero in the Driftless Area lo about 1,000 
feet in the northwestern Lower Peninsula of Michigan. The 
thickness of most deposits ranges from 50 to 400 feet. 
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GEOLOGY AND WATER-YIELDING 
CHARACTERISTICS 

Glacial deposits have a varied lithology and complex stra­
tigraphy. The multiple glaciations originated from different 
directions and derived different materials from the predomi­
nant rock types in their paths. In Minnesota, for example, ice 
lobes that advanced from the northwest deposited gray cal­
careous till that contains fragments of limestone and shale, 
whereas ice lobes that advanced from the northeast deposited 
reddish, sandy, noncalcareous till. In areas of the State where 
these deposits overlap, there is a variable mixture of both types 
of till. 

Iowa is covered largely by glacial deposits of older ice ad­
vances that are rich in clay and, thus, have minimal permea­
bility. Reworked coarse-grained alluvial material along present 
stream valleys and buried former stream valleys, which were 
eroded into the bedrock surface, forms the only important sur­
ficial aquifers in the State. 

Ice advances across Wisconsin and Michigan encountered 
vast areas of sandstone and crystalline bedrock in the northern 
parts of these States. Fragments of these rocks were trans­
ported and deposited farther to the south as extremely perme­
able, sandy material that forms productive aquifers. Where 
dolomitic rocks were encountered by the ice, the derived mate­
rial is calcareous and rich in clay. 
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EXPLANATION 

Area where depth to bedrock is less than 100 feet 
and where buried sand and gravel aquifers 
are not likely to be present 

Area where depth to bedrock is at least 100 feet 
and where buried sand and gravel aquifers 
are likely to be present 

Area where buried sand and gravel aquifers 
are known to be present 

Figure 28. Buried sand and gravel aquifers are difficult to 
locale but are most likely to be present in areas of thick glacial 
deposits. 

Figure 29. Important 
surficial aquifers in Iowa 
consist of reworked coarse­
grained alluvial material along 
streams and buried sand and 
gravel deposits along ancient 
erosion channels in the bed­
rock surface. 

Buried deposits of permeable sand and gravel are present 
throughout the glaciated area where multiple ice advances 
occurred. Outwash or alluvium or both and other permeable 
deposits from earlier glaciation were covered by less-per­
meable deposits from succeeding advances or possibly from 
a readvance of the same glacier. These buried permeable de­
posits are generally confined aquifers that yield small to large 
quantities of water depending on their size. The buried deposits 
are difficult to locate as they normally have no surface expres­
sion. The known buried permeable deposits in Minnesota are 
shown in figure 28, and most commonly are present in areas 
of thick glacial deposits. In Iowa, buried permeable deposits 
typically are present along ancient erosion channels in the 
bedrock surface, as indicated in the example shown for cen­
tral Iowa in figure 29. 
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Glacial deposits in the four-State area generally range 
from 50 to 400 feet in thickness, but in some areas, such as 
the northern part of the Lower Peninsula of Michigan, they at­
tain thicknesses of as much as 1,000 feet (fig. 30). In large 
areas surrounding Lakes Superior and Michigan and in north­
eastern Minnesota, northern Wisconsin, and the Upper Penin­
sula of Michigan, glacial deposits are generally less than 50 
feet thick. This might be related to the paucity of rock material 
available for transport by the ice from the hard crystalline rocks 
of that area. A large area in northeastern Iowa, southwestern 
Wisconsin, and southeastern Minnesota is characterized by the 
almost complete lack of surficial deposits (fig. 30). This is the 
Driftless Area, which was not glaciated by any of the ice ad­
vances. Most of the Driftless Area has no glacial deposits ex­
cept for clay, silt, and sand deposited in ephemeral glacial lakes 
and alluvial material that was transported into the major stream 
valleys by glacial meltwater and deposited. 

EXPLANATION 
Modified f rom unpublished maps by D.R. Soller 
in the files of the U.S. Geological Survey 

Potential yields of wells completed in permeable glacial 
deposits in the four-State area might be about 500 gallons per 
minute where the deposits are thickest, such as in the northern 
part of the Lower Peninsula of Michigan and along major allu­
vial stream valleys, such as the Mississippi and the Wisconsin 
Rivers. Outwash deposits might yield about 500 gallons per 
minute to wells in Wisconsin and Michigan and lesser quantities 
in Minnesota. In broad areas of each State, wells completed 
in till might yield from 1 to 10 gallons per minute; even though 
it is only slightly permeable, the till generally yields small quan­
tities of water to domestic wells. 
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in feet 
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Ground-water movement in glacial deposits in Segment 

9 is a function of topography (gradient); type, permeability, 
and thickness of deposits; and the volume of recharge resulting 
from precipitation. Because these conditions are variable and 
extremely complex throughout Segment 9, an example basin 
is presented, and hydrogeology, ground-water movement, sur­
face-water/ground-water relations, yield, and water quality are 
discussed to characterize the surficial aquifer system in the 
segment. The Fox-Wolf River basin in northeastern Wisconsin 
was chosen as a typical basin. 

J9 



JlO 

90' 

SCALE 1:1,500,000 

0 10 20 MILES 

0 10 20 KILOMETERS 

Figure 31. Thick, permeable glacial-outwash deposits cover 
most of the northern and western parts of the Fox- Wolf River 
basin. Morainal and glacial-lake deposits cover the remainder 
of the basin. 
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Figure 33. The config­
uration of the water table in 
the Fox-Wolf River basin re-
flects the southeasterly slope of 
the topography in the northern 
and western parts of the basin 
and indicates a uniform down­
slope movement of ground 
water with discharge to local 
streams. The configuration of 
the potenliometric surface 
in the southern and eastern 
parts of the basin indicates 
movement of ground water 
to streams, Lake Winnebago, 
and centers of large with­
drawals of ground water. 
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GROUND-WATER FLOW 

The Fox-Wolf River basin is on the eastern flank of the 
Wisconsin Dome where the bedrock surface slopes southeast­
ward and eastward to the Fox River in the southern part of the 
basin and to the Wolf River in the north-central part of the 
basin. These two principal rivers and their tributaries drain the 
basin through Lake Winnebago and the downstream reaches 
of the Fox River to Green Bay (Lake Michigan). 

The western edge of the basin is bordered by the termi­
nal moraine of Wisconsinan glaciation (fig. 31 ), which is par­
alleled to the east by numerous recessional moraines. This 
northwestern part of the basin is largely covered by stratified 
outwash deposits of permeable sand and gravel (fig. 31) that 
range in thickness from a few to more than 200 feet (fig. 32). 
The mainstem of the Fox River and the downstream reaches 
of the Wolf River flow along the course of a deep bedrock valley 
that has been filled with fine-grained glacial-lake sediments 
that range in thickness from 100 to about 200 feet (fig. 32). 
The glacial-lake sediments are bordered on the south and east 
by ground-moraine deposits of unsorted and unstratified till 
(fig_ 31) that are generally less than 100 feet thick {fig. 32). 

A map of the water-level surface in the Fox-Wolf River ba­
sin is shown in figure 33. In the northern and the western parts 
of the basin, the contours represent the water table principally 
in the unconfined outwash deposits that comprise the surficial 
aquifer system, which overlies crystalline rocks. South and east 
of the Fox and the Wolf Rivers, the contours represent the 
potentiometric surface in a confined sandstone aquifer that 
underlies the glacial deposits. 

Where present, the water table is shallow and is generally 
a subdued replica of the land surface. Water moves from ar­
eas of recharge at the ground-water divide of the basin down 

A' 

Figure 32. Glacial 
deposits range from less than 
100 to more than 200 feet thick 
and are thickest in preglacial 
valleys that trend northeast­
erly through the central and 
southern parts of the Fox-Wolf 
River basin. Glacial deposits in 
the northern and western parts 
of the basin are as much as 
200 feet thick. 
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Figure 34. Equipotential lines in this vertical section in 
Minnesota show how water moves downward through the 
surficial aquifer system in upland areas, enters the sedimentary 
bedrock aquifers, and moues horizontally toward major streams. 
The water then moues upward through the surficial aquifer 
system to be discharged to streams. Crystalline rocks function 
as a barrier to downward water movement. 
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the hydraulic gradient to discharge into local streams, where 
it comprises a large percentage of the base flow. These flow 
paths are generally less than 4 miles long and are commonly 
less than 1 mile long. 

The gradient of the streams and the water table in the 
northern and western parts of the basin reflect the relatively 
steep slope of the topography in these areas. Streams flow 
southeastward directly downslope (fig. 33). The water through­
out the outwash deposits also generally flows downslope per­
pendicular to the contours on the water table as shown by the 
arrows in figure 33. 

The surface-water divide on the western side of the basin 
delineates the surface-water basin and follows the Wisconsin­
an terminal moraine (figs. 31-33). Because of the sandy 
character of the morainal deposits, parts of the moraine are 
so permeable that the water table is not affected by the topo­
graphy. Consequently, the ground-water basin is delineated by 
a ground-water divide farther to the west (figs. 31-33). 

An area of almost flat topography along the mainstem of 
the Fox and Wolf Rivers is an area of ground-water discharge. 
Ground water moves to the streams and to extensive wetlands 
in this area of low relief. The low topographic relief is reflected 
in the slight gradient of the water table (fig. 33). 

Although the potentiometric surface south and east of the 
Fox and the Wolf Rivers represents hydraulic heads in the 
underlying sandstone aquifer, hydraulic heads in the overlying 
glacial deposits are similar; therefore, the configuration of 
potentiometric-surface contours generally is similar to that of 
the water-table contours in the glacial deposits. In the surficial 
and the sandstone aquifers, water movement is toward the two 
principal rivers, Lake Winnebago, and the five cones of depres­
sion shown in figure 33, which are caused by withdrawals of 
ground water. Locally, water in the surficial aquifer also moves 
downward to recharge the sandstone aquifer. 
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The surficial aquifer system throughout the four-State area 
not only functions as a storage reservoir for recharge from pre­
cipitation, but, in most places, water moves downward through 
the aquifer system to recharge underlying bedrock aquifers. 
Conversely, in some places, ground water moves upward from 
underlying bedrock aquifers into the surficial aquifer system 
and then moves to streams where it is discharged. The hydro­
geologic section in figure 34 illustrates water movement in the 
surficial aquifer system and bedrock aquifers adjacent to the 
Minnesota River southwest of Minneapolis-St. Paul, Minn. The 
equipotential lines show that the hydraulic gradient is upward 
in the immediate vicinity of the Minnesota River but downward 
elsewhere. Water from the land surface moves downward to the 
water table in the surficial aquifer. From there, it moves down­
ward into bedrock aquifers on each side of the river. The water 
then moves horizontally toward the river in response to the hy­
draulic gradient in both the surficial aquifer system and the 
bedrock aquifers. Near the river, the water follows an upward 
gradient and moves from the bedrock aquifers upward through 
the surficial aquifer system into the river where it is discharged. 
Ground-water circulation does not extend into Precambrian 
crystalline rocks that generally have minimal permeability and 
function as a barrier to water movement. This pattern of 
ground-water circulation is typical in the four-State area. 



GROOND-WATER AND 
SORFACE-WATER INTERACTION 

The surficial aquifer system is hydraulically connected to 
streams because of its shallow depth, ease of recharge by pre­
cipitation, and short ground-water flow systems. The degree 
of this connection, however, is affected by the permeability of 
the deposits comprising the aquifer. The most permeable 
deposits have the greatest connection to streams, but the con­
nection decreases with decreasing permeability; for example, 
in figure 35, runoff, expressed in cubic feet per second per 
square mile of drainage basin, is plotted for numerous small 
drainage basins in the Fox-Wolf River basin during a low-flow 
period. The greatest runoff, which is more than 0.3 cubic foot 
per second per square mile of basin, generally is in the north­
ern and the western parts of the basin, which are underlain by 
permeable, thick outwash (figs. 31, 32). The least runoff, 
which is less than 0.12 cubic foot per second per square mile 
of basin, generally is in the east and south-central parts of the 
basin, which are underlain by poorly permeable morainal and 
glacial-lake deposits (fig. 31 ). 

Another indication of the relation of ground water to sur­
face water is shown by a comparison of the chemical composi­
tion of samples of ground water collected from a well near the 

1,000 .-------------------------., 

West Branch White River in western Waushara County with 
samples collected from the river during low flow (fig. 36). The 
similar concentrations of each constituent indicate that the 
low flow of the stream is composed almost entirely of ground­
water discharge. 

Thus, in Segment 9, ground-water discharge from the sur­
ficial aquifer system sustains the low flow of streams, and the 
greatest low flows occur in areas underlain by permeable, 
thick, glacial deposits. Low flows are less in areas underlain 
by less permeable glacial deposits. 

An important aspect of ground-water movement in the 
surficial aquifer system is the relation of ground water to lakes. 
About 25,000 lakes that formed during glaciation are present 
just in Minnesota and Wisconsin. The lakes generally are an 
extension of the water table in the surrounding surficial aqui­
fer system. Thus, water from the surficial aquifer system moves 
into the lake on the upgradient side and moves back into the 
aquifer system as recharge from the lake on the downgradient 
side; for example, Browns Lake in southeastern Wisconsin 
(fig. 37) receives ground-water discharge from the surficial 
aquifer system along the eastern shore but loses water to the 
aquifer system along the southern and the western shores as 
the ground water moves westward to be discharged to the Fox 
River. This relation is typical of ground-water movement around 
lakes in the glaciated part of Segment 9. 

Figure 35. Low-flow 
measurements of streams in the 
Fox- Wolf River basin indicate 
that the greatest runoff per 
square mile of drainage basin 
is in the northern and western 
parts of the basin where 
streams drain thick, permeable 
outwash deposits. Runoff is 
least in the north-central and 
south-central parts of the basin 
that are underlain by morainal 
and glacial-Lake deposits. 
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Figure 37. Ground­
water movement is com­
monly through lakes in 
glacial terrain in response 
to the hydraulic gradient. 
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EXPLANATION 

Concentrations of constituents in: 

[=:J Surficial aquifer system 

[=:J West Branch White River 

Figure 36. The chemical composition of water from a well 
near the West Branch White River is similar to that of water from 
the river during low {low, which indicates that flow in the river 
is largely ground-water discharge. 
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Figure 38. Potential yields of water to wells completed in 
the sur{lcial aquifer system are greatest in areas of outwash 
deposits in the northern and western parts of Lhe Fox-Wolf River 
basin. fntermediate yields can be expected from sandy morainal 
and glacial-Lake deposits in the central part of the basin. Only 
minimal yields can be expected from clayey morainal and 
glacial-Lake deposits in the southern and eastern parts of the 
basin. 
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RELATION OF POTENTIAL WELL 
YIELDS AND WATER Q{]ALITY TO 
TYPE OF GLACIAL DEPOSITS 

Potential yields of wells completed in the surficial aquifer 
system typically are largest in the most permeable glacial 
deposits and smallest in the least permeable glacial deposits. 
Potential well yields of 500 to 1,000 gallons per minute can 
be expected from outwash deposits in the northern and the 
western parts of the Fox-Wolf River basin, as shown in fig­
ure 38. Potential well yields from sand in glacial-lake depos­
its in the central part of the basin are variable and range from 
1 0 to 500 gallons per minute. Potential well yields of only 5 
to 10 gallons per minute can be expected from the morainal 
and glacial-lake deposits in the southern and eastern parts of 
the basin where these deposits contain little sand and have low 
permeability. 

The chemical quality of water in the surficial aquifer 
system also is affected by the permeability of the glacial 
deposits. The smallest concentrations of dissolved solids ( 1 00-
200 milligrams per liter) in ground water in the Fox-Wolf River 
basin generally are in areas underlain by outwash and sandy 
glacial-lake deposits in the northern and the southwestern 
parts of the basin (fig. 39). The largest concentrations ( 400-
600 milligrams per liter) are in two small areas underlain by 
clayey morainal and glacial-lake deposits in the south-central 
part of the basin. 
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Figure 39. Dissolved-solids concentrations in water from the 
surficial aquifer system in the Fox-Wolf River basin generally are 
Least in permeable outwash and sandy glacial-Lake deposits, and 
greatest in clayey morainal and glacial-lake deposits. 
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FRESH GROUND-WATER 
WITHDRAWALS 

Withdrawals of freshwater from the surficial aquifer system 
in Segment 9 during 1985 were about 1 ,495 million gallons 
per day (fig. 40). Public supply and agricultural withdrawals 
accounted for two-thirds of the total; domestic and commer­
cial, and industrial, mining, and thermoelectric-power with­
drawals comprised the remaining one-third. Withdrawals during 
1985, in million gallons per day, for each of the four States and 
the percentage withdrawn for each use category are shown in 
figure 41. The largest rates of withdrawal from the surficial 
aquifer system were in Minnesota and Michigan with 434 and 
426 million gallons per day withdrawn, respectively. This prob­
ably reflects the generally small areal extent and less produc­
tive nature of the bedrock aquifers in the two States. The less 
productive character of the surficial aquifer system in Iowa and 
the presence of productive bedrock aquifers in Iowa and Wis­
consin account for the smaller withdrawals of 338 and 297 
million gallons per day from Iowa and Wisconsin, respectively. 
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37.7 percent 

31.2 percent 

EXPLANATION 

Use of fresh ground-water withdrawals 
during 1985, in percent 
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~ Domestic and commercial 
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Figure 40. Principal uses of freshwater {rom the surficial 
aquifer system in Segment 9 totaled 1,495 million gallons 
per day during 1985. 
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Figure 41. Freshwater withdrawals (rom the surficial aquifer 
system during 7985 were dominaced by public supply and 
agricultural uses in each of the four States. 
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Figure 42. The Cretaceous aquifer is present primarily 
in southwestern Minnesota and northwestern Iowa and is 
used mostly as a water supply in these parts of the Stales. 

Figure 45. The potentio­
metric surface of the Creta­
ceous aquifer indicates that 
water moues primarily toward 
the Minnesota River in the 
north and toward the Big 
Sioux River in the southwest 
where the water discharges. 
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INTRODUCTION 

The Cretaceous aquifer is used principally in northwestern 
Iowa and southwestern Minnesota (fig. 42) where it generally 
is the only source of ground water; however, it extends north­
ward along the western Minnesota border as outliers and south ­
ward into southern and central Iowa (fig. 42). The aquifer con­
sists of thick to thin, discontinuous sandstone beds overlain 
in places by limestone and shale beds that confine the aqui­
fer. In other places, the aquifer is directly overlain by glacial 
deposits. In its principal area of use, the Cretaceous aquifer 
ranges from about 90 to 170 feet in thickness. Although the 
aquifer contains gypsum, which, when dissolved, markedly 
increases sulfate concentrations in the ground water, the aqui­
fer is extensively pumped to supply domestic, small-com­
munity, and agricultural needs. 

