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The New Chicago Model: A Reassessment of the Impacts
of Lake Michigan Allocations on
the Cambrian-Ordovician Aquifer System
in Northeastern lllinois

by Stephen L Burch

ABSTRACT

This study reports the effects of substituting water from Lake
Michigan for ground-water withdrawals in northeastern Illinois. It describes
the use of a digital computer model to predict future ground-water levels
based on anticipated pumping schedules. The model focuses primarily on the
"Chicago region,” which consists of Cook, DuPage, Kane, Kendall, Lake,
McHenry, and a portion of Will and Grundy Counties.

The effort made during this project departed so far from the original
Chicago model, that the code used in this report is referred to as the "New
Chicago Model." The source code for the new model was translated from
Fortran to QuickC, although most of the variable names used by Prickett and
Lonnquist (1971) were preserved, particularly in calculations of head, storage,
and recharge at each node. The new version was developed and tested in the
era of the Intel 80286 processor, and several runs were made on the faster
80386-based machines.

Six geologic surfaces were used in the New Chicago Model to define
the five-layer Cambrian-Ordovician aquifer system. Each layer varies in hy-
draulic conductivity and thickness, and therefore in its ability to transmit
water. The transmissivities of each layer, when summed at each node, des-
cribe the aquifer system in greater detail than has been done previously.
Distinctive stratigraphic controls exerted by the Prairie du Chien Group in
lllinois and the Mt. Simon in Wisconsin have been included to help incor-
porate regional differences into the New Chicago Model.

The pumpage data set contains information on 1,150 individual wells.
A distance-weighting program was developed to distribute a proportional
amount of an individual well's historical pumpage to each of the surrounding
four comers of the model grid. Demand forecasts were developed on the basis
of trends at each facility utilizing the Cambrian-Ordovician aquifer. Future
well locations were determined simply by averaging the Lambert coordinates
for each well at each of the 289 Illinois facilities.

The model predicts that Chicago's regional pumping cone will first
become shallower without becoming significantly smaller in areal extent.
Ground-water levels will rise throughout much of northeastern Illinois
between 1985 and 1990, particularly in Cook County, since it was the first to
switch to Lake Michigan water. The model predicts that by 2010, water levels
will rise in some places by 350 feet or more throughout DuPage and much of
western Cook Counties, and by almost 650 feet around Elmhurst. Water levels
will rise by 50 feet or more as far away as Belvidere, DeKalb, Morris, and
Kankakee. The actions taken in Illinois will even cause water levels to rise in
southeastern Wisconsin and northwestern Indiana.



1. INTRODUCTION

Schicht et al. (1976) estimated that the practical sus-
tained yield of the deep ground-water system in north-
eastern Illinois was 65 million gallons per day (mgd).
However, pumpage has exceeded this amount every year
since 1959. The inevitable consequence is that critical
water levels will be reached. When this occurs, well yields
will decline significantly and water users will have to look
elsewhere for supplies.

In 1966, the U.S. Supreme Court issued a decree con-
cerning diversions of water from Lake Michigan. As a
result of an amendment to that decree, the state of Illinois
planners had to formally recognize the need to reduce
pumpage from the Cambrian-Ordovician aquifer system
(Fetter, 1981). Accordingly, the 81st General Assembly
directed the Illinois Department of Transportation/Division
of Water Resources (IDOT/DWR) to implement a long-
term program for allocating Lake Michigan water. The pro-
gram regulates the use of Lake Michigan water by Illinois
and has funded impact studies of pumpage from the deep
sandstone underlying northeastern Illinois.

This study is also a result of the allocation program and
reports the effects of substituting Lake Michigan water for
ground-water withdrawals. It describes the use of a digital
computer model used to predict the effect of anticipated
pumping schedules on ground-water levels. The model,
originally developed by the Illinois State Water Survey
(Prickett and Lonnquist, 1971), is a predictive or "determin-
istic" one. It solves equations numerically and is useful in
describing certain cause-and-effect relationships. With its
simplifying assumptions about ground-water flow equa-
tions, aquifer boundaries, and initial starting conditions, the
model can be used to predict water levels. Conclusions
about ground-water drawdowns or recoveries can be made
by comparing the results of different simulations.

Visocky (1982) used the traditional Chicago model
developed by Prickett and Lonnquist to predict the impact
that Lake Michigan substitutions would have on ground-
water levels in northeastern Illinois. But since the con-
clusion of that study, several changes have been made in
the Lake Michigan allocation program. The original pump-
age schedules used by Visocky are no longer in effect, and
the model has become outdated because of improvements
in computer technology. Therefore, revised simulations
have become necessary and possible.

An enhanced version of the traditional Chicago model
was developed for this project. The new model incorporates
updated pumping schedules and other information refine-
ments over earlier models. The study area, however, is the
same as that of the traditional model: 148 miles wide and
148 miles long, spanning northeastern Illinois and south-
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eastern Wisconsin. The model focuses primarily on the
"Chicago region." As defined by Suter et al. (1959), the
focus area consists of Cook, DuPage, Kane, Kendall, Lake,
McHenry, and a portion of Will and Grundy Counties, all
in northeastern Illinois. Figure 1 illustrates the overall study
area and highlights the focus area.

Purpose and Scope

The objective of this report is to outline the goals that
guided the redevelopment of the traditional model, to des-
cribe the methodology used to prepare pumpage and head
data for input to the new model, and to review the lessons
learned from model calibration and the prediction of future
ground-water levels. The new version of the Chicago model
observes the previously used framework (Prickett and
Lonnquist, 1971; Schicht et al., 1976; Visocky, 1982): it
still is represented by a grid of 100 horizontal rows and
100 wertical columns, which forms a variably spaced,
finite-difference grid.