HYDROGEOLOGY 

The Cretaceous aquifer is part of a sequence of sandstone, 
limestone, and shale deposited during the Cretaceous Period 
by five major transgressive-regressive marine cycles that in­
undated Minnesota, Iowa, and western Wisconsin from the 
west. These rocks were deposited on an irregular erosional 
surface that had a maximum relief of about 1 ,400 feet. They 
were deposited primarily as fluvioldeltaic deposits on crystal­
line and sedimentary rocks of Precambrian and Paleozoic ages. 
A pre-Cretaceous regolith, which developed on the underlying 
rocks, ranges in thickness from a feather edge to 200 feet. 

The surface of the Cretaceous sequence was deeply 
eroded prior to glaciation, and the Cretaceous rocks have been 
removed completely in some areas. Similarly, these rocks are 
thin or missing over highs on the underlying unconformity, such 
as the Sioux Quartzite Ridge and the Transcontinental Arch 
(fig. 42) of southwestern Minnesota. Cretaceous rocks are 
present primarily in the western parts of Minnesota and Iowa 
and as minor outliers in other parts of those States (fig. 42). 
The area where Cretaceous rocks yield sufficient water to wells 
for water supplies is in southwestern Minnesota and northwest­
ern Iowa as shown in figure 42. 
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Figure 43. The Cretaceous aquifer consists of discontinuous 
sandstone beds in the Dakota Formation, which is the lowermost 
Cretaceous unit in Minnesota and Iowa. 

The Cretaceous aquifer consists of discontinuous sand­
stone beds in the Dakota Formation. Although some water is 
obtained locally from the Cadell Sandstone Member of the 
Carlile Shale (fig. 43), this unit is not considered to be part 
of the Cretaceous aquifer. Water in the Dakota Formation is 
confined by the overlying Graneros Shale and locally by fine­
grained glacial deposits that overlie the eroded surface of the 
Cretaceous rocks (figs. 43, 44). The potentiometric surface 
of water in the Cretaceous aquifer is above the top of the aqui­
fer in most places. The vertical hydraulic gradient in the over­
lying glacial deposits, however, is downward, and recharge 
to the Cretaceous aquifer is from the surficial aquifer system, 

Figure 44. The Creta­
ceous aquifer is confined by 
shale beds in the upper part 
of the Dakota Formation, by 
the Graneros Shale, and locally 
by fine-grained glacial depo­
sits. Water moues into the 
aquifer from the overlying 
glacial deposits through the 
confining units. The water 
moues horizontally to the 
southwest to discharge up­
ward to the Big Sioux River 
or to recharge underlying 
sedimentary-rock aquifers. 
The line of the hydrogeologic 
section is shown in figure 45. 
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mostly through the confining beds (fig. 44). Locally, the Cre­
taceous aquifer also is connected hydraulically to underlying 
aquifers in Paleozoic and Precambrian rocks. Water moves 
downward to these aquifers from the Cretaceous aquifer in 
highland areas. However, the hydraulic gradient is reversed, and 
water moves upward into the Cretaceous aquifer from the 
deeper aquifers at major points of discharge, such as the Big 
Sioux River (fig. 44) . Regional water movement in the Creta­
ceous aquifer primarily is from a potentiometric-surface high 
on the Sioux Quartzite Ridge in Minnesota northeastward 
to the Minnesota River and southwestward to the Big Sioux 
River (fig. 45) in Iowa where the water is discharged. 

Glacial deposits, undifferentiated 

Precambrian rocks. 
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Figure 46. The potential 
yield of water from the Cre­
taceous aquifer in Iowa to 
properly constructed wells 
ranges {rom Less than 100 
gallons per minute to slightly 
more than 1, 000 gallons per 
minute, but average yields are 
about 250 gallons per minute. 
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Table 2. Hydraulic properties and thickness of the Cretaceous 
aquifer have been determined at five sites in Iowa where aquifer 
tests have been conducted 

!Modified from Burkart, 1984] 

Hydraulic Transmissivity Thickness 
Location in Iowa conductivity (feet squared of aquifer 

(feet per day) per day) (feet) 

Hosteng irrigation site, 37 4,600 124 
Sac County 

Ri tz irrigation site, 48 7,600 157 
Plymouth County 

Southern Sioux County Rural 50 7,400 148 
Water System, Inc., 
Plymouth County 

Hansen irrigation site, 44 3,900 89 
Osceola County 

Hibbing irrigation site, 40 6,400 162 
Sioux County 

The Cretaceous aquifer in parts of southwestern Minne­
sota and northwestern Iowa is the most extensive source of 
ground water in these areas, and it is intensively used even 
though there are limitations on its use imposed by quality, well­
yield , and depth factors . The water tends to contain large con­
centrations of dissolved solids, especially because sulfate 
concentrations commonly exceed 1,000 milligrams per liter; 
in some areas, wells have small yields of less than 2 to 10 
gallons per minute; and the aquifer is buried by glacial deposits 
to depths of 700 feet or more near the southern Minnesota 
border. In spite of limitations, many wells have been completed 
in the aquifer for domestic and stock supplies, and 36 com­
munities in Minnesota have used or are presently using the 
aquifer for municipal supplies. 

0 10 20 30 KILOMETERS 

Estimated well yields from the Cretaceous aquifer where 
it is extensively used in Iowa are shown in figure 46. Here, 
estimated well yields range from less than 100 to slightly more 
than 1,000 gallons per minute; the range of estimated well 
yields probably is similar in Minnesota. Hydraulic-conductivity, 
transmissivity, and thickness values for the Cretaceous aquifer 
at five sites in Iowa are listed in table 2. Hydraulic-conductivity 
values ranged from 37 to 50 feet per day; transmissivity values 
ranged from 3 ,900 to 7 ,600 feet squared per day; and thick­
ness values ranged from 89 to 162 feet. 
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GROUND-WATER QUALITY 
Water from the Cretaceous aquifer generally can be char­

acterized as a calcium magnesium sulfate type. The water 
typically is very hard (hardness greater than 180 milligrams 
per liter as calcium carbonate); hardness ranges from 22 to 
1,600 milligrams per liter (table 3). Dissolved-solids concen­
trations (fig. 47; table 3) range from 251 to 3,540 milligrams 
per liter. Many samples contain concentrations of radionuc­
lides (radium-226, radium-228) in excess of the 5 picocuries 
per liter allowed in public water supplies. 

Dissolved-sulfate concentrations in water from the Cre­
taceous aquifer (fig. 48) exceed 1,000 milligrams per liter in 
large areas of Minnesota and Iowa and range from 0.5 to 1, 700 
milligrams per liter (table 3). Sulfate concentrations are gen­
erally greatest near recharge areas; this is the result of leaching 
of gypsum and other sulfate-bearing rocks by water entering 
the aquifer. Sulfate concentrations, which generally are least 
in areas of discharge, such as along the Big Sioux River in the 

46' 
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Woodward and Anderson, 1986 

southwestern part of the aquifer (fig. 45), might be a result of 
reduction of sulfate by anaerobic bacteria. 

Iron and manganese also generally are present in large 
concentrations in water from the Cretaceous aquifer. Iron con­
centrations exceeded 300 micrograms per liter in about 80 per­
cent of 28 samples collected in Iowa; manganese concentra­
tions exceeded 50 micrograms per liter in about 56 percent 
of the same 28 samples. 

Figure 47. The dissolved­
solids concentrations in water 
from the Cretaceous aquifer 
range from about 250 to about 
3,500 milligrams per liter and 
average about 1,000 milligrams 
per liter. 

Sodium concentrations in water from the Cretaceous 
aquifer are sufficiently small in Iowa to make the water gener­
ally acceptable for irrigation. Sodium concentrations range 
from 4.5 to 1,200 milligrams per liter (table 3). Water that has 
extremely large concentrations of sodium can only be applied 
to crops on well-drained soils and when there is adequate 
leaching time. Sodium concentrations in water from the Cre­
taceous aquifer in Minnesota range from 100 to 1,000 milli­
grams per liter. Large concentrations are attributed to ion 
exchange and the influx of saltwater from Cretaceous rocks in 
North and South Dakota. 
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Table 3. Average anion and cation concentrations from a large number 
of analyses indicate water from the Cretaceous aquifer is very hard and has 
Large sulfate concentrations 

[Modified from Woodward and Anderson, 1986. 
-, no established maximum contaminant level] 

Property 
or 

constituent 

Hardness as CaC03 

Calcium (Ca) 
Magnesium (Mg) 
Sodium (Na) 
Potassium (K) 

Bicarbonate (HCO) 

Recommended 
maximum 

contaminant 
I eve (I 

Sulfate (S0
4

) 250 
Chloride (CI) 250 
Silica (Si02 ) 

Dissolved solids 500 
1 U.S. Envi ronmental Protection Agency, 1979 

Concentration 
(milligrams per liter) 

Range Average 

22 to 1,600 470 
0.7to400 120 

.2 to 150 44 
4.5 to 1,200 180 

.8 to 73 8 

95 to 910 430 
.5 to 1,700 460 
1 to 1,500 84 

.9 to 41 15 
251 to 3,540 1,070 

FRESH GROUND-WATER 
WITHDRAWALS 

Number 
of 

analyses 

52 
154 
152 
154 
143 

154 
154 
68 

143 
154 

Fresh ground-water withdrawals from the Cretaceous 
aquifer during 1985 totaled 87 million gallons per day (fig. 49). 
Of the total, 10 million gallons per day was withdrawn in south­
western Minnesota, and 77 million gallons per day in north­
western Iowa. Withdrawals from the Cretaceous aquifer 
eceeded those from the Mississippian aquifer in Segment 9 (67 
million gallons per day) and were nearly equal to the 88 
million gallons per day withdrawn from the Pennsylvanian aqui­
fer (fig. 25). 

About 50 percent of the water withdrawn from the Creta­
ceous aquifer was used for agricultural purposes (fig. 49), in­
cluding irrigation. Public-supply use accounted for about 30 
percent, and domestic and commercial uses accounted for 
about 14 percent. Only about 7 percent of the withdrawals was 
used for industrial, mining, or thermoelectric-power purposes. 

Figure 48. The dissolved-sullate concentrations in waler 
from the Cretaceous aquifer range from less than 100 milligrams 
per liter to about 1, 700 milligrams per liter and average about 
500 milligrams per liler. Gypsum in the aquifer is the source 
of lhe sulfate. 
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Figure 49. Fresh ground-water withdrawals from the Cre­
taceous aquifer during 7985 totaled 87 million gallons per day. 
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INTRODUCTION 

The Pennsylvanian aquifer is present only in the central 
part of the Lower Peninsula of Michigan (fig. 50), where it 
is called the Grand River-Saginaw aquifer and forms a major 
source of water for municipal, industrial, and domestic sup­
ply. The aquifer consists of sandstone with some interbedded 
shale. The central part of the Pennsylvanian aquifer is overlain 
by a confining unit in rocks of Jurassic age, but, elsewhere, 
the aquifer subcrops at the bedrock surface under the surfi­
cial aquifer system that is the principal source of recharge. 

HYDROGEOLOGY 

Rocks of Pennsylvanian age are present in only two parts 
of the four-State area-in much of the southwestern part 
of Iowa and the central part of the Lower Peninsula of Michi­
gan. In Iowa, Pennsylvanian rocks are not an aquifer; rather, 
they overlie and confine older, more permeable rocks and 
underlie, in part, the Cretaceous aquifer. In Michigan, Penn­
sylvanian rocks, which consist of the Grand River and the 
Saginaw Formations (fig. 51), form a major and productive 
aquifer. They occupy a central position in the Michigan Basin 
(fig. 10) and are the youngest bedrock in that basin except 
for a thin, red, sandy, shaly sandstone formation (fig. 51) of 
Jurassic age that overlies part of the Pennsylvanian aqui­
fer. These Jurassic red beds range from a featheredge to 
slightly more than 300 feet in thickness (fig. 52). They are 
hydrologically significant only as a confining unit for the Penn­
sylvanian aquifer. 

In Michigan, Pennsylvanian rocks consist of sandstone and 
siltstone with interbedded shale, limestone, coal, and gyp­
sum. They range in thickness from a featheredge to a maxi­
mum of slightly more than 700 feet (fig. 53) but generally are 
less than 300 feet thick. The Grand River Formation (fig. 51) 
is a sandstone that fills erosional valleys in the underlying 
Saginaw Formation. The Saginaw Formation (fig. 51) consists 
of sandstone and siltstone in the Lansing area and fine-grained 
sandstone and siltstone interbedded with shale, limestone, 
coal, and gypsum in the Saginaw Bay area. The Saginaw 
Formation is extensively eroded and variable in thickness. 
Sandstone beds of the Grand River Formation generally are 
hydraulically connected with the underlying Saginaw For­
mation, and the two formations comprise the Pennsylvanian 
aquifer. 

The Pennsylvanian aquifer is most productive where it 
is overlain by, and hydraulically connected with , the surficial 
aquifer system. The thickness of the Pennsylvanian aquifer also 
affects well yields; the aquifer yields moderate quantities of 
water where it is thickest. Thirty-four specific-capacity values 
reported for the Pennsylvanian aquifer in the Lower Peninsula 
of Michigan ranged from 1 to 99 gallons per minute per foot 
of drawdown, and eight transmissivity values ranged from 
3,000 to 37,000 feet squared per day. Two reported values 
of the coefficient of storage were 9X 10-5 and 3Xl Q-4, which in­
dicate confined conditions. 

Recharge to the Pennsylvanian aquifer is from water 
that percolates downward through the surficial aquifer system 
and confining units overlying the aquifer. In the aquifer, water 
moves mostly horizontally along flow paths of 50 to 100 miles 
in length from areas where the hydraulic head is about 900 feet 
above sea level in the northwestern and southern parts toward 
the center of the aquifer and then northeastward to Saginaw 
Bay, where the water is discharged at an altitude of about 600 
feet above sea level (fig. 54). The occurrence of saltwater in 
the lower part of the aquifer in places where it is covered by 
Jurassic red beds indicates that water is moving more slowly 
in that area. Discharge of the saltwater from the aquifer in 
the Saginaw Bay area indicates some movement of water 
through the saltwater zone of the aquifer. The principal move­
ment, however, might be in the upper part of the aquifer and 
on the periphery of the saltwater zone. 

Estimated potential well yields from the Pennsylva­
nian aquifer in the three-county example area of Clinton, 
Eaton, and Ingham Counties range from less than 50 to 900 
gallons per minute (fig. 55), depending on thickness, fractur­
ing, and degree of interconnection with the overlying surficial 
aquifer system. 
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Figure 56. Water in 
the Pennsylvanian aquifer 
generally contains less than 
1,000 milligrams per liter 
dissolved solids in areas 
where the aquifer is overlain 
by glacial deposits, excepl 
near Saginaw Bay where 
saltwater discharges from the 
aquifer. The water generally 
is most mineralized where the 
aquifer is overlain by Jurassic 
red beds. 
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Figure 50. The Pennsylvanian aquifer is present only 
in the central part of the Lower Peninsula of Michigan. 
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Figure 51. The Pennsylvanian aquifer in Michigan consists 
o{ the Saginaw and Grand River Formations, both of which are 
permeable and water yielding. The aquifer is overlain, in part, by 
either the surficial aquifer system or the red beds confining unit 
and is underlain by the Bayport-Michigan confining unit. 
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Figure 53. The thickness 
of Pennsylvanian rocks ranges 
from a featheredge to slightly 
more than 700 feel. 
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Figure 52. The thickness of the Jurassic red beds 
ranges from a featheredge to slightly more than 300 feet. 
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Figure 54. Water in the Pennsylvanian aquifer moues 
{rom northwestern and southern recharge areas to discharge 
al Saginaw Bay. 

GROUND-WATER QUALITY 

Water from the Pennsylvanian aquifer generally is salty 
(dissolved-solids concentrations in excess of 1,000 milligrams 
per liter); the average dissolved-solids concentrations is 1,600 
milligrams per liter, but, in areas where the aquifer subcrops 
beneath the surficial aquifer system, the water is fresh (dis­
solved-solids concentrations range from 300 to 700 milligrams 
per liter). Where the aquifer is deeply buried, however, and 
in areas where it is overlain by Jurassic red beds, wells com­
monly yield saltwater with dissolved-solids concentrations that 
range from 1,000 to about 100,000 milligrams per liter, as 
shown in figure 56. In the area near Saginaw Bay, where 
ground water is discharged from the Pennsylvanian aquifer, 
the water is salty because of its long residence time in the 
aquifer and because of freshwater mixing with saltwater at 
depth. 

Freshwater in the Pennsylvanian aquifer tends to be of a 
mixed ion type, as shown in figure 57. Conversely, saltwater 
in the Pennsylvanian aquifer tends to be a sodium chloride 
type. 

Figure 55. Potential 
yields of water to properly 
constructed wells in the 
Pennsylvanian aquifer in a 
three-county area range from 
less than 50 to 900 gallons 
per minute. The variability 
is largely a function of the 
thickness of the aquifer. 
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Figure 57. Where mineralization in water from the 
Pennsylvanian aquifer is minimal, the water is a mixed ion 
type (analysis A), bul, as dissolued·solids concentrations 
increase, sodium and chloride or sodium and sulfate become 
prominent (analyses B-D). 
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Figure 58. Withdrawals of fresh ground water from the 
Pennsylvanian aquifer were 88 million gallons per day during 
7985. 

FRESH GROUND-WATER 
WITHDRAWALS 

Total fresh ground-water withdrawals from the Pennsyl­
vanian aquifer were 88 million gallons per day during 1985 
(fig. 58). Most of the water, 42.8 percent, or 37.7 million 
gallons per day, was used for public supply; 19.2 percent, 
or 16.9 million gallons per day, was used for domestic and 
commercial purposes; 6.1 percent , or 5.4 million gallons per 
day, was used for agricultural purposes; and 31.9 percent, or 
28 million gallons per day, was used for industrial, mining, and 
thermoelectric-power purposes. 
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Figure 60. The Mississippian aquifer in Iowa consists 
mainly of limestone and dolomite. The aquifer is overlain in part 
by the surficial aquifer system, the Crelaceous aquifer, and the 
Pennsylvanian confining unit and is underlain by the Devonian 
confining unit. The gray area represents missing rocks. 
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Base modified from U.S. Geological Survey 
National Atlas, 1:7,500,000,1970 

EXPLANATION 

--5oo-- Base-of-aquifer contour-Shows altitude 
of base of Mississippian aquifer. 
Contour interval I 00 feet. 
Datum is sea level 

Figure 63. The base of the Mississippian aquifer coincides 
with the base of freshwater in the Lower Peninsula of Michigan. 
The base of the aquifer is a bowl-shaped surface ranging in 
altitude from 200 to BOO feet above sea level. 
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INTRODUCTION 

The Mississippian aquifer is present in Iowa, where it un­
derlies about 60 percent of the State, and in Michigan, where 
it underlies much of the Lower Peninsula (fig. 59). The aqui­
fer consists mainly of limestone and dolomite in Iowa and silt­
stone and medium-grained sandstone in Michigan. In both 
States, the aquifer is overlain either by Pennsylvanian or 
younger rocks that confine the aquifer and restrict ground­
water circulation. Where the Mississippian aquifer forms the 
bedrock surface in Iowa and the Lower Peninsula of Michi­
gan, the aquifer generally is overlain by the surficial aquifer sys­
tem. In Iowa, the Mississippian aquifer generally is confined by 
fine-grained glacial deposits in this subcrop area. In Michigan, 
the Mississippian aquifer generally is unconfined in this 
subcrop area and is hydraulically connected with extremely 
permeable glacial deposits. Wells completed in the Mississip­
pian aquifer in these subcrop areas yield 900 to 1,000 gallons 
per minute in both States. Dissolved-solids concentrations in 
water from the Mississippian aquifer in areas where it is con­
fined generally exceed 500 milligrams per liter. Brine occurs 
in the deeper parts of the aquifer in confined areas. 

~- ~-

Figure 59. The Missis­
sippian aquifer is present in 
Iowa and the Lower Peninsula 
of Michigan. 
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Figure 61. The Mississippian aquifer ranges in thickness 
from a featheredge to about 600 teet in Iowa and to about 1,000 
teet in Michigan. 

HYDROGEOLOGIC UNITS 

Mississippian rocks in Iowa are overlain by Pennsylvanian 
rocks, Cretaceous rocks, and glacial deposits, whereas Mis­
sissippian rocks in the Lower Peninsula of Michigan are over­
lain only by Pennsylvanian rocks and glacial deposits. In Iowa, 
Mississippian rocks dip gently southwestward from where they 
form the bedrock surface and steeply southward along the 
western border of the State; their altitude and thickness vary 
because of structual flexures and erosion. In Michigan, Missis­
sippian rocks dip and thicken in a radial pattern toward the 
center of the Michigan Basin. 

fracture permeability. The aquifer generally is confined by 
overlying fine-grained glacial deposits where it forms the bed­
rock surface along its northeastern edge and by Pennsylvanian 
and Cretaceous rocks in the southern and the southwestern 
parts of the State. The Mississippian aquifer is present in about 
60 percent of Iowa and ranges in thickness from a featheredge 
to about 600 feet (fig. 61). 

Mississippian rocks in Iowa consist principally of limestone 
and dolomite and some sandstone and siltstone. The only sig­
nificant shale is in the Warsaw Limestone (fig. 60) in the upper 
part of the Mississippian rocks in southeastern Iowa. Gypsum 
and anhydrite beds are present in the Mississippian rocks, 
especially in the St. Louis and the Spergen Limestones in 
southeastern Iowa (fig. 60) . The entire Mississippian section 
in Iowa constitutes the Mississippian aquifer. It is a carbonate­
rock aquifer that is characterized by solution openings and 

EXPLANATION 

Figure 65. Water in 
the Mississippian aquifer in 
Michigan moues fmm re­
charge areas in the northern 
and southern areas east­
ward to Saginaw Bay and 
westward to Lake Michigan 
where the water is dis­
charged. Water probably 
does not moue through the 
central area covered by the 
Bayport-Michigan confining 
unit where sallwater is 
present. 

Extent of overlying Cretaceous aquifer 

Extent of overlying Pennsylvanian confining unit 

Outcrop or subcrop of Mississippian aquifer­
Dashed where extent is approximate 

--Boo-- Potentiometric contour-Shows altitude at which 
water level would have stood in tightly cased 
wells in 1972. Dashed where approximately 
located. Contour interval I 00 feet. 
Datum is sea level 

Limit of overlying Pennsylvanian confining unit­
Dashed where approximately located 

_. Direction of ground-water movement 

Figure 64. Most water in the Mississippian aquifer in 
Iowa moues southward, southeastward, or westward to the 
Des Moines and Skunk Rivers where the water is discharged. 
Some water in the western part of the aquifer moues south­
ward inlo Missouri. 

Mississippian rocks in the Lower Peninsula of Michigan 
generally consist of sandstone and some shale, limestone, and 
coal and range from a featheredge up to about 1,000 feet thick 
(fig. 61). The Mississippian aquifer primarily consists of the 
Marshall Sandstone (fig. 62); thin sandstone beds in the lower 
part of the overlying Michigan Formation and in the upper part 
of the underlying Coldwater Shale also might contribute some 
water. Mississippian rocks younger than the Marshall Sand­
stone form the overlying Bayport-Michigan confining unit. The 
Coldwater Shale, along with underlying older shales, forms a 
lower confining unit. The top of the Coldwater Shale generally 
is the base of the Mississippian aquifer, as well as the base of 
freshwater in most of the Lower Peninsula. The altitude of this 
surface ranges from about 200 to about 800 feet above sea 
level (fig. 63). 
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water level would have stood in tightly cased 
wells in 1989. Contour interval I 00 feet. 
Datum is sea level 
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Figure 62. The Mississippian aquifer in Michigan consists 
of the Marshall Sandstone. The aquifer is overlain in part by 
either the surficial aquifer system or the Bayport- Michigan con­
fining unit and is underlain by the Coldwater Shale confining 
unit. The gray area represents missing rocks. 

GROUND-WATER FLOW 

Recharge to the Mississippian aquifer in Iowa is principally 
where the aquifer forms the bedrock surface and is overlain 
by, and hydraulically connected with, shallower aquifers 
(fig. 64). In the north and the northeast, water enters the Mis­
sissippian aquifer from the surficial aquifer system and m~ves 
either southward along intermediate and long flow paths to 
the Des Moines and the Skunk Rivers or westward along short 
flow paths to the Skunk River (fig. 64). In the northwest, water 
in the Cretaceous aquifer moves downward into the Mississip­
pian aquifer. The water then moves either southward into Mis­
souri or southeastward to the Des Moines River through 
solutionally enlarged joints and fractures in the limestone under 
the confining Pennsylvanian rocks. 

Recharge to the Mississippian aquifer in Michigan is prin­
cipally where the aquifer forms the bedrock surface and is 
directly overlain by, and hydraulically connected with, the sur­
ficial aquifer system to the north and the south of overlying 
Pennsylvanian rocks (fig. 65). Recharge from precipitation and 
from lakes and streams is through the surficial aquifer system. 
Water moves into the aquifer at high areas on the potentio­
metric surface to the north (1,100- and 1,000-foot contours) 
and to the south (1 ,000- and 900-foot contours), as shown in 
figure 65. Water moves from these recharge areas down the 
hydraulic gradient to Saginaw Bay on the east and to Lake 
Michigan on the west. Because of the minimal aquifer trans­
missivity and the occurrence of dense brine in the central part 
of the aquifer, little ground-water movement probably occurs. 
The principal movement of water in the Mississippian aquifer 
in Michigan, therefore, is probably largely restricted to periph­
eral areas of the aquifer. 



WELL YIELDS 
In north-central Iowa, where the Mississippian aquifer 

is overlain by either the surficial aquifer system or the Creta­
ceous aquifer, joints and fractures have been enlarged by dis­
solution, and the Mississippian aquifer yields large quantities 
of water to wells; the specific capacity of wells completed in 
this part of the aquifer generally ranges from 1 to 5 gallons 
per minute per foot of drawdown and can be as much as about 
10 gallons per minute per foot of drawdown (fig. 66). [n the 
remainder of the aquifer, the specific capacity generally is 
1 gallon per minute per foot of drawdown or less (fig. 66) . 

Potential well yields from the Mississippian aquifer in the 
north-central and the southeastern parts of the area in Iowa 
where the aquifer forms the bedrock surface are summarized 
in table 4. Yields generally are greatest (about 5-20 gallons 
per minute) from the Gilmore City and the Hampton For­
mations and the North Hill Group in the north-central part of 
the area and are least (about 3-10 gallons per minute) from 
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the Ste. Genevieve, the St. Louis, and the Spergen Limestones 
(table 4) in both parts of the area. 

In Michigan, the Mississippian aquifer is one of the most 
important and productive aquifers in the State . Although much 
of the Mississippian aquifer is confined or semiconfined , 
unconfined conditions occur locally in the area where the aqui­
fer forms the bedrock surface. Transmissivity values reported 
for the aquifer range from 2, 700 to 67 ,000 feet squared per 
day depending primarily on differences in aquifer thickness 
and the size and the number of fractures in the aquifer. The 
aquifer ranges in thickness from a featheredge along the pe­
riphery to about 1 ,000 feet in the center of the Michigan basin 
(fig. 61). The aquifer has much larger transmissivity values 
near its periphery where it is thinner but contains larger and 
more numerous fractures than in the center of the basin. The 
Mississippian aquifer is used only in the southern part of 
the State and in the Saginaw Bay area because elsewhere ei­
ther it contains water that is too salty for use or shallower 
aquifers are available. 

EXPLANATION 

General specific capacity of wells completed 
in Mississippian aquifer, in gallons per 
minute per foot of drawdown 

Less than 1 

About 1 

I to 5, but locally can be as much as I 0 

Insufficient data 

Limit of overlying Cretaceous aquifer 

Limit of overlying Pennsylvanian 
confining unit-Dashed where 
approximately located 

Figure 66. Specific capacity of wells comp leted in the 
Mississipp ian aquifer is greatest where the aquifer forms the 
bedrock surface. 
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Figure 68. Hardness in water from the Mississippian 
aquifer in Iowa is less than 400 milligrams per liter in areas 
where the aquifer forms the bedrock surface, increases lo more 
than 1,200 milligrams per liter downdip, and then decreases 
farther downdip, probably the result of ion exchange. 
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SULFATE CONCENTRATION, 
IN MILLIGRAMS PER LITER 

Figure 69. Sulfate concentrations in water from lhe 
Mississippian aquifer in Iowa are less than 250 milligrams per 
liter where the aquifer forms the bedrock surface and increase 
to 2,000 milligrams per liter or more downdip. Water from the 
aquifer that discharges into the low er Des Moines River conta ins 
large concentra tions of sulfa te, w hich are especially noticeable 
during low-flow periods. 
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Dissolved-solids concentration, 
in miligrams per liter 
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Table 4. Yields of wells completed in the Mississippian aquifer generally are greatest in north-centra /Iowa 
w here lhe aquifer forms the bedrock surface. The gray area represents m issing rocks 

[Modified from Hori ck and Steinhilber, 19731 

Stratigraphic 
Well yields in area where Mississippian 

Period unit 
aquifer forms the bedrock surface 

North-central part of area Southwestern part of area 

Ste. Genevieve 
Limestone General ly yields 3 to 10 gallons per minute and occasiona lly 10 

St. Lou is Lim esto ne 
to 25 gal lons per m inute to domestic well s. Municipal supplies 

Spergen Limesto ne 
of 40 to 50 ga llons per minute have been developed locally. 

-
Wa rsaw Limestone Yields 5 to 15 ga llons per minute to dom estic 

Keokuk Limestone Yields 5 t o 15 ga llons per minute wells; however, suppl ies of o nly 3 gal lons per 
to domest ic well s. Local yields of minute or less may be expected at so me places. 

Burlington 25 to 35 gallo ns per min ute are possible. Municipa l supplies of 20 to 40 gall ons per 
Limestone minute have bee n deve loped. 
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Figure 67. Dissolved-solids concentrations in water from 
lhe Mississippian aquifer in Iowa are less than 500 milligrams 
per liter in only a small part of the north -central and south­
eastern parts of the Stale, principally where lhe aquifer forms 
the bedrock surface. 

GROUND-WATER QUALITY 

In Iowa , water in the Mississippian aquifer meets recom­
mended drinking-water standards for public supply only in 
those areas where the aquifer forms the bedrock surface 
(fig. 67) . Dissolved-solids concentrations range from less than 
500 milligrams per liter to about 5 ,000 milligrams per liter in 
downdip areas. [n areas where the Mississippian aquifer is 
overlain by the Cretaceous aquifer, water in the Mississippian 
aquifer has a dissolved-solids concentration of at least 1,500 
milligrams per liter; hardness concentrations range from less 
than 400 to about 1,200 milligrams per liter (fig. 68) ; and sul­
fate concentrations range from less than 250 to about 2,000 
milligrams per liter (fig. 69). These constituents show a pat­
tern of increasing concentrations downdip except for the iso­
lated case shown in figure 68 where hardness decreases in 
the central part of the downdip area. This decrease might re­
sult from ion exchange where calcium ions are selectively 
removed from the water and replaced by sodium ions , thereby 
decreasing hardness. The ion -exchange phenomenon is char­
acteristic of water that has been in contact with shale or shaly 
rocks, which might be the situation in Iowa. 

Evidence of ground-water discharge from the Missis­
sippian aquifer to the Des Moines River in Iowa is shown in fig­
ure 69. During periods of high flow, the flow of the river is 
largely surface runoff, whereas, during fair-weather or low-flow 
periods, the streamflow is supplied by ground-water discharge. 
The substantial sulfate concentration in the ground-water dis­
charge imparts an increasingly greater sulfate concentra­
tion to the stream water as streamflow decreases and ground 
water comprises a greater percentage of the flow. The graph 
in figure 69 shows sulfate concentration of stream water as 
a function of discharge at five gaging stations. Although the 
data are scattered, there is a definite trend of increasing sul­
fate concentration with decreasing streamflow. 

Water in the Mississippian aquifer in Michigan, principally 
in the southern and the eastern parts of the aquifer where it 
forms the bedrock surface, is typically a mixed ion type with 
dissolved-solids concentrations that range between 200 and 
400 milligrams per liter (fig.70) . In the central part of the 
aquifer, where it is overlain by the Bayport- Michigan confin­
ing unit , the aquifer contains brine with dissolved-solids con­
centrations that range from less than 1,000 to more than 
300 ,000 milligrams per liter (fig. 71). 
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CHEMICAL CONSTITUENTS IN WATER 
FROM VARIOUS FORMATIONS 

Figure 70. Water in the Mississippian aquifer in Michigan 
generally is a mixed ion type where the aquifer forms the 
bedrock surface. 

FRESH GROUND-WATER 
WITHDRAWALS 

Withdrawals of freshwater from the Mississippian aquifer 
during 1985 totaled 67 million gallons per day; 22 million 
gallons per day was withdrawn in Iowa; and 45 million gallons 
per day was withdrawn in Michigan (fig. 72). By far the largest 
use of freshwater in Iowa, 71 .0 percent, was for agricultural 
purposes, primarily stock watering, which totaled 15.6 million 
gallons per day during 1985. In the industrial State of Michi­
gan , 45 percent of the freshwater, or about 20 million gallons 
per day, was used for industrial, mining, and thermoelectric­
power purposes. Public supply was the second principal use 
of freshwater from the Mississippian aquifer in Michigan; 34.2 
percent of the total, or about 15.4 million gallons per day, was 
withdrawn for that purpose. 
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Figure 71. Dissolved-solids concentrations in water from 
the Mississippian aquifer in Michigan typ ically are less than 
1,000 millig rams per liter where the aquifer forms the bedrock 
surface. Dissolved-solids concentrations increase to about 300,000 
milligrams per liter where the aquifer is overlain by the Bayport­
Michigan confining unit. 

Base modified from U.S. 
Geologi ca l Survey; National 
Atlas, 1:7,500,000, 1970 

Modif ied f rom and unpublished ma p 
in the files of the U.S. Geologica l Survey 

Figure 72. Water from the Mississipp ian aquifer in Iowa 
was withdrawn largely for agricultural purposes and in Michigan 
for public supply and industrial and mining purposes. 
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Silurian-
Devonian 
aquifer 

Figure 73. The Silurian­
Devonian aquifer is present in 
much of Iowa. eastern Wiscon­
sin, and parts of Michigan. 
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EXPLANATION 50 100 KILOMETERS Figure 74. The Silurian-Devonian aquifer in Iowa consists 
of dolomite and limestone of several stratigraphic units. 

INTRODUCTION 

The Silurian-Devonian aquifer is present in Iowa, Wiscon­
sin, and Michigan (fig. 73). The aquifer consists mostly of lime­
stone and dolomite in all three States, but locally contains 
interbedded shale and evaporite beds. The Silurian-Devonian 
aquifer underlies all but the northern part of Iowa, or about 90 
percent of the State (fig. 73), and forms the bedrock surface 
in about 20 percent of the State. In Wisconsin, the aquifer 
forms the bedrock surface in about 20 percent of the State 
along its eastern edge adjacent to Lake Michigan (fig. 73). 
Although Silurian and Devonian rocks are present throughout 
the Lower and part of the Upper Peninsula of Michigan, they 
form the bedrock surface only in the southeastern Upper Pen­
insula and the northern and the southeastern parts of the 
Lower Peninsula where they form an aquifer (fig. 73). The 
Silurian-Devonian aquifer generally is overlain by the surficial 
aquifer system where the aquifer forms the bedrock surface; 
in small areas, however, the aquifer crops out at the land sur­
face. 

Where the Silurian-Devonian aquifer is unconfined but is 
overlain by the surficial aquifer system, dissolution has resulted 
in extensive development of karst features, and the aquifer is 
susceptible to contamination from the land surface. Contami­
nated water can either move downward through the overlying 
glacial deposits or enter the Silurian-Devonian aquifer directly 
in outcrop areas. In confined areas, the aquifer is protected 
from contamination by the overlying confining units; where it 
is confined, the aquifer commonly contains saltwater with large 
dissolved-solids concentrations that increase with depth and 
distance downdip. 

HYDROGEOLOGY 

The average thickness of the carbonate rocks that com­
pose most of the Silurian-Devonian aquifer is about 300 to 400 
feet; the aquifer also contains some sandstone, shale, and 
evaporite beds. In Iowa, shale units in the Yellow Spring Group 
(fig. 74) confine the aquifer except where it forms the bed­
rock surface and where shale beds in the Lime Creek For­
mation form a confining unit within the aquifer. In Wisconsin , 
the aquifer consists largely of Silurian rocks and is unconfined 
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Figure 77. The Silurian-Devonian 
aquifer is largely unconfined and forms 
the bedrock surface where it occurs in 
Wisconsin and Michigan but is con­
fined and overlain by younger rocks 
in much of Iowa. 