The new Chicago model seeks to determine the impact
of substituting Lake Michigan water for ground water in
northeastern Illinois. This investigation makes use of de-
tailed pumpage and hydrogeologic data by merging clas-
sical methods with new mapping techniques.

Previous Reports

The numerical representation of the ground-water flow
system supplying northeastern Illinois is commonly referred
to as the "Chicago model." The modeled area was initially
described by Walton (1962), although Suter et al. (1959)
actually provided the baseline study for the Chicago region.
Prickett and Lonnquist created the first computer simulation
of the area as an example of one of many such models for
their 1971 publication. Although they referred to their ex-
ample as a "digital model of the Cambrian-Ordovician
aquifer in the Chicago region,” the two key words that
have come to be remembered are "Chicago™ and “"model."
The size and solution technique associated with that mod-
eling effort (alternating direction implicit) has become
traditional, at least in Illinois. Others (Young, 1976;
Steinhilber and Young, 1979; Butler, 1982; Young et al.,
1986) have modeled the area somewnhat differently and
used other numerical techniques, but they all refer back to
the Prickett and Lonnquist example.

Because the model has become so widely accepted and
because the effort made during this project departed so far
from the original, the code used in this report is referred to
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as the "New Chicago Model." Additional impetus for the
name change came from the author's intention to signifi-
cantly change the model rather than to add more re-
finements (Schicht et al., 1976; Visocky, 1982).

Motivation for the Redevelopment
of the Chicago Model

This effort was specifically geared to the redevelopment
of the model. Redevelopment was partly necessary because
computer hardware is no longer limited to the mainframes
and punch cards that Prickett and Lonnquist described. The
redevelopment goal also grew out of the desire to use the
model in a microcomputer/personal computer (PC) environ-
ment, which allows low-cost preprocessing of input data
and postprocessing of model calculations.

Hardware standards in the PC environment are, of
course, volatile. Over the course of this investigation, com-
puting has changed drastically. The new version of the
model was developed and tested in the era of the Intel
80286 processor. However, by the end of the study, several
runs were made on the faster 80386-based machines.

Computer languages have changed too. The source code
for the new model was translated from Fortran to QuickC
(Mlicrosoft, 1988), although most of the variable names
used by Prickett and Lonnquist were preserved, particularly
in calculations of head, storage, and recharge at each node.
A new supportive postprocessing program was also written
using QuickBasic 4.0 to convert model output to a form
acceptable to contouring software (SURFER). Maps were
drawn using plotters driven by either SURFER or AutoCad
software.

Today ground-water models and computer facilities are
more commonplace than they were in 1971. The trend is to
blend the predictive abilities with the emerging ability to
produce computer-driven maps. This approach contrasts
with that employed in the original digital model of the
Chicago region. In those days, the investigator would man-
ually transfer calculated drawdowns from computer print-
outs to a paper overlay on the model grid. The drawdown
values were contoured by hand and then sent on to a
draftsman for publication-quality drawings. But because
coordinates for pumpage locations and geological controls

can now be described digitally, today's final drawings are
based on computer-generated maps.
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2. MODELING THE HYDROGEOLOGIC SYSTEM

The procedure for developing a deterministic (pre-
dictive) ground-water model is fourfold. The first step is to
understand the physical behavior of the ground-water sys-
tem and to form a conceptual model of how it works. The
modeler must abstract the real system into an operational
computer code that will preserve the essential elements of
the hydrogeologic system.

Next the model user must assemble a large body of
data, such as boundary definitions, water levels, and pump-
ing patterns (Bachmatt et al., 1980). These data serve as a
starting point for preliminary computer simulations.

The third step involves calibrating the model to ensure
that it can reproduce a set of historical data with some
acceptable degree of accuracy (Konikow, 1978). Calibration
frequently involves adjustment of input parameters, partic-
ularly those that are poorly known. A quantitative evalu-
ation of the response to an adjustment should be made to
see whether the degree of changed response is directly pro-
portional to the adjustment. Once the model has been
calibrated to reproduce historical data effectively, the next
step is to verify whether or not its accuracy and predictive
capabilities are within acceptable limits. These tests should
not be dependent on the calibration data.

Having been established as a reliable tool, the model is
finally ready to make ground-water level predictions.
Future scenarios can be developed for periods as long or
short as the user cares to specify with situation data.

Hydrogeologic Setting

The ground-water resources of northeastern Illinois have
been described in numerous reports of the lllinois State
Water Survey and the Illinois State Geological Survey. The
resources comprise four major aquifer systems, best des-
cribed by the comprehensive, early work of Suter et al.
(1959): the unconsolidated sand-and-gravel deposits of
glacial age; 2) the shallow dolomite formations, mainly of
Silurian age; 3) the Cambrian-Ordovician aquifer system,
which provides the most ground water to the region; and 4)
the often saline Mt. Simon aquifer of lower Cambrian age.

A stratigraphic column (figure 2) depicts the stratig-
raphy of the region and provides brief lithologic descrip-
tions of the formations encountered in the subsurface.
Although ground water is available from shallower units,
high-capacity wells drilled in the Chicago region frequently
reach depths of 1,500 feet, withdrawing water from the
Cambrian-Ordovician Sandstones of the Ironton-Galesville
and St. Peter Formations. Buschbach (1964) and Willman
et al. (1975) have published excellent references on these

sandstones in northeastern Illinois, while Foley et al. (1953)
did similar work for southeastern Wisconsin.

Stratigraphic Controls on the Model

The Cambrian-Ordovician aquifer system in northeastern
lllinois and southeastern Wisconsin represents a classic ar-
tesian situation (Fetter, 1981). The aquifer is bounded
below by the relatively impermeable beds of the Eau Claire
Formation (shale), and