Silurian-Devonian aquifer-Dashed 
where extent is approximate 

or partially confined by fine-grained sediments in the surficial 
aquifer system or by shale of the Devonian Kenwood Forma­
tion (fig. 75) which occurs only in a small area north of 
Milwaukee and adjacent to Lake ,lv\ichigan. In Michigan, the 
Silurian-Devonian aquifer is unconfined where it forms the bed­
rock surface or is covered by the surficial aquifer system. The 
aquifer is confined as it dips beneath the Ellsworth and the 
Antrim Shales (fig. 76). The Silurian-Devonian aquifer is con­
fined at its base by the Maquoketa confining unit (figs. 74, 75) 
in Iowa and Wisconsin and by equivalent shale and carbon­
ate rocks of the Cataract and the Richmond Groups (fig. 76) 
in Michigan. 

In the carbonate rocks of the Silurian-Devonian aquifer, 
water movement is primarily through secondary openings, 
such as joints, fractures, and bedding-plane openings, many 
of which have been enlarged by dissolution. In areas where the 
aquifer forms the bedrock surface and is overlain by the sur­
ficial aquifer system (fig. 77), especially in northeastern Iowa, 
the northern part of the Lower Peninsula of Michigan, and the 
southeastern part of the Upper Peninsula of Michigan, dissolu­
tion has resulted in extensive areas of karst features, such as 
sinkholes and caves (figs. 78, 79). Dissolution of evaporite 
beds in the Salina Group of Michigan also has caused collapse 
of overlying Silurian and Devonian rocks and has produced the 
Mackinac Breccia (figs. 76, 79) which has increased the per­
meability of the aquifer. In areas where the aquifer is overlain 
by thick confining units (fig. 77), which impede recharge 
to the aquifer, neither the formation of karst features nor the 
dissolution along joints, fractures, and bedding planes have oc­
curred. In these areas, the aquifer tends to have minimal per­
meability. 

The permeability of the Silurian-Devonian aquifer and 
the movement of water through the aquifer are greatest where 
the dissolution of the carbonate rocks is greatest; for example, 
transmissivity values for the aquifer in Iowa decrease from 
about 360,000 feet squared per day in northeastern Iowa, 
where the aquifer forms the bedrock surface and is overlain 
by the surficial aquifer system, to only about I ,200 feet 
squared per day in areas where the aquifer is confined. Well 
yields, which generally range from 100 to 500 gallons per 
minute, therefore, are more dependent on the degree of sec­
ondary porosity developed in the carbonate rocks rather than 
on the thickness of the rocks. 
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Figure 75. The Silurian-Devonian aqu ifer in Wisconsin 
consists of limestone and dolomite. 

The Silurian-Devonian aquifer in Iowa dips southwest­
ward (figs. 80, 81) into the Forest City Basin. The base of the 
aquifer slopes from an elevation of about 1,000 feet above sea 
level in northeastern Iowa to about 1,500 feet below sea level 
in southwestern Iowa. 

The Silurian-Devonian aquifer crops out along the shore­
line of Lake Michigan in eastern Wisconsin, the eastern Upper 
Peninsula of Michigan, and along the shoreline of Lake Erie 
in the extreme southeastern part of the Lower Peninsula of 
Michigan. The aquifer dips and thickens radially into the Michi­
gan Basin ; thicknesses range from 1 to 200 feet at the out­
crop where the rocks characteristically form an escarpment. 
The aquifer is 400 to 500 feet thick at its downdip extent. In 
Wisconsin , the base ofthe aquifer slopes eastward from anal­
titude of about 800 feet above sea level along parts of its west ­
ern margin to slightly below sea level along parts of the shore 
of Lake Michigan. In the Upper Peninsula of Michigan, the base 
of the aquifer is at an altitude of about 800 feet above sea level 
and slopes southward into the Michigan Basin. 

The Silurian part of the aquifer crops out and subcrops 
beneath glacial drift in the southeastern part of the Upper 
Peninsula of Michigan and in a small area of the southeastern 
part of the Lower Peninsula (fig. 77). In the Upper Peninsula, 
the aquifer consists of carbonate rocks of the Niagara , the 
Salina, and the Bass Island Groups (fig. 76); the Niagara 
Group is an important aquifer in areas of outcrop and where 
overlain by drift. Generally, yields of water to wells 50 to 200 
feet deep range up to 50 gallons per minute. 
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Figure 78. Numerous karst features have developed in the 
Silurian-Devonian aquifer where it forms the bedrock surface in 
northeastern Iowa. 
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Figure 76. The Silurian-Devonian aquifer in Michigan 
consists primarily of dolomite and limestone with interbedded 
sandstone, shale, and evaporite beds. The Mackinac Breccia 
resulls {rom collapse o( Devonian rocks after dissolution of 
some of the underly ing Silu rian evaporite beds. 

The lower part of the Silurian section in Michigan, espe­
cially a dolomite unit in the Cataract Group (fig. 76) , is gen­
erally in hydraulic connection with the Ordovician Richmond 
Group carbonate rocks. These rocks comprise a water-bear ing 
zone locally that is confined between a shale in the upper part 
of the Cataract Group and a shale in the Lower Ordovician 
Richmond Group. This zone crops out in the southeastern part 
of the Upper Peninsula . It contains water that is generally highly 
mineralized and usable only in the outcrop area where it is in 
hydraulic connection with the surficial aquifer system. 

Rocks of the Bass Island Group crop out or subcrop be­
neath glacial drift in the extreme southeastern part of the Lower 
Peninsula of Michigan. Yields of water to wells sufficient for do­
mestic purposes can be obtained in subcrop areas. 

Devonian rocks in Michigan consist of limestone and 
dolomite with interbedded shale, chert, and anhydrite stringers. 
The Sylvania Sandstone, which is a fine- to medium-grained 
sandstone, occurs in the lower part of the Detroit River Group. 
This sandstone is an important water-bearing zone in the 
southeastern part of the Lower Peninsula and yields up to 50 
gallons per minute to wells. The Devonian carbonate rocks 
have extensive karst development in their outcrop and subcrop 
areas of the northeastern part of the Lower Peninsula of Michi­
gan and in the subcrop areas of the southeastern part of the 
Lower Peninsula. 
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Figure 79. Extensive 
karst-type solution features 
have developed in the Silur­
ian-Devonian aquifer where 
it forms the bedrock surface 
in the northern part of the 
Lower Peninsula of Michigan 
and in the southeastern part 
of the Upper Peninsula of 
Michigan. 
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Figure 81. In Iowa, the 
base of the Silurian-Devonian 
aquifer and equivalenl rocks 
dip from about 1,000 feet 
above sea Level near the Iowa­
Minnesota border southwest­
ward into the Forest City Basin 
to about 1,500 feet below sea 
level. In Wisconsin, the base 
of the aquifer dips from about 
BOO feet above sea Level east­
ward into the Michigan Basin 
to about sea level at the 
shore of Lake Michigan. 
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HYDROGEOLOGY-Continued 

Water movement in the Silurian-Devonian aquifer in Iowa 
and Wisconsin can be inferred from the potentiometric-surface 
map in figure 82. In Iowa, water moves regionally from the area 
of outcrop southeastward toward the Illinois Basin in south­
central Illinois. Locally, water moves from upland areas of re­
charge along short flow paths to nearby rivers where ground­
water discharge comprises a large part of the streamflow. 
Although information is not available on movement in the 
confined area of the aquifer, the water probably moves slowly 
south and southeastward to be discharged to major rivers in 
Iowa, Missouri, and Illinois. 

Water movement in the Silurian-Devonian aquifer in Wis­
consin (fig. 82) is regionally eastward toward Lake Michigan 
and the Michigan Basin. Locally, water moves along short flow 
paths toward streams where it is discharged. The aquifer is un­
confined or only partially confined in Wisconsin. 

Regional water movement in the Silurian-Devonian aqui ­
fer in Michigan is toward the center of the Michigan Basin . 
Local water movement is along short flow paths toward streams 
and the Straits of Mackinac where the water is discharged. 
Compared to where the aquifer is confined, movement is rela­
tively rapid in the area where the aquifer forms the bedrock 
surface and is unconfined, especially where the permeability 
of the aquifer has been enhanced by the development of karst 
features. 

POTENTIAL WELL YIELDS 

Potential yields of wells with a depth of 100 to 300 feet 
completed in the Silurian-Devonian aquifer in Iowa typically 
range from 1 00 to 500 gallons per minute in the area where 
the aquifer forms the bedrock surface, but only range from 20 
to 50 gallons per minute in other areas. Well yields, therefore, 
are more dependant on the degree of secondary porosity de­
veloped in the carbonate rocks rather than on the thickness 
of the rocks. 

A hydrograph for a 282-foot-deep well in a well field at 
Cedar Rapids , Iowa , in the area where the aquifer forms the 
bedrock surface, shows a water-level decline of only about 
20 feet after the well field had produced about 1.88 million gal­
lons per day from 1940 through 1980 (fig. 83). The hydro­
graph fluctuations indicate that the aquifer is recharged from 
precipitation moving quickly through the overlying surficial 
aquifer system. Conversely, a hydrograph for a 1 ,240-foot-deep 
well in a well field at Dayton, Iowa, in the confined part of the 
aquifer, shows water-level declines of about 65 feet from 1942 
through 1981 after the well field was pumped at a rate of only 
about 75,000 gallons per day (fig. 84) . 
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Figure 80. A generalized block diagram shows that the 
Silurian-Devonian aquifer dips southwestward in Iowa from 
the area where lhe aquifer forms lhe bedrock surface in lhe 
northeast to a reas where it is deeply buried in the southwest. 
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Figure 82. The configura tion of the potentiometric surface 
of the Silurian-Devonian aquifer in Iowa and Wisconsin is irreg­
ular where the aquifer is generally unconfined and discharge is 
to southeastward-flowing streams. The configuration is smoother 
in Iowa where the aquifer is overlain by a confining unit. 
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Figure 83. A hydrograph of a well completed in the 
unconfined part of the Silurian-Devonian aquifer at Cedar 
Rapids shows a slowly declining trend in water level due lo 
ground-water withdrawals. Modified from Horick, 1984 

Figure 84. A hydrograph of a well completed in the 
confined part of the Silurian-Devonian aquifer at Dayton shows 
a relatively steady decline in water level with a lolal hydraulic­
head loss of about 65 feet due to ground-water withdrawals. 
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POTENTIAL WELL YIELDS­
Continued 

In Wisconsin, the Silurian-Devonian aquifer receives re­
charge directly from the overlying surficial aquifer system and 
commonly yields from 1 00 to about 500 gallons per minute 
to wells (fig. 85), depending on the thickness of the aquifer. 

In the southeastern part of the Lower Peninsula of Mich­
igan where the aquifer is unconfined, reported specific­
capacity values ranged from 1 to 9 gallons per minute per foot 
of drawdown, and maximum well yields are as much as 50 gal­
Ions per minute. Throughout most of the Lower Peninsula 
where the aquifer is confined , it contains saltwater, and devel­
opment of the aquifer for water supplies is minimal. In the 
southeastern part of the Upper Peninsula , data for ten 10- to 
349-foot-deep wells completed in the aquifer indicate that the 
specific capacity ranged from 0 .1 to 9 gallons per minute 
per foot of drawdown and that maximum well yields are about 
100 gallons per minute. 
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Figure 85. Probable yields of w ater to w ells in the 
Silurian-Devonian aquifer in Wisconsin can exceed 500 gallons 
per minute along Lake Mich igan where the aquifer is thickest. 
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Figure 87. In southeastern Iowa, the occurrence of evapo­
rite deposits and restricted ground-water circulation combine to 
produce sulfate concentrations of about 4,000 milligrams per liter 
in water in the Silurian-Devonian aquifer. In norlh- cenlral and 
northeastern Iowa, sulfate concentrations generally are less than 
250 milligrams per liler. 
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Figure 89. The Silurian-Devonian aquifer in Michigan 
contains potable water in outcrop areas, but dissolved-solids 
concentrations rise to over 1,000 milligrams per liter near the 
periphery of the overlying confining unit and rapidly increase 
to brine concentrations downgradient. 
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Figure 90. Freshwater withdrawals from the Silurian­
Devonian aquifer were greatest in Iowa and least in Michigan 
during 1985. Principal uses generally varied markedly in the 
three States. 
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Figure 86. In Iowa and eastern Wisconsin where the 
Silu r ian- Devonian aquifer is unconfined, d issolved-solids con­
centrations are generally less than 500 milligrams p er liler. In 
the confined area of Iowa, dissolved-solids concentrations in­
crease markedly downgradient. 

----- Limit of overlying Cretaceous aquifer 
in Iowa 

----- Limit of overlying confining unit in Iowa 

GROUND-WATER QUALITY 

Regionally, the quality of water in the Silurian-Devonian 
aquifer is a function of circulation within the aquifer. In areas 
where the aquifer forms the bedrock surface and is overlain 
by the surficial aquifer system, as in northeastern Iowa and 
Wisconsin, permeability has been enhanced by solution open­
ings, and water circulates readily through the aquifer. The water 
in these areas is a mixed ion type and contains dissolved solids 
in concentrations of less than 500 milligrams per liter, as shown 
in figure 86. In Iowa, water quality deteriorates downdip where 
the aquifer is confined and circulation within the aquifer is 
sluggish, and recharge is primarily from downgradient move­
ment. Dissolved -solids concentrations in Iowa increase to 
about 5,000 milligrams per liter (fig. 86). Sulfate concen­
trations (fig. 87) increase to thousands of milligrams per liter 
in these downdip areas. 

Similar conditions occur in Michigan. In the area where 
the Silurian-Devonian aquifer forms the bedrock surface and 
is overlain by the surficial aquifer system, the water is a mixed 
ion type (fig. 88) with dissolved-solids concentrations in the 
range of 200 to 500 milligrams per liter. Downdip , at, or near 
the contact of overlying rocks , dissolved-solids concentrations 
increase to 1,000 milligrams per liter, as shown in figure 89. 
A short distance farther downdip, the water is a brine ; dis­
solved-solids concentrations in excess of 160,000 milligrams 
per liter have been reported in water from these rocks in the 
center of the Michigan Basin. 
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Figure 88. In Michigan, w here the Silurian- Deuonian aqui· 
fer forms the bedrock surface and is overlain by the surficial 
aquifer sy stem, water is a mixed ion type. 

FRESH GROUND-WATER 
WITHDRAWALS 

Fresh ground-water withdrawals from the Silur ian­
Devonian aquifer in Iowa, Wisconsin, and Michigan totaled 204 
million gallons per day during 1985 (fig. 90). Public supply 
and domestic and commercial uses accounted for 67 percent 
of the total use in the three States, agricultural use (including 
irrigation) accounted for 21 percent, and industrial , mining, 
and thermoelectric -power uses accounted for 12 percent. 



INTRODUCTION 

The upper carbonate aquifer is an important aquifer only 
in southeastern Minnesota and for a short distance into north­
eastern Iowa (fig. 91 ). It lies in the center of the Hollandale 
Embayment, which is a downwarped basin (fig. 92). As the 
name implies , the aquifer consists of carbonate rocks. The 
aquifer overlies an effective confining unit and is overlain and 
confined by the surficial aquifer system, except for a small area 
on the·western edge that is overlain by Cretaceous rocks and 
along the eastern edge where the surficial aquifer system thins 
adjacent to the Driftless Area. 

The upper carbonate aquifer consists of the upper part of 
a shale and carbonate rock sequence that forms the Maquo­
keta confining unit elsewhere in the segment. Fracturing and 
subsequent dissolution of a carbonate facies of the rock has 
produced the very productive upper carbonate aquifer. 
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Figure 91. The upper carbonate aquifer is present in 
extreme southeastern Minnesota and extends a short distance 
into Iowa. 

HYDROGEOLOGY 
The upper carbonate aquifer cor>sists of limestone, dolo­

mite, and dolomitic limestone of the Devonian Cedar Valley 
Limestone and the Ordovician Maquoketa Shale, Dubuque 
Formation, and Galena Dolomite (fig. 93). The aquifer is un­
derlain by shale, dolomitic limestone, and limestone of the 
Decorah Shale, the Platteville Formation, and the Glenwood 
Shale that form an effective confining unit (fig. 93). 

The upper carbonate aquifer ranges in thickness from a 
featheredge along its periphery to about 650 feet in a small 
area in the center of the embayment along the Minnesota-Iowa 
border (fig. 94). The rocks are extensively fractured and 
jointed, and numerous solution -enlarged rock openings, in­
cluding sinkholes, solution cavities, and caves, have made the 
rocks extremely porous, especially in areas where glacial 
deposits are thin or missing. The aquifer extends a short dis-
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Figure 94. The upper carbonate aquifer ranges in thick­
ness from a featheredge at its periphery to about 650 feel in a 
small area along the Minnesota-Iowa border. 
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Figure 95. Dissolved-solids concentrations in water 
from the upper carbonate aquifer generally are less than 
500 milligrams per liter. 

tance into Iowa. In Iowa, however, dissolution has been inhib­
ited, and, therefore, little secondary permeability has devel ­
oped in the rocks. This is because ( 1) the rocks are deeply 
buried, (2) there is a facies change from dolomite to shale in 
the Maquoketa Shale, and (3) the upper part of the Maquoketa 
contains shale units in Iowa that are not present in Minnesota. 
These rocks are not considered to be an aquifer in Iowa, and 
the southern limit of the aquifer has not been defined in the 
literature. 

Regional ground-water flow in the upper carbonate aqui­
fer generally is outward toward the periphery of the aquifer. The 
aquifer is recharged through the overlying surficial aquifer 
system that also acts as a leaky confining unit where it con­
tains large quantities of clay and silt. Water movement is along 
short flow paths toward the many rivers that drain the area 
eastward to the Mississippi River, northwestward toward the 
Minnesota River, and southward into streams flowing into Iowa. 
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Figure 92. A generalized hydrogeologic section shows 
the relation of the upper carbonate aquifer to other aquifer 
systems and aquifers. The upper carbonate aquifer is thickest 
near the center of the Hollandale Embayment. 

Era System 
Stratigraphic Principal 

unit lithology 

Cenozoic Quaternary Glacial and 
Sand and gravel a lluvial deposits 

Carlile Shale Shale 

-------------
Mesozoic Cretaceous Cadell Sandstone Member Sandstone 

Greenhorn Limestone 
Limestone and shale 

Graneros Shale 

Dakota Formation Sandstone 

Devonian Cedar Valley Limestone 

Maquoketa Shale Limestone, dolomite, 
dolomitic limestone, 

Dubuque Formation and shale 
Paleozoic Galena Dolomite 

Ordovician 
Decorah Shale 

Platteville Formation 
Shale, dolomitic limestone, 

and limestone 
Glenwood Shale 

Figure 93. The upper carbonate aquifer consists of the 
Devonian Cedar Valley Limestone and the Ordovician Maquoketa 
Shale, Dubuque Formation, and Galena Dolomite. 

Opper 
carbonate 

aquifer 

Hydrogeologic 
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Surficial aquifer 
system 

Confining unit 

Local aquifer 

Confining unit 

Cretaceous a'luifer 

w~ 
~ 

Confining unit 

Modtfted from Ruhl and Wolf, 1984 

GROUND-WATER QUALITY 

Water in the upper carbonate aquifer is a mixed ion type . 

Table 5. A summary of water-quality analyses 
indicates that water from the upper carbonate aquifer in 
southeastern Minnesota is a mixed-ion type 

Reported dissolved-solids concentrations do not exceed 560 
milligrams per liter (table 5), and generally range from 200 
to 500 milligrams per liter (fig. 95). Values of properties and 
concentrations of constituents, which generally meet those 
recommended for use of the water as a public supply, are 
summarized in table 5 . 

[Modified from Ruhl and Wolf, 1984. Concentrations in milligrams 
per liter unless otherwise specified. <, less than; 

~g/ L, micrograms per liter! 

The karstic nature of the upper carbonate aquifer and the 
thinness or absence of overlying glacial deposits along the 
eastern margin of the aquifer make this part of the aquifer 
susceptible to contamination from the land surface. The poten­
tial for contamination from the land surface in the central and 
the western parts of the aquifer is much less where thick till 
is present. 

FRESH GROUND-WATER 
WITHDRAWALS 

Fresh ground-water withdrawals from the upper carbon­
ate aquifer in southeastern Minnesota totaled 20 million gal­
lons per day during 1985 (fig. 96). Withdrawals for public 
supply, which is the principal use, accounted for about 8.9 
million gallons per day. Withdrawals for agricultural purposes, 
which include irrigation, accounted for about 5.1 million gal­
lons per day, and those for domestic and commercial purposes, 
for about 3.4 million gallons per day; the remaining 2.6 mil­
lion gallons per day was used for industrial, mining, and 
thermoelectric-power purposes. 
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Property 
or 

constituent 

pH (standard units) 
Hardness as CaC03 

Calcium (Ca) 
Magnesium (Mg) 

Sodium (Na) 
Potassium (K) 
Bicarbonate ( HC03 ) 

Sulfate (S0
4

) 

Chloride (CI) 
Fluoride (F) 
Silica (SiO,) 
Dissolved solids 

Nitrate (N03) 

Phosphorus (P) 
Iron (Fe) (!Jg(L) 
Manganese (Mn) {~g/L) 

EXPLANATION 

Range Average 

7.0 to 8.3 
130 to 420 290 
27 to 110 75 
11 to 43 24 

2 to 143 19 
0.6 to 16 2 

225 to 560 341 
<I to 70 24 

.3 to 37 7.1 

.1 to 0.6 0.2 
5.1 to 48 19 

190 to 560 353 

.02 to 2.1 .58 
<.01 to .30 .09 

20 to 5,300 1,500 
<1 to 130 40 

MINNESOTA Use of fresh ground-water withdrawals during 1985, 

20 million gallons 
per day 

in percent 

~ Public supply 

~ Domestic and commercia l 

~ Agricultural 

~ Industrial, mining, and thermoelectric power 

Data from U.S. Geological 
Survey, 1990 

Figure 96. Fresh ground-water withdrawals, principally for 
public supply, from the upper carbonate aquifer in southeastern 
Minnesota totaled 20 million gallons per day during 1985. 
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Cambrian-
Ordovician 
aquifer 
system 

Southeastern 
Geologic Minnesota 

nomenclature Mod ified from Delin 
and Woodw ard, 1984 

Maquoketa Shale 
and 

Galena Dolomite ~ 

Decorah-Platteville-
Glenwood 

Ordovician confining unit 

St. Peter aquifer 

Basal St Peter 
confining unit 

~ 

Prairie du Chien- .!!! 
Jordan aquifer 

·:; 
u 
ro 
c 
-~ 

" St. Lawrence- ·;; 
Franconia 0 

'0 
confining unit 0 

I 

Cambrian c 
Ironton- ro 

Galesville aquifer ~ 
E 

Eau Claire ro 
u 

confining unit 

Mount Simon-
Hinckley aquifer 

Precambrian Crystalline 
rocks 

Iowa 

INTRODUCTION 

The Cambrian-Ordovician aquifer system is a complex 
multiaquifer system with individual aquifers separated by leaky 
confining units. The several aquifers are capped by the Maquo­
keta confining unit, which confines them as an aquifer system. 

Cambrian and Ordovician rocks crop out in each of the 
four States of Segment 9 (fig. 97). In Minnesota, the rocks crop 
out in the southeastern quarter of the State (fig. 97) in the Hql­
Iandale Embayment. The underlying Precambrian sedimentary 
rocks-the Hinckley Sandstone-extend northward to Lake 
Superior (fig. 97) and are hydraulically connected to the Cam­
brian rocks. They are included within the Cambrian-Ordovi­
cian aquifer system in this report (fig. 98) . 

In Iowa, Cambrian and Ordovician rocks are present 
throughout the State except for the extreme northwestern 
corner; they crop out in the northeastern corner of the State 
and along the Mississippi River and are buried beneath Silu­
rian and younger rocks as they dip southwestward into the 
Forest City Basin . 

Figure 97. The Cam­
brian-Ordovician aquifer sys­
tem is presen t in parts o( all 
(our Slates in Segment 9. 

In Wisconsin, Cambrian and Ordovi cian rocks form the 
bedrock surface in the southern two-thirds of the State 
(fig . 97) and underlie Silurian rocks along the eastern edge 
where the section dips eastward into the Michigan Basin. The 
Precambrian Lake Superior Sandstone, which is present in Wis­
consin along the southern shore of Lake Superior, is included 
with the Cambrian-Ordovician aquifer system. 

Cambrian and Ordovician rocks in Michigan are present 
in all but a small area in the central and eastern parts of the 
Upper Peninsula and underlie the entire Lower Peninsula . These 
rocks crop out along the northern periphery of the Michigan 
Basin and dip into the basin where they are covered by Silu­
rian and younger rocks. In the Lower Peninsula, these rocks 
are deeply buried, contain brine, and are known only from 
deep oil test wells. Consequently, the rocks are not considered 
to be an aquifer. 

The Cambrian-Ordovician aquifer system is under stress 
from extensive ground-water withdrawals in southeastern Wis­
consin, much of Iowa, and especially in the Chicago, Ill., area 
in the adjoining Segment 10. In all but the deeply buried parts 
of the aquifer system, the water is chemically suitable for all 
uses. 

Wisconsin Upper Peninsula 
of Michigan Hydrogeologic 

95" 

Principal 
nomenclature Mod ified from Horick 

lithology and Steinhilber, 1973, Modifi ed from 
1978; Ho ri ck 1984 Kammerer, 1983 

Confin ing unit Maquoketa Shale 
confining unit 

Galena Dolomite Galena- Platte-
ville aquifer 

Confining unit Glenwood 
confining unit 

St. Peter aquife r ~ St. Peter aquifer 
I '3 
cc-

"'"' Confining unit ·c c: ~ 

-""' .!!! E'u 
ro·;;: Prairie du Ch ien-

·:; 
uo u 

Jordan aquifer '0 Jordan aquifer "' 0 Q) 
c 
8 
"' '0 St Lawrence- c 

Confining unit Franconia "' CJ) 

confining unit 

Ironton- Ironton-
Galesville aqu ifer Galesv ille aquifer 

L: 
u~ 

Eau Claire _g~ Eau Claire 
confining unit ~g confining unit 

0 
Mount Simon Mount Simon 

aquifer aquifer 

Lake Superior 
Sandstone 

Crystalline 
rocks Crystalline 

rocks 

Modified fr om Western 
Michigan Universi ty, 1981 

Confining unit Sha le and 
dolomite 

Trenton- Dolomite 

Black River 
aquifer Shaly 

dolomite 

Confining unit 
~ 

Sandstone 
·:; 
u 
"' Prairie du Chien c Dolomite 

aquifer "' '<3 and ·;; 
0 sandstone 

Trempealeau '0 

0 aquifer I Do lomite and c 

"' fine-grained 

~ sandsto ne 
E 
"' u Sandstone 

Munising 
aquifer Shaly 

sandstone 

Sandstone 

Jacobsville Sandstone 
Sandstone 

Crystalline Crystall ine 
rocks rocks 

used in this chapter 

~-€.! 
5~ 
i~ Maquoketa 
~ confining unit 

E .. 
ti 
> .. 
~ St. Peter-
:I 

Prairie du Chien- c:r .. 
Jordan aquifer c .. ·a 

·~ 
'E 
0 

St. Lawrence- I c 
Franconia confining unit .. 

:& 
E 

Ironton-Galesville .. 
tJ 

aquifer 

Eau Claire 
confining unit 

Mount Simon 
aquifer 

Jacobsville aquifer 

Crystalline-rock 
aCJuifer 

HYDROGEOLOGIC UNITS 

Cambrian and Ordovician rocks in parts of the four States 
(fig. 97) consist primarily of sandstone in the lower part and 
sandstone and shale interbedded with limestone or dolomite 
in the upper part. Based on differences in the lithology and the 
water-yielding character of the rock units, three principal aqui­
fers, which are separated by confining units , are differentiated 
in the Cambrian and Ordovician section. These aquifers and 
confining units comprise the Cambrian-Ordovician aquifer 
system that is underlain by low-permeability crystalline rocks 
(fig. 98). The Maquoketa confining unit also is considered to 
be part of the Cambrian-Ordovician aquifer system; where this 
confining unit is present (fig. 99) , it overlies and confines the 
entire system as a leaky artesian aquifer system. Each of the 
aquifers crops out at the bedrock surface, with progressively 
older rocks exposed in a generally northerly direction toward 
the Transcontinental Arch and Wisconsin Dome . Where the 

Figure 98. The Cambrian-Ordovician aquifer system 
includes all or part of three separate aquifers in the (our-State 
area. The g ray area represents missing rocks. 

Southeastern Iowa 

Figure 99. The Maquo­
keta confining unit overlies 
permeable rocks of the 
Cambrian- Ordovician aquifer 
system in Iow a, southeastern 
Minnesota, southern and 
eastern Wisconsin, and the 
Upper Pen insula of Michigan. 
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EXPLANATION 

Maquoketa confining unit-Dashed 
where extent is approximate 

Era System 
Minnesota 

M odifi ed from Ruhl Modifi ed fr om Horick and 
and others, 1983 Steinhilber, 1978 

Maquoketa Shale Maquoketa Shale 

Dubuque Formation 
Galena Dolomite Galena Dolomite 

Decorah Shale Decorah Formation 

Platteville Formation 

Glenwood Shale 
Platteville Formation 

St. Peter Sandstone 
St. Peter Sandstone c 

"' ·u ---------------·;; Readstown Member 
0 
'0 

0 c Willow River 
0 Dolomite Member -., 
"' ----- ----------u E 

·s 0 
Prairie du Chien lL 

0 c Root Valley ~ Group -~ 
"' -'= Sandstone Member "- u 

:l 
'0 

·~ -- -------------
"' Oneota Dolomi te ,t 

Member 

c. 
:J 

Jordan Sandstone e 
" 

Jordan Sandstone 
:J 

"' QJ 

'iii 
QJ 

Cambrian StLawrence c. St. Lawrence 
Dolomite E Dolomite QJ 

"' 
Franconia Sandstone Franconia Sandstone 

1Correlatmn uncerta in; part of the M aquoketa conf.n1ng un1t. 
'Considered an aqui fe r in th e Upper Peninsula of Michigan . 

SCALE 1:7,500,000 

EXPLANATION 

Cambrian-Ordovician aquifer system­
Dashed where extent is approximate 

0 50 100 MILES 

0 50 100 KILOMETERS 

aquifers crop out at the bedrock surface, they are hydraulic­
ally connected with the overlying surficial aquifer system. In 
places, fine-grained material in the glacial deposits forms local 
confining beds. 

The Cambrian-Ordovician aquifer system in Wisconsin is 
referred to as the sandstone aquifer (fig. 98). In Iowa, the sys­
tem is separated by a significant confining unit into the upper 
Cambrian- Ordovician aquifer and the lower Dresbach aquifer 
(fig. 98). The Cambrian- Ordovician aquifer system in south­
eastern Minnesota and the Upper Peninsula of Michigan is 
called the Cambrian-Ordovician aquifer. The same hydro­
geologic units or their equivalents comprise the aquifer sys­
tem in Minnesota, Iowa, Wisconsin, and the Upper Peninsula 
of Michigan. 

Hydrogeologic units that comprise the aquifer system are 
(in descending order) the Maquoketa confining unit, the St. 
Peter-Prairie du Chien-Jordan aquifer, the St. Lawrence-Fran­
conia confining unit, the Ironton-Galesville aquifer, the Eau 
Claire confining unit, and the Mount Simon aquifer. 

Wisconsin 
Upper Peninsula 

of Michigan 
Hydrologic unit 

M od ified f ro m Ostrom,1967 Modified from West ern 
Michigan University, 1981 

Maquoketa Shale Richmond Group 

Galena Dolomite 
Trenton Limestone Maquoketa 

Decorah Formation confining unit 

Platteville Formation 
Black River Formation 

Glenwood Formation 

Glenwood Shale ' 

St. Peter Sandstone 

------- ---- -------
Readstown Member 

Willow River 

Q. 
Dolomite 

Q. 
Shakopee 

:l Member :l Dolomite e Shakopee e 
<.:J --- - --- <.:J St. Peter-
c Dolomite c 
-~ New -~ . Prairie du Chien-
-'= -'= Jordan aquifer u Richmond u New Richmond 
:l Sandstone :::l Sandstone '0 '0 
Q) Member 

Q) 

:~ :~ 
~ ~ 
"- "-

Oneota Dolomite Oneota Dolomite 

c. 
:J 

Upper part of Au Train e Jordan Sandstone 
" Formation ;; 
QJ 

'iii 
QJ 

c. St. Lawrence Lower part of Au Train E 
Formation Formation' St. Lawrence-QJ 

"' Franconia 

Miner's Castle 
confining unit 

Franconia Sandstone Sandstone' 

96" 

Figure 100. The Sl. Peter-Prairie du Chien-Jordan aquifer, 
which generally consists of the same formations in each of th e 
Slates, is capped by the Maquoketa confining unit and underla in 
by lhe Sl. Lawrence- Franconia confining unil. The gray area 
represents missing rocks. 
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Modif ied from Young, in press 

EXPLANATION 

St. Peter-Prairie du Chien-Jordan aquifer 

Figure 101. The St. Peter-Prairie du Chien-Jordan aquifer 
underlies much of Iowa, southeastern Minnesota, southwestern, 
southern, and eastern Wisconsin, and part of the Upper Peninsu la 
of Michigan. 

Maquoketa Confining Unit 

The Maquoketa confining unit consists of various geologic 
formations in each of the four States. The entire Maquoketa 
confining unit (fig. 99) generally is present only where over­
lain by Silurian and younger rocks. In those areas, the Maquo­
keta confining unit effectively confines the underlying aquifers 
that consist of Cambrian and Ordovician rocks. Where Silu ­
rian and younger rocks have been removed by erosion, the 
upper shale of the Maquoketa confining unit generally has been 
eroded away, and the underlying dolomite formations form 
the bedrock surface . Although these formations are fractured 
and contain dissolution features, they also partially confine 
the underlying aquifers. In the Upper Peninsula of Michigan, the 
shaly Richmond Group forms a confining unit that is equiva­
lent to the Maquoketa Shale (fig. 100) . 

Although part of the Maquoketa confining unit in the 
subsurface, the Galena Dolomite and the Decorah and the 
Platteville Formations, where they crop out in broad areas of 
Wisconsin and northeastern Iowa, form a local aquifer that 
is primarily used for domestic supply. Equivalent rocks in 

the Upper Peninsula of Michigan comprise the Trenton- Black 
River aquifer, which also is used mostly for domestic supply. 
In southeastern Minnesota and a small part of northeastern 
Iowa, the Maquoketa Shale and the Galena Dolomite, together 
with the overlying Devonian Cedar Valley Limestone (fig. 98) , 
form the upper carbonate aquifer, as discussed above. 

St. Peter-Prairie du Chien­
Jordan Aquifer 

The St. Peter Sandstone, the Prairie du Chien Group, and 
the Jordan Sandstone (fig. 100) comprise the St. Peter-Prairie 
du Chien-Jordan aquifer, which is an important source of water 
primarily in southeastern Minnesota; northern Iowa; south­
western , southern, and eastern Wisconsin; and the Upper Pen ­
insula of Michigan (fig. 101). The three rock units generally 
are hydraulically connected and function as one aquifer. Be­
cause of differences in thickness, grain size, or dissolution of 
the rocks, however, well yields and, therefore, the importance 
of the individual units, are areally variable . 



St. Peter-Prairie du Chien­
Jordan Aquifer-Continued 

The top of the St. Peter Sandstone dips to the southwest 
from about 1 ,000 feet above sea level in Minnesota to more 
than 2,000 feet below sea level in southwestern Iowa (fig. 102). 
It is deeply buried under younger rocks in the southern half of 
Iowa. The St. Peter dips southward in southern Wisconsin to­
ward the Illinois Basin and eastward in eastern Wisconsin into 
the Michigan Basin. 

The St. Peter Sandstone is a fine- to medium-grained, fri­
able, quartzose sandstone (fig. 103) that was deposited by a 
trangressive Ordovician sea. The sandstone was deposited on 
a deeply eroded bedrock surface and is in contact with under­
lying rocks that range in age from Precambrian to Ordovician 
(fig. 104). The most deeply eroded bedrock is in eastern Wis­
consin where the St. Peter Sandstone was deposited on the 
Mount Simon Sandstone. The St. Peter locally rests on Precam-

Figure 103. The St. 
Peter Sandstone is a fine­
to medium-grained, friable, 
quartzose sandstone. 
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Figure 1 05. The thickness of the St. Peter Sandstone 
ranges {rom less than 50 (eel in much of Iowa lo about 400 
feel in an area along the Wisconsin-Illinois border. 

Figure 106. The Prairie 
du Chien Group is an un­
euenly bedded. algal dolomite. 

brian rocks in south-central Wisconsin, but these areas are 
remnant highs on the eroded crystalline-rock surface that 
project upward through the Ironton and Galesville Sandstones, 
Eau Claire Formation, ana Mount Simon Sandstone. The St. 
Peter was deposited on the eroded surface of the Jordan Sand­
stone and the St. Lawrence Formation in part of eastern 
Wisconsin and along the Wisconsin-Illinois border. In the re­
mainder of its extent, the St. Peter lies unconform­
ably on dolomite of the Prairie du Chien Group except for small 
areas where the dolomite might have been removed by ero­
sion . 

The St. Peter Sandstone is present in southeastern Min­
nesota, most of Iowa, and southwestern, southern, and eastern 
Wisconsin (fig. 105). The sandstone is about 330 feet thick 
in the Milwaukee area of eastern Wisconsin and about 400 feet 
thick in the southwestern part of Wisconsin, but generally 
is less than 200 feet thick in the remainder of the State. The 
St. Peter is generally 50 to 100 feet thick in Iowa and part of 
Minnesota (fig. 105). 
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Figure 102. The top of 
the St. Peter Sandstone in the 
western part of Segment 9 
dips to the southwest in Min­
nesota and Iowa, to the south 
in southern Wisconsin, and to 
the east in eastern Wisconsin. 
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Modified from Mai 
and Dott, 1985 

Figure 104. The St. Peter Sandstone was deposited on a 
deeply eroded bedrock surface. Stratigraphic units forming that 
surface range in age from Precambrian to Ordouician. 

The Readstown Member of the St. Peter Sandstone is 
present at the base of the sandstone (fig. 100) in areas where 
the sandstone is thick. The Readstown is a conglomeratic 
shale, siltstone, and silty sandstone that was deposited on the 
sub-St. Peter erosional surface. The Readstown is about 80 feet 
thick in the Minneapolis-St. Paul area of Minnesota and prob­
ably has a similar thickness in southeastern Wisconsin. Be­
cause of its fine-grained texture, the Readstown functions as 
a confining unit locally, and hydraulically separates the St. Peter 
Sandstone from the underlying Prairie du Chien Group, the 
Jordan Sandstone, and older rocks. 

The Prairie du Chien Group consists of upper and lower 
dolomite units with an intervening sandstone unit (fig. 100). 
The dolomite is unevenly bedded, as shown in figure 106. The 
Prairie du Chien Group thins from a maximum of about 500 
feet thick (in Iowa) to a featheredge in northwestern Iowa on 
the western side of the Hollandale Embayment and in an arc 
surrounding the Wisconsin Dome. The group is missing in 
areas where the St. Peter Sandstone is thick in southern and 
eastern Wisconsin (fig. 104). In the Green Bay area, the en­
tire St. Peter-Prairie du Chien-Jordan aquifer thickens eastward 

Figure 1 09. The Jordan 
Sandstone ranges in thickness 
{rom about 20 feet in central 
Iowa to about 140 feet in 
northeastern and east-central 
Iowa. 
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Young, in press EXPLANATION 

EXPLANATION c=J Jordan Sandstone 

c=J Prairie du Chien Group 

--250- Structure contour-Shows altitude 
of top of Prairie du Chien Group. 
Contour intervals 250 and 500 
feet. Datum is sea level 

Figure 107. The top of the Prairie du Chien Group in the 
western part of Segment 9 dips to the southwest in Minnesota, 
most of Iowa, and southwestern Wisconsin and to the east in 
ea.slern Wisconsin. 

-5oo --- Structure contour-Shows altitude of top of Jordan Sandstone. 

D 
u 

Contour interval 500 feet. Datum is sea level. 
Dashed where approximately located. 

Fault-Dashed where approximately located. U, upthrown side, 
D, downthrown side 

Figure 108. The top of the Jordan Sandstone dips south­
westward from about 1,000 feel aboue sea leuel in southeastern 
Minnesota to about 1,500 feel below sea leuel in southwestern 
Iowa. 
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EXPLANATION 

Stratigraphic units comprising eroded bedrock 
on which St. Peter Sandstone was deposited 

Ordovician 

Prairie du Chien Group 

Cambrian 

Jordan Standstone and St. Lawrence Formation 

Ironton Sandstone, Galesville Sandstone, Eau Claire 
Formation, and Mount Simon Sandstone 

Precambrian rocks 

Updip limit of St. Peter Sandstone-Dashed where 
approximately located 

from a featheredge to about 250 feet. The Prairie du Chien 
Group is present in much of the Upper Peninsula of Michigan. 

Ti'e top of the Prairie du Chien Group dips southwestward 
from about 1 ,000 feet above sea level in southeasternmost 
Minnesota to about 1,500 feet below sea level in southwestern 
Iowa (fig. 1 07). The group dips eastward and southward into 
the Michigan Basin on the eastern edge of Wisconsin (fig. 1 07) 
and in the Upper Peninsula of Michigan. 

The Jordan Sandstone is a well sorted, fine- to coarse­
grained, quartzose sandstone. The top of the Jordan dips 
southward and southwestward from about 1,000 feet above sea 
level in southeastern Minnesota to about 2,000 feet below sea 
level in southwestern Iowa (fig. 108). The Jordan ranges from 
about 60 to 140 feet in thickness in Minnesota and northeast­
ern Iowa; in southwestern Iowa, it is about 20 to 60 feet thick, 
as shown in figure 109. In western Wisconsin, the Jordan is 
as much as 80 feet thick, but it is only about 30 feet thick 
around the flanks of the Wisconsin Dome. The Jordan Sand­
stone is equivalent to the upper part of the Au Train Forma­
tion, which is also a sandstone, in the Upper Peninsula of Michi­
gan (fig. 100). 
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St. Lawrence-Franconia 
Confining Unit 

The St. Lawrence-Franconia confining unit consists of the 
St. Lawrence Dolomite, which is a dolomitic siltstone and do­
lomite, and the underlying Franconia Sandstone, which is 
a fine-grained, glauconitic and dolomitic sandstone. The 
St. Lawrence-Franconia is an effective confining unit in south­
eastern Minnesota, much of Iowa, and southern and east­
ern Wisconsin. The St. Lawrence Dolomite is equivalent ~o 
the lower part of the Au Train Formation in the western part 
of the Upper Peninsula of Michigan (fig. 110). The lower part 
of the Au Train is a sandstone that becomes progressively 
more permeable eastward as cementation decreases. The 
equivalent of the Franconia Sandstone in the Upper Peninsula 
of Michigan is the Miner's Castle Sandstone of the Munising 
Group (fig. 110), which is an aquifer. 

Ironton-Galesville Aquifer 
The Ironton and the Galesville Sandstones comprise the 

Ironton-Galesville aquifer. These formations are predominantly 
medium- to coarse-grained sandstone and have a combined 
thickness that ranges from 50 to 150 feet. They form the bed­
rock surface in a broad arc around the Wisconsin Dome and 
dip beneath younger rocks eastward into the Michigan Basin, 
southward into Illinois, and southwestward into Minnesota and 
Iowa, as shown in figure 1 1 1. The aquifer is confined above 

Southeastern Iowa Wisconsin Minnesota 
Era System 

Modified from Modified from Cagle Modified from 
Woodward, 1986 and Heintz, 1978 Ostrom, 1967 

St. Lawrence St. Lawrence St. Lawrence 

by the St. Lawrence-Franconia confining unit and below by the 
Eau Claire confining unit (fig. 110). The sandstones that com­
prise the Ironton-Galesville aquifer subcrop beneath glacial 
deposits and crop out in stream valleys in central Wisconsin 
and on the periphery of the Hollandale Embayment of Minne­
sota but are present at depths of 1,000 feet or more in the 
center of the embayment (fig. 112). In Iowa, the sandstones 
of the Ironton-Galesville aquifer grade westward into carbon­
ate rocks. As the carbonate content increases, permeability de­
creases. The sandstones comprising the Ironton-Galesville 
aquifer are deeply buried and contain saltwater in all but the 
northeastern and the eastern parts of Iowa. In the Upper Pen­
insula of Michigan, the upper part of the Chapel Rock Sand­
stone is equivalent to the Ironton and the Galesville Sandstones 
(fig. 110). The Chapel Rock Sandstone is part of the Munising 
Group. 

Eau Claire Confining Unit 
The Eau Claire confining unit consists of silty and shaly, 

fine-grained sandstone that forms an effective confining unit 
in southeastern Minnesota, throughout Iowa, and in western, 
southern, and eastern Wisconsin. The confining unit is not 
present in the Upper Peninsula of Michigan, where equivalent 
rocks are part of the Chapel Rock Sandstone (fig. 110), which 
is an aquifer. The Eau Claire confining unit underlies the 
Ironton-Galesville aquifer and hydraulically separates it from 
the underlying Mount Simon aquifer. 
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Modified from Western 
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Lower part of 

Figure 111. The top of 
lhe Jronlon-Galesuille aquifer 
dips eastward and southwest· 
ward from the Wisconsin 
Dome. 
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Claire confining unil below. 
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confining unit to the more permeable overlying Mount Simon aquifer. 

Figure 113. The Mount Simon aquifer in Minnesota is 
confined aboue by lhe Eau Claire confining unit and below 
by the Fond du Lac Formation and crystalline rocks. The gray 
area represents missing rocks. 
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Figure 112. A general-
ized section across the Hoi-
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Mount Simon Aquifer 
The Mount Simon aquifer, which is the lowermost aquifer 

of the Cambrian-Ordovician aquifer system, consists of the 
coarse - to fine -grained Mount Simon Sandstone and the per­
meable Hinckley Sandstone in Minnesota and the Bayfield 
Group in Wisconsin. The aquifer is extensively used in the 
southeastern quarter of Minnesota. In Iowa, the Mount Simon 
aquifer, the Eau Claire confining unit, and the Ironton­
Galesville aquifer comprise the Dresbach aquifer, which con ­
tains saltwater in all but the extreme eastern part of the State 
and is not extensively used. In Wisconsin, the Mount Simon 
aquifer underlies the southern two-thirds of the State and has 
the broadest distribution of any of the aquifers in the Cam­
brian-Ordovician aquifer system. Wells penetrating the Mount 
Simon aquifer in Wisconsin generally are open to overlying 
Cambrian-Ordovician aquifers. These aquifers are collectively 
called the sandstone aquifer. In the Upper Peninsula of Michi-
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Figure 115. The Mount Simon aquifer ranges in thickn ess 
fi'om a featheredge in northern Wisconsin to about 7,500 feel 
in the southeastern part o( the Slate and generally is 7 00 to 500 
feet thick in most places in Iowa and Minnesota. 

gan, the lower part of the Chapel Rock Sandstone is equiva­
lent to the Mount Simon aquifer (fig. 113) . 

Structure contours representing the top of the Mount 
Simon aquifer are shown in figure 114. The top of the aquifer 
slopes southward and southwestward from southeastern Min­
nesota and western Wisconsin where it is 1, 000 feet or more 
above sea level to southwestern Iowa where it is about 2,500 
feet below sea level. From eastern Wisconsin, the aquifer slopes 
eastward into the Michigan Basin and southward into the Illi­
nois Basin (fig. 114). 

The Mount Simon aquifer ranges in thickness from a 
featheredge along its northern periphery to about 1 ,500 feet 
in southeastern Wisconsin, as shown in figure 115. The aqui­
fer increases in thickness toward the Michigan and Illinois 
Basins. The aquifer generally is 100 to 250 feet thick in the 
principal area of use in Minnesota and Wisconsin. The aquifer 
is confined above by the Eau Claire confining unit and over­
lies less-permeable rocks of Precambrian age (fig. 113). 
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GROUND-WATER FLOW 

Ground-water flow in the St. Peter-Prairie du Chien-Jordan 
aquifer is part of the regional flow in the Cambrian-Ordovician 
aquifer system, which is a leaky artesian system. Although 
individual aquifers in the system are separated by confining 
units that may be much less permeable than the aquifers , 
some water moves vertically through these confining units. 
Hydraulic heads in the individual aquifers of the Cambrian­
Ordovician aquifer system generally are at successively lower 
altitudes, which indicates that water moves vertically downward 
into the aquifer system in most areas. 

In Iowa, southeastern Minnesota, and southwestern 
Wisconsin, the regional direction of ground-water flow in the 
St. Peter-Prairie du Chien-Jordan aquifer is southeastward to­
ward the Illinois Basin in south-central Illinois (fig. 116). In 
eastern Wisconsin, the flow is eastward toward Lake Michigan. 
Water also moves toward centers of pumping, such as Green 
Bay and Milwaukee, Wis. , and Minneapolis- St. Paul, Minn., and 
toward regional discharge areas, such as the Mississippi, the 
Wisconsin, and the Rock Rivers (fig. 116). 

Ground-water flow in the St. Peter- Prairie du Chien-Jordan 
aquifer, as in all the aquifers in the Cambrian-Ordovician aqui -

Figure 117. Water 
moves downwatd through 
glacial deposits and the ver­
tically stacked aquifers and 
leaky confining units, and 
then horizontally toward 
major drainages where it 
is discharged. 
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fer system, is downward in interstream areas where the aqui­
fer crops out or is thinly confined; for example, in Minnesota, 
some of the water from precipitation moves downward into 
the surficial aquifer system and then moves down the vertical 
hydraulic gradient to recharge the upper carbonate aquifer, 
as shown in figure 117. In the upper carbonate aquifer, some 
of the water moves laterally along a horizontal gradient to 
local streams where it moves upward and is discharged to the 
streams. However, some of the water continues to percolate 
downward through successively deeper confining units and 
aquifers. Water that reaches each aquifer moves laterally, gen­
erally long distances (especially in the lower aquifers), and 
eventually discharges upward to regional drains, such as the 
Mississippi River (fig. 117). 

Water in the St. Peter-Prairie du Chien-Jordan aquifer, as 
in all the aquifers of the Cambrian-Ordovician aquifer system, 
generally is under artesian (confined) conditions. In southeast­
ern Minnesota and northeastern Iowa, however, in the deeply 
entrenched drainage system of the Mississippi River, where 
glacial deposits are thin or missing, the aquifer crops out and 
contains water under water-table (unconfined) conditions . The 
potentiometric surface of the St. Peter-Prairie du Chien-Jor­
dan aquifer in that area indicates ground water moves toward 
and discharges to local streams. 
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in the aquifer moves toward centers of pumping at Minneapolis­
St. Paul, Minn., Green Bay and Milwaukee, Wis., and towards 
major drains including the Mississippi, Minnesota, Wisconsin, 
and Rock Rivers. 

------ Limit of St. Peter-Prairie du Chien-Jordan aquifer­
Dashed where approximately located 

.... Direction of ground-water movement 

Transmissivity values for the St. Peter-Prairie du Chien­
Jordan aquifer, based on aquifer-test results and estimates from 
specific-capacity data , are variable, as shown in table 6. The 
maximum transmissivity and hydraulic-conductivity values 
for the aquifer are in the Minneapolis-St. Paul area and in 
southeastern Minnesota, eastern Iowa, and extreme south­
western Wisconsin, primarily due to the larger hydraulic-con­
ductivity values of the Prairie du Chien Group and Jordan 
Sandstone. Generalized ranges of transmissivity values for the 
St. Peter-Prairie du Chien-Jordan aquifer in Iowa are shown in 
figure 118. Values decrease from about 3,000 feet squared per 
day in the southeast to about 500 feet squared per day in 
the west. This pattern coincides with increased cementation 
of the sandstone and greater depth of burial of the aquifer to 
the southwest. 

Hydrographs of water levels in wells completed in the 
St. Peter-Prairie du Chien-Jordan aquifer in the Minneapolis­
St. Paul area and in southwestern Minnesota are shown in fig­
ure 119 and illustrate fluctuations of ground -water levels 

largely in response to withdrawals. Hydrographs in figures 
119A and 1198 represent water levels in southeastern Min­
nesota where the aquifer is deeply buried and where withdraw­
als are moderate. Under these conditions, water levels decline 
and recover as much as 7 to 12 feet seasonally due to larger 
water demands during the summer months than during the 
winter months. The overall trend of the hydrographs, however, 
is downward , indicating that recharge is not adequate to re­
place the water withdrawn. 

Three hydrographs of wells completed in the St. Peter­
Prairie du Chien-Jordan aquifer (figs. 119C-E) near Minne­
apolis-St. Paul, where the aquifer transmissivities are high, 
show drawdowns of as much as 100 feet in response to large 
withdrawals during the summer. Water levels in each of the 
wells, however, recover completely during the winter when 
withdrawals are reduced. The overall trend of seasonal high 
water levels is level or upward. Recharge in this area is, there­
fore, equal to or greater than withdrawal. 
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Figure 118. Transmissivity of the St. Peter­
Prairie du Chien-Jordan aquifer generally 
decreases from east to west across Iowa as the 
aquifer becomes more deeply buried and the 
rocks more cemented. 

Table 6. The transmissivity o( the St. Peter-Prairie du Ch ien-Jordan aquifer ranges from less than 100 to 33,000 
feet squared per day based on aquifer and specific-capacity tests 

Well 
or 

site location 

Southeastern Minn. 

Minneapo lis-St. Paul area, 
Minn. 

Dousman, village well 2, 
Waukesha County, Wis. 

Fond du Lac, city test 
wells, Fond du Lac 
County, Wis. 

Greenfield High School, 
Milwaukee County, Wis. 

Minneapolis-St. Paul area, 
Minn. 

Number 
of 

tests 

1 
10 

1 
3 
1 

1 

3 

(Modified from Young, in press. -, no data available] 

Geologic unit 
(nomenclature of 

this report) 

St. Peter Sandstone 

ditto 
ditto 

ditto 

ditto 
ditto 
ditto 

ditto 

Transmissivity, T 
(feet squared 

per day) 

300-4,900 

5 ,000 

350 

500 
180-420 
42-90 

760 

6 ,300 

Horizontal 
hydraulic con­

ductivity, K 
(feet per day) 

3.3-33 

0.16-26.9 

3.6 

3.5 
3.6-5.2 
.93-1.4 

3.7 

Storage 
coefficient, S 

(dimensionless) 

1.0x1 Q-'-1.0 x1 Q-3 

1.1 x 1Q-5 

~ 106 Dodge County 
I 90 Bimonthly measured water levels 

Prairie du Chien 
Group 

w' 107 
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Maximum water~level change: 
approximately 7 feet b:: 100 L__L __ .L__...J_ __ ..J....~L__L __ L.___I. __ ..J.__J __ ...J West St. Paul recharge 

test , Dakota County, 
Minn. 
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Figure 119. In southeastern Minnesota, where the St. 
Peter-Prairie du Chien-Jordan aquifer is more effectively confined 
and has moderate transmissivity, ground-water withdrawals 
cause a sustained lowering of water levels. In the Minneapolis­
St. Paul area, where the aquifer is less effectively confined and 
has substantial transmissivity, water levels that are drawn down 
during the summer fully recover after withdrawals cease. 
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Geological Survey test 
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Southeastern Minn. 
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Minn. 

Iowa 

Mason City, city well 14 , 
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Iowa 
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County, Iowa 

12 
3 

11 
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Jordan Sandstone 
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St. Peter Sandstone, 
Prairie du Chien 
Group 
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ditto 
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4 ,900 

1 ,900-10,700 
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1,300 
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5,000-26,500 

500-5,000 

4 ,500 

5,100 

26 

4.6-166 

8.0 

6.8 

5.3 - 67 

4.9 x 1 Q-5-1.2x1 0'"' 

l.O x I Q-6- J.QxJ Q-3 

4.8 x 1 Q-5-6.5 x l 0'"' 

J25 



Principal recharge area 
Approximately 10 billion 

gallons per year 

Vertical-leakage gain 
Approximately 6 billion 

gallons per year 

Withdrawals by wells 
Approximately 17 billion 

gallons per year 
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Figure 120. In Iowa, there is a net Loss of 5.5 billion 
gallons of water per year (rom storage in the St. Peter-Prairie du 
Chien-Jordan aquifer when recharge to and discharge from the 
aquifer are totaled. 

GROUND-WATER FLOW-Continued 

Estimates of the principal inflow and outflow of water 
to the St. Peter-Prairie du Chien-Jordan aquifer in Iowa are 
shown in figure 120. The main area of recharge is in north­
central Iowa and south-central Minnesota where the aquifer is 
at a shallow depth and recharge is from precipitation. Recharge 
also occurs throughout the State as downward leakage from 
overlying aquifers and confining units. These two sources of 
recharge equal an estimated 16 billion gallons per year. Aqui­
fer discharge is by two principal means; downgradient move­
ment and withdrawal by wells. The sum of these two methods 
of discharge from the St. Peter-Prairie du Chien-Jordan aqui­
fer is estimated to be 21.5 billion gallons per year. Compar­
ison of recharge to and discharge from the aquifer indicates 
a deficit of 5.5 billion gallons per year, which is balanced 
by a decrease in the volume of water stored in the aquifer. The 
decrease is reflected by a decline in water levels. Water-level 
declines in the aquifer from prepumping water levels (dating 
back to 1896) through 1975 are shown in figures 121-123. 

A map of the potentiometric surface of the St. Peter­
Prairie du Chien-Jordan aquifer in Iowa prior to any substan­
tial withdrawals from the aquifer is shown in figure 121. The 
potentiometric surface of the aquifer in 1974-75 is shown in 
figure 122. The regional water-level decline, or the difference 
between these two potentiometric surfaces, is mapped in fig­
ure 123. Water-level declines of about 150 feet occurred 
throughout a substantial part of the aquifer in Iowa in the 78 
to 79 years of ground-water withdrawals. Water-level declines 
of 50 feet or more from predevelopment levels have occurred 
in an estimated 75 percent of the area of the aquifer. 
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Figure 126. A computer-generated potentiometric surface 
of the Ironton-Galesville aquifer in 7980 indicates ground-water 
[low was to the Mississippi, the Minnesota, and the Wisconsin 
Rivers in Minnesota and western Wisconsin , and to pumping 
centers in eastern Iowa, eastern Wisconsin, and northern Illinois. 
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Figure 121. The predevelopment potentiometric surface 
of the St. Peter-Prairie du Chien-Jordan aquifer in Iowa, which 
dates back to 7896, shows that water moved generally south­
eastward under natural conditions. 

Figure 122. The 1974- 75 potentiometric surface of the 
St. Peter-Prairie du Chien-Jordan aquifer in Iowa shows the 
effects of pumping centers. Overall movement, howeuer, re­
mained generally to the southeast. 
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Figure 123. A decline of the potentiometric surface of the 
St. Peter-Prairie du Chien-Jordan aquifer in Iowa has occurred 
Statewide. Since the first wells drilled to the St. Peter-Prairie 
du Chien-Jordan aquifer began withdrawing water, the potentio­
metric surface in Iowa has declined about 50 to 150 feet region­
ally and as much as 7 75 to 200 feet at the major pumping 
centers. 
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Hydrographs of both short and long duration of water lev­
els in wells completed in the St. Peter-Prairie du Chien-Jordan 
aquifer in Iowa are shown in figure 124. Each shows a declin­
ing trend in water levels, and the longest-term hydrograph (for 
the well at Ottumwa, fig. 124) indicates a steady decline that 
totals about 130 feet. The rapid rise of water levels following 
a decrease in withdrawals is indicated by each of the hydro­
graphs. 

One of the most dramatic effects of ground-water with­
drawals known in the United States is illustrated in figure 125. 
Industrial withdrawals in Milwaukee, Wis., and Chicago, Ill., 
from the composite Cambrian-Ordovician aquifer system {in­
cluding the St. Peter-Prairie du Chien-Jordan, the Ironton­
Galesville, and the Mount Simon aquifers) have drawn down 
water levels about 375 feet in Milwaukee and about 800 feet 
in Chicago during the 1 17-year period, 1864-1980. Water 
movement in the aquifers has been changed from the natural 
flow direction (eastward to Lake Michigan) to radial flow to­
ward the centers of withdrawals in each city. A ground-water 
divide from which water flows northward to Milwaukee and 
southward to Chicago is present just south of Milwaukee 
(fig. 125). 

The direction of ground-water flow in the Ironton­
Galesville aquifer is shown by a computer-generated map of 
the potentiometric surface of the aquifer in 1980 (fig. 126). 
Regional flow in this aquifer, as in the other aquifers in the 
Cambrian-Ordovician aquifer system, is toward the Mississippi , 
Minnesota, and Wisconsin Rivers in southeastern Minnesota 
and western Wisconsin and southeastward in eastern Iowa 
toward the Illinois Basin. In eastern Wisconsin and northern 
Illinois , however, the potentiometric surface is dominated by 
the effects of ground-water withdrawals at Chicago, Ill., Milwau­
kee and Green Bay, Wis., and Clinton, Iowa. A deep cone of 
depression in the potentiometric surface at Chicago has coa­
lesced with shallower cones at Milwaukee and Clinton. Flow in 
the Ironton-Galesville aquifer is toward the cone from all di­
rections. Originally, flow was eastward toward Lake Michigan 
in eastern Wisconsin and southward toward the Illinois Basin 
in southern Wisconsin and northern Illinois. 

Figure 125. Ground­
water withdrawals in the 
Milwaukee- Chicago area have 
drawn down water levels in 
the Cambrian-Ordovician 
aquifer system by more than 
BOO feet during the 117-year 
period, 7864-1980. 
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Hydrograph of an abandoned well completed in the St. Peter­
Prairie du Chien-Jordan aquifer at Le Claire in Scott County show­
ing annual fluctuations of the potentiometric surface caused by 
withdrawals from industrial wells in the Davenport area, Note 
that the subsequent recoveries during the winter were not as 
high as the water levels during the spring of the year. This 
indicates that withdrawals from the aquifer exceeded recharge 
to the aquifer and that water was being removed from storage in 
the aquifer. 

Ottumwa 
John Morrell and Co. well 

1900 1910 1920 1930 1940 1950 

Withdraway 
stopped 

1960 1970 1980 

Hydrograph of an industrial well completed in the St. Peter­
Prairie du Chien-Jordan aquifer at Ottumwa in Wapello County 
showing a continual decline in water level resulting from 
industrial withdrawals until 1973 when withdrawals stopped, 
resulting in a marked, abrupt rise in water level. 

Mason City 
American Crystal Sugar Co. well 

1900 1910 1920 1930 1940 1950 1960 1970 1980 

Hydrograph of an industrial well completed in the St Peter­
Prairie du Chien-Jordan aquifer at Mason City in Cerro Gordo 
County showing the effects of industrial and municipal with­
drawals on water levels. The marked, abrupt rise in water level 
during 1975-76 was attributed to the discontinuing of with­
drawals from the aquifer by a major industrial user. 

Modified from Horick. and Steinhilber, 1978 

Figure 124. Water levels in the St. Peter-Prairie du 
Chien-Jordan aquifer show a long-term declining trend at Le 
Claire, Ottumwa, and Mason City, Iowa, caused by industrial 
withdrawals. Note the marked, abrupt rise in water level in 
the 7 9705 as a result of the decrease in withdrawals. 
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Water-level decline in Cambrian­
Ordovician aquifer system, 
in feet 

Less than 1 00 

100 to 300 

300 to 500 

500 to 700 

Greater than 700 

Base modified from U.S. 
Geological Survey; National 
Atlas, 1:2,000,000, 1970 

Modified from Young, 
in press 
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Table 7. Transmissivity values from several Cambrian-Ordovi­
cian aquifers determined by packer tests in a test well in northern 
Illinois indicate that the Ironton- Galesville aquifer has the highest 
transmissivity 

[Modified from Nicholas and others, 1987] 

Hydrogeologic unit 

St. Peter-Prairie du 
Chien- Jordan 
aquifer 

Ironton-Galesville 
aquifer 

Upper part of the 
Mount Simon 
aquifer 

Figure 127. A computer­
generated potentiometric sur­
face of the Mount Simon aqui­
fer for 1980 indicates ground­
water movement was to the 
Mississippi and Wisconsin 
Rivers in Minnesota and west­
ern Wisconsin and to pumping 
centers in eastern Wisconsin, 
eastern Iowa, and northern 
Illinois. 

Packed interval 
(feet below 

land surface) 

909-1 ,046 

1,143-1 ,252 

1 ,372- 1,932 

95° 

Transmissivity Hydraulic 
(feet squared conductivity 

per day) (feet per day) 

250 1.8 

1,100 10 

840 1.5 

ST LOJIS 

EXPLANATION 

Table 8. A comparison of water-level altitudes in several 
Cambrian-Ordovician aquifers penetrated by a lest well in the area 
of the Milwaukee-Chicago cone of depression indicates that the 
Ironton-Galesville aquifer has the lowest water level of the several 
aquifers 

[Modified from Nicholas and others, 1987] 

Hydrogeologic unit 

St. Peter-Prairie du Chien­
Jordan aquifer 

Ironton-Galesville aquifer 

Upper part of the Mount 
Simon aquifer 

Lower part of the Mount 
Simon aquifer 

1981 

Dec. 9 

373.38 

369.03 

376.39 

424.04 

0 

Water-level altitude 
(feet above sea level) 

1982 

Feb. 5 Oct. 22 

371.37 368.06 

367.50 364.54 

373.77 371.37 

425.04 422.25 

SCALE 1 :5,000,000 

50 100 MILES 

50 100 KILOMETERS 
--100- Potentiometric contour-Shows approximate altitude at which 

water level in Mt. Simon aquifer would have stood in tightly 
cased wells in 1980 as determined by computer simulation. 
Hachures indicate depression. Contour intervals 50 and 

Figure 128. Dissolved­
solids concentrations in water 
{rom the St. Peter-Prairie du 
Chien-Jordan aquifer generally 
are less than 500 milligrams 
per liter in outcrop areas, but 
concentrations exceed 1,000 
milligrams per liter downdip 
where the aquifer is deeply 
buried. 
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Dissolved-solids concentration in water from 
St. Peter-Prairie du Chien-Jordan aquifer, 
in milligrams per liter 

500 

1000 

1500 

2000 

C:=J Aquifer absent 

- - 500--- Line of equal dissolved-solids concentration­
Dashed where approximately located. 
Interval, in milligrams per liter, is variable 

SCALE 1 :5,000,000 

50 100 MILES 

50 100 KILOMETERS 

GROUND-WATER FLOW-Continued 

The Ironton-Galesville aquifer is confined where it is over­
lain by the St. Lawrence-Franconia confining unit in southeast­
ern Minnesota, much of Iowa, and eastern Wisconsin (fig. 
126). The aquifer is unconfined to partially confined in ex­
treme northeastern Iowa and in much of Wisconsin on the 
periphery of the Wisconsin Dome and the Hollandale 
Embayment. Throughout its area of occurrence, the aquifer is 
confined below by the Eau Claire confining unit . 

Transmissivity values calculated from aquifer tests in 14 
wells completed in the Ironton-Galesville aquifer ranged from 
200 to 3,000 feet squared per day with a median value of 
1,100 feet squared per day. Hydraulic conductivity of the 
Ironton-Galesville aquifer, as determined from packer tests in 
16 wells (including the 14 wells used to calculate transmis­
sivity), ranged from 1. 0 to 31 feet per day, with a median value 
of 8.4 feet per day. 

Packer tests were conducted in a deep test well located 
in extreme northeastern Illinois about halfway between centers 
of withdrawal in the Chicago-Milwaukee cone of depression. 
The well penetrated the St. Peter-Prairie du Chien- Jordan 
aquifer (only the St. Peter Sandstone is present), the Ironton­
Galesville aquifer, and the Mount Simon aquifer (which is split 
into two separate parts by a confining unit in that area). Hy­
draulic properties of the aquifers, as determined from the 
packer tests, are summarized in table 7. Static water levels 
in the several aquifers are presented in table 8. The Ironton­
Galesville aquifer has a transmissivity of 1,100 feet squared 
per day compared to a transmissivity of only 250 and 840 feet 
squared per day (table 7) for the other two aquifers, and a 
hydraulic conductivity of 10 feet per day compared to a hy­
draulic conductivity of only 1.8 and 1.5 feet per day (table 7) 
for the other two aquifers. The water level in the Ironton­
Galesville aquifer also was consistently the lowest of the three 
aquifers (table 8). Thus, the Ironton-Galesville aquifer is ap­
parently the largest contributor to wells in the Milwaukee­
Chicago cone of depression, and water from overlying and 
underlying aquifers flows vertically into the Ironton-Galesville 
in response to withdrawal. Historical water-level declines due 
to large withdrawals from the Cambrian-Ordovician aquifer 
system have been about 800 feet without lowering the compos­
ite hydraulic head of the aquifer system to the top of the Iron­
ton-Galesville aquifer. 

A computer-generated map of the 1980 potentiomet­
ric surface of the Mount Simon aquifer is shown in figure 127. 
The configuration of the potentiometric surface is similar to 
that of the Ironton-Galesville aquifer (fig. 126) and indicates 
that ground-water flow in the Mount Simon aquifer is toward 
the major drains, the Illinois Basin, and cones of depression 
created by large withdrawals at Milwaukee and Green Bay, Wis., 
Clinton, Iowa, and Chicago, Ill. Major discharge areas for the 
Mount Simon aquifer are along the principal rivers in the north­
ern part of the area where depth to the aquifer is at a mini­
mum (fig. 127). Water enters the aquifer at recharge areas at 
or near the outcrop of the aquifer and moves toward the Mis­
sissippi River and its tributaries, the Minnesota, St. Croix, 
Wisconsin, and Rock Rivers, where it is discharged. In Iowa, 
where the aquifer is deeply buried, flow is generally south 
toward the Missouri River in Missouri and southeastward toward 
the Illinois Basin. In eastern Wisconsin, flow is generally toward 
cones of depression at Milwaukee and Green Bay. 

Hydraulic-property data for the Mount Simon aquifer are 
available from Minnesota, Iowa, and Wisconsin. Representative 
values of transmissivity and hydraulic conductivity that were 
calculated from aquifer or packer tests are listed in table 9. 
Transmissivity values ranged from 270 to 9,400 feet squared 
per day; the median value was about 1,650 feet squared per 
day. Hydraulic-conductivity values ranged from 0.38 to 9.2 feet 
per day; the median was 4.8 feet per day. 

Table 9. Transmissivity values (or the Mount Simon aquifer at 6 
sites in Segment 9 ranged from 270 to 9,400 feet squared per day 

[Modified from Young, in press. -, no data available] 

Site location 

Southwestern Minn. 

Minneapolis-St Paul 
area, Minn. 

Jackson County, Iowa 

Vernon County, Wis . 

Waukesha County, Wis. 

Kenosha County, Wis. 

Transmissivity (feet 
squared per day) 

270-9,400 

1 ,600-3,100 

350 

3,600 
1,000 

1,700 

Hydraulic conductivity 
(feet per day) 

0.38 

9.2 

2.2 

2.0 

GROUND-WATER QUALITY 

Water from the St. Peter-Prairie du Chien-Jordan aquifer 
is not greatly mineralized in areas where the aquifer crops out 
or is buried only to shallow depths, but mineralization increases 
downgradient where the aquifer is deeply buried. The distribu­
tion of dissolved-solids concentrations in water from the aquifer 
(fig. 128) documents this increase. In much of southeastern 
Minnesota, northeastern Iowa, southern Wisconsin, and the 
Upper Peninsula of Michigan (all areas where the aquifer is at 
or near land surface) dissolved-solids concentrations in water 
from the aquifer are 500 milligrams per liter or less. Concen­
trations of dissolved solids increase to about 2,000 milligrams 
per liter to the west and the south in Iowa where the aquifer is 
deeply buried. Similarly, dissolved-solids concentrations in­
crease downdip in eastern Wisconsin and the Upper Peninsula 
of Michigan as the aquifer dips into the Michigan Basin and 
becomes covered by younger rocks. 

The direction of downdip increase of dissolved-solids 
concentrations in water from the St. Peter-Prairie du Chien­
Jordan aquifer in Minnesota and Iowa is approximately per­
pendicular to the direction of the flow in the aquifer (fig. 116). 
This is contrary to the usual case, where dissolved-solids con­
centrations increase downgradient in regional systems. Oxy­
gen-isotope data indicate that water in the aquifer in central 
Iowa was recharged from a cold-water source. It is theorized 
that subglacial meltwater moved into the aquifer during Pleis­
tocene time from areas of extremely high hydraulic heads 
created by the weight of the glacial ice. The chemistry of the 
water in the aquifer has not yet attained equilibrium; hence, 
the anomalously small dissolved-solids concentrations. 
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GROUND-WATER QUALITY­
Continued 

Major cations in water from the St. Peter-Prairie du Chien­
Jordan aquifer are calcium, magnesium, and sodium; major 
anions in the water are bicarbonate, sulfate, and chloride. The 
patterns of distribution of concentrations of these cations and 
anions are similar to that of dissolved-solids concentra­
tions. Concentrations of chloride and sulfate in the combined 
St. Peter-Prairie du Chien-Jordan and Mount Simon aquifers 
are shown in figures 129 and 130. Concentrations of these 
ions also are anomalously small in central Iowa and are simi­
lar to those of dissolved-solids concentrations. 

A summary of representative analyses of water from the 
St. Peter-Prairie du Chien-Jordan aquifer in Minnesota is pre­
sented in table 10. Average values are representative for much 
of the area where dissolved-solids concentrations are less than 
500 milligrams per liter (fig. 128). The water is typically a 
mixed-ion type (table 1 0) and locally contains objectionable 
concentrations of iron and manganese. Although large concen­
trations of iron and manganese in water are a nuisance, they 
are not deleterious to health and are easily removed by water 
treatment. 

Water in the Ironton-Galesville aquifer is a calcium mag­
nesium bicarbonate type throughout the area of occurrence 
of the aquifer in Minnesota, Wisconsin, and the Upper Penin-

95' 

sula of Michigan. In Iowa, the aquifer contains freshwater in the 
extreme northeastern part of the State, but the water rapidly 
becomes salty southwestward. The southwestward increase in 
dissolved-solids concentrations in the Ironton-Galesville aquifer 
also is apparent in Minnesota, where concentrations increase 
from 300 to 400 milligrams per liter along the Mississippi River 
to about 1,000 milligrams per liter in the southwestern part of 
the area of occurrence of the aquifer. 

The quality of the water in the Mount Simon aquifer, like 
that in the St. Peter-Prairie du Chien-Jordan aquifer, is appar­
ently affected by recharge that took place during continental 
glaciation. The regional distribution of dissolved-solids concen­
trations in water from the Mount Simon aquifer is shown in 
figure 131. In the northern area, where water moves along 
short flowpaths from outcrop recharge areas to nearby rivers, 
dissolved-solids concentrations are less than 500 milligrams 
per liter. In areas of Iowa, however, where the aquifer is deeply 
buried and flow paths are long, dissolved-solids concentrations 
increase in a southwestward direction to about 5,000 milli­
grams per liter. The movement of water in the aquifer is south­
eastward toward the Illinois Basin. The anomalous south-trend­
ing trough in the pattern of dissolved-solids concentrations in 
central Iowa is postulated to have resulted from recharge dur­
ing continental glaciation. Water in this part of the aquifer has 
not yet attained chemical equilibrium with surrounding water 
in the aquifer. 
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Figure 129. Chloride concentrations in water from the 
St. Peter-Prairie du Chien-J01dan and Mount Simon aquifers 
increase down the dip of the aquifers rather than down the 
gradient of the potentiometric surface due to recharge during 
continental glaciation. 
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Figure 130. Sulfate concentrations in water from the 
St. Peter-Prairie du Chien-Jordan and Mount Simon aquifers 
parallel concentrations of chloride and dissolved solids. The 
large sulfate concentrations in northwestern Iowa are due to 
recharge of sulfate-rich water from the Cretaceous aquifer. 

EXPLANATION 

Sulfate concentration in water from 
St. Peter-Prairie du Chien-Jordan 
and Mt. Simon aquifers, in 
milligrams per liter-Dashed 
where approximately located 

100 

200 

500 

1,000 

Insufficient data 

Table 10. A summary of common anion-cation 
concentrations in water from the St. Peter-Prairie du 
Chien-Jordan aquifer indicates a mixed-ion type water 
with relatively small concentrations of constituents 

)Modified from Ruhl and others, 1982; Ruhl and Wolf, 1983a. 
Concentrations in milligrams per liter un less otherwise 

specified. <, less than] 

Property Number 
or Range Average of 

constituent analyses 

pH (standard units) 6.6 to 8.4 17.6 215 
Hardness as CaC03 150 to 660 280 227 
Calcium (Ca) 26 to 290 70 226 
Magnesium (Mg) 11 to 51 26 194 
Sodium (Na) 1.4 to 110 8.7 227 

Potassium (K) 0.3 to 14 2 203 
Bicarbonate (HCO,) 191to550 319 182 
Sulfate (SO,) 14 to 480 28 227 
Chloride (CI) <1 to 35 3.6 227 
Fluoride (F) .1to0.5 0.2 217 

Silica (Si0
2

) 8.1 to 29 16 192 
Dissolved solids 165 to 1,000 311 187 
Nitrate as N <.01 to 29 2.34 93 
1 Median 

95' 

MINNESO 

EXPLANATION 

Chloride concentration in water from 
St. Peter-Prairie du Chien-Jordan 
and Mt. Simon aquifers, in 
milligrams per liter-Dashed 
where approximately located 

10 

50 

100 

500 

1,000 

Insufficient data 

SCALE 1:7,500,000 
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EXPLANATION 

Dissolved-solids concentration in water 
from Mt. Simon aquifer, in 
milligrams per liter-Dashed 
where approximately located 

500 

1,000 

5,000 

Insufficient data 

27.1 
percent 

53.9 
percent 

Figure 131. Dissolved-so/ids concentrations in water 
from the Mount Simon aquifer generally are less than 500 
milligrams per liter except in central and southern Iowa and 
eastern Wisconsin where the aquifer is deeply buried. 
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EXPLANATION 

MINNESOTA 

Use of fresh ground-water withdrawals by State 
during 1985, in percent 

[==:J Public supply 

[==:J Domestic and commercial 

[==:J Agricultural 

[==:J Industrial, mining, and thermoelectric power 

10.2 

Figure 132. Total fresh ground-water withdrawals from 
the Cambrian-Ordovician aquifer syslem in Segmenl 9 during 
1985 were 570 million gallons per day. 

z 

216 million gallons 
per day 

Data from U.S. Geological 
Survey, 1990 

percent 

11 million gallons 
per day 

FRESH GROUND-WATER 
WITHDRAWALS 

Total fresh ground-water withdrawals from the Cambrian­
Ordovician aquifer were 570 million gallons per day during 
1985 (fig. 132). Most of the water, 54.8 percent, or 312.4 
million gallons per day, was used for public supply; 12.5 per­
cent, or 71.3 million gallons per day, was used for domestic 
and commercial purposes; 1 7. 7 percent, or 100.9 million gal­
lons per day, was used for agricultural purposes; 15 percent, 
or 85.5 million gallons per day, was used for industrial, min­
ing, and thermoelectric-power purposes. 



JACOBSVILLE AQUIFER 

The Jacobsville aquifer (fig. 133) consists of the Jacobs­
ville Sandstone, which is a feldspathic to quartzitic sandstone 
and shale that is present along the southern shore of Lake Su­
perior and on the Keweenaw Peninsula in the Upper Peninsula 
of Michigan. The Jacobsville Sandstone is Precambrian in age 
and overlies crystalline rocks that also are of Precambrian age 
as shown in figures 134 and 135. The Jacobsville is overlain 
by Cambrian and Ordovic ian rocks to the south (figs. 135, 
136) where it thins to a featheredge; its thickness has not been 
well defined where it is covered by younger rocks . Where the 
Jacobsville Sandstone is present at the shore of Lake Supe­
rior, its thickness is about 1,000 feet (fig. 137). 

The Jacobsville aquifer provides a source of water for do­
mestic and small-community wells along its area of outcrop, 
especially where drift is thin or missing (fig . 136). Where the 
drift is thick, wells are completed in the drift rather than in 
the underlying bedrock aquifers. Although the Jacobsville 
aquifer is a sandstone, it is well cemented and has low permea­
bility. Water moves primarily through joints and fractures in the 
sandstone, and these openings decrease to insignificance at 
depths of 100 to 150 feet. Hydraulic-conductivity values are 
about 1 foot per day, and the aquifer generally is confined. 

In its a rea of use, the Jacobsville aquifer contains water 
that is only slightly more mineralized than water in the surficial 
aquifer system, as indicated in table 11. Dissolved-solids con­
centrations in water from the Jacobsville aquifer generally are 
less than 1, 000 m illigrams per liter. 

Freshwater withdrawals from the Jacobsville aquifer during 
1985 were about 6 .5 million gallons per day (fig. 138) which 
was nearly equally divided between public supply, domestic 
and commercial, and industrial , mining, and thermoelectric ­
power uses; only about 1.1 percent of the total withdrawals 
were pumped for agricultural use. 

Era System 
Stratigraphic Principal Hydrogeologic 

unit lithology unit 

0 c 
'6 "' ·;:: 

Munising Cambrian-Ordovician N ..c Sandstone 0 
_<!:> E Sandstone aquifer system 

"' "' a.. u 

0 Jaco bsvil le 
Sandstone Jacobsville aquifer 

(1) '6 Sandstone 
- N 
'0 0 
'0 ~ 
·- (1) Igneous and ~0 Crystalline rocks, Crystalline-rock 

tt undifferentiated metamorphic aquifer 
rocks 

Modified from Vanlier, 1963a 

Figure 134. The Jacobsville Sandstone over lies Pre­
cambrian crystalline rocks and is overlain by the Munising 
Sandstone. 

87"00' 
Base modified from U.S. Geological Survey 
State base map, 1:500,000, 1970 
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Figure 136. The Jacobsville Sandstone is an important 
aquifer where it either crops out or is at shallow depths. 

CRYSTALLINE-ROCK AQUIFER 

A variety of types of Precambrian crystalline rocks under­
lies the entire four-State area . These rocks crop out in north­
ern Minnesota and Wisconsin and in the Upper Peninsula of 
Michigan (fig. 139); e lsewhere, however, they are buried be­
neath younger sedimentary rocks to depths of as m uch as 
14,000 feet (in the Michigan Basin). Crysta lline rocks normally 
are cons idered a barrier to ground-water movement because 
their permeability is at least an order of magnitude less than 
that of most sediments that overlie them. Where no other aqui ­
fers a re available, however, crystalline rocks are an importa nt 
source of water, especially for domestic and farm wells. 

Water generally moves through secondary openings, such 
as joints, fractures, and faults, in the crysta lline rocks. Because 
these openings are la rgely insignificant below depths of a few 
hundred feet, the availability of water is similarly limited to this 
depth. 

The crysta lline -rock aquifer in Minnesota consists of 
five rock types: the North Shore Volcanic Group, Sioux Quartz­
ite, metasedimentary rocks, the Biwabik Iron Formation, and 
undiffe rentiated Precambrian rocks. The extent of these rock 
types is shown in figure 139. The lithology, water-yielding 
characteristics, and water quality of each rock type are sum­
marized in table 12. 

Figure 133. The Jacobs­
ville aquifer is present along 
the sou thern shore of Lake 
Superior and on the Kewee­
naw Peninsula in the Upper 
Peninsula of Mich igan. The 
crystalline-rock aquifer is a 
principal aquifer only in north­
ern Minnesota and Wisconsin. 

0 

0 

NW 
Feet 

1,000 

SCALE 1:7,500,000 

50 

50 100 KILOMETERS 

EXPLANATION 

c=J Jacobsville aquifer 

c=J Crystalline-rock aquifer 

SE 
Figure 135. A gener­
alized section shows that the 
Jacobsville Sandstone is 
thickest near the shore of 
Lake Superior and thins 
southeastward toward the 
Michigan Basin. 
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EXPLANATION 

Area where t he Jacobsville Sandstone is at shallow depth 
and is principal source of water to wells 

Area where the Munising Sandstone and undifferentiated 
Ordovician and Cambrian rocks are at shallow depth 
and are principal sources of water to wells 

Area where the Munising Sandstone is a potential source 
of small to moderate supplies of water to wells; how­
ever, the sandstone is not penetrated by many wells 
because it is overlain by other more accessible aquifers 

Base modified f rom U.S. 
Geological Survey; National 
Atlas, 1:7,500,000, 1970 

EXPLANATION 

Thickness of Jacobsville 
Sandstone, in feet 

0 to 100 

100 to 1,000 

Greater than 1 ,000 

Modified from Vanlier, 1963a 
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Jacobsville and 
crystalline­

rock aquifers 

Table 11. The quality of water {rom the Jacobsville aquifer is 
similar to that {rom the surficial aquifer sy stem 

[Modified from Handy and Twenter, 1985] 

Average concentration (m illigrams per liter) 

Property 
or 

constituent 

Hardness as (CaC03 ) 

Calcium (Ca) 
Magnesium (Mg) 
Sodium (Na) 

Potassium (K) 
Bicarbonate (HC0

3
) 

Sulfate (S0
4

) 

Chloride (Cl) 

Sil ica (Si0
2

) 

Dissolved solids 
Iron (Fe) 

1.1 
percent 

Water from 
Jacobsvi lle aquifer 

(7 wells) 

139 
33 
13.5 

5.1 

6 
157 

18.8 
2.6 

8.2 
170 

0.1 

6.5 mil lion gallons 
per day 

Data from U.S. Geological 
Survey, 1990 

EXPLANATION 

Water from 
surficial aquifer 
system (5 wells) 

84 
24 

6. 1 
4.2 

1.3 
147 

7 
3.5 

9.9 
117 

6 

z 

Figure 137. The Jacobsville Sandstone is about 1,000 
feel thick along the southern shore of Lake Superior. 
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Figure 139. The crystalline-rock aquifer in Minnesota 
consists of five rock types. 

~ Domestic and commercial 

G Agricultural 

~ Industrial, mining, and thermoelectric power 

Figure 138. Freshwater withdrawals from the Jacobsville 
aquifer during 1985 were 6.5 million gallons per day. 

Table 12. The {iue rock types comprising the crystalline-rock aquifer have variable water-yielding 
characteristics and yield fresh to extremely salty water 

Rock type 

North Shore 
Volcanic Group 

Sioux Quartzite 

Metasedim entary 
rocks 

Biwabik Iron 
Formation 

Undifferentiated 
Precambrian rocks 

[Modified from Anderson, 1986] 

Lithology 

A series of basaltic lava 
f lows composed of f ine­
grained igneous rocks and 
interbedded sedimentary 
rocks 

Orthoquartzite interbedded 
with hard, red mudstone 
and sandstone 

Thinly bedded gray to black 
argill ite, slate, and meta­
graywacke 

Hard ferruginous chert. Tex­
ture varies from dense to 
slaty. Interbedded with 
hematite and magnetite 
iron ore 

Granite, grabbo, gneiss, 
schist, slate, and other 
crystalline rocks 

Water-yielding 
characterist ics 

Yields water from joints and 
fractures in the basalt and 
in the interbedded sedi­
mentary rocks 

Yields water from weathered 
zones at the bedrock sur­
face and from joints, frac­
tures, and porous, poorly 
cemented sandstone at 
various depths 

Yields water from weathered 
regolith and fractures 

Yields water from leached 
zones of the ore deposits 

Yields water f rom weathered 
regolith and fractures 

Water quality 

Ranges from fresh to 
extremely salty 

Ranges from fresh to 
salty 

Generally fresh 

Generally fresh and suit ­
able for drinking 
except for large con­
centrations of iron and 
manganese 

Ranges from fresh to 
salty 

J29 
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SCALE 1:5,000,000 

50 MILES 
f---.------' 

50 KILOMETERS Base modified from U.S. 
Geological Survey; National 
Atlas, 1:7,500,000, 1970 

EXPLANATION 

Modified from Morey 
and others, 1982 

Lava flows-Maximum reported well yields are 
25 gallons per minute 

Crystalline igneous and metamorphic rocks- Generally 
unproductive, but supply a few domestic wells 
where overlain by thin glacial drift. Well yields 
generally less than 5 gallons per minute 

Figure 140. In northern Wisconsin and the western part 
of the Upper Peninsula of Michigan, the crystalline-rock aquifer 
yields only a few gallons per minute to wells. 

CRYSTALLINE-ROCK AQUIFER­
Continued 

Areas of Precambrian crystalline rocks in northern Wis­
consin and the Upper Peninsula of Michigan are shown in fig­
ure 140. Water-yielding characteristics of the crystalline rocks 
are similar to those in Minnesota; small yields can be expected 
throughout their area of occurrence. 

The quality of the water in the crystalline-rock aquifer of 
Minnesota and Wisconsin is variable. In Minnesota, dissolved­
solids concentrations range from less than 100 milligrams per 
liter to slightly more than 74,000 milligrams per liter (table 13). 
the freshest water is present in the Biwabik Iron Formation in 
north-central Minnesota, and the saltiest water is present in the 
North Shore Volcanic Group of northeastern Minnesota. 

The dissolved-solids concentrations in water from the 
crystalline-rock aquifer in Minnesota are shown in figure 141. 
Dissolved-solids concentrations tend to be larger in western 
and southern Minnesota, where Cretaceous rocks overlie Pre­
cambrian rocks and where the glacial deposits are thick . The 
larger dissolved-solids concentrations probably are due to the 
downward percolation of mineralized water from the overlying, 
younger rocks. Dissolved-solids concentrations in water from 
the crystalline rocks range from 200 to 500 milligrams per liter 
in much of the State. 

Fresh ground-water withdrawals from the crystalline-rock 
aquifer in Minnesota during 1985 are shown in figure 142. 
About 10 million gallons per day was withdrawn from the 
aquifer during 1985; of that, about 30 percent was for public 
supply, about 65 percent was for domestic and commercial 
purposes, and ab9ut 5 percent was for agricultural purposes. 

gs• 

EXPLANATION 

Dissolved-solids concentra­
tion in water from the 
crystalline-rock aquifer, 
in milligrams per liter 
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500 
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Figure 141. Dissolved-solids concentrations of water in 

Table 13. Dissolved-solids concentrations in water from the 
various rock types comprising the crystalline-rock aquifer in 
Minnesota indicate a considerable range of concentrations with the 
largest average concentrations in water from the North Shore 
Volcanic Group and the Sioux Quartzite 

[Modified from Anderson, 19861 

Dissolved-solids concentration 
(mill igrams 12er liter) 

Number 
Rock type of Average Minimum Maximum 

sam les 

North Shore Volcanic 21 5,700 91 74 ,300 
Group 

Sioux Quartzite 25 1,150 237 2,300 

Metasedimentary 30 310 126 2,420 
rocks 

Biwabik Iron 14 230 157 388 
Formation 

Undifferentiated Pre- 197 605 96 2,450 
cambrian rocks 

Central Minn. 69 362 145 2,130 
Southwestern Minn. 64 915 244 1,980 
Northeastern Minn. 29 392 96 2,450 
Northwestern Minn. 35 695 333 2,060 

All rock types 287 976 91 74,300 

MINNESOTA 

the crysta lline-rock aquifer in Minnesota are large in the western 
part of State because the overlying Cretaceous aquifer contributes 
mineralized water to the underlying crystalline-rock aquifel: 

4.8 percent 

10 million gallons 
per day 

EXPLANATION 
Data from U.S. Geological 
Survey, 1990 

Use of fresh ground-water withdrawals during 1985, 
in percent 

~ Public supply 

~ Domestic and commercial 

Agricultural 

Figure 142. Freshwater withdrawals from the crystalline­
rock aquifer in Minnesota during 7985 were about .10 million 
gallons per day. 
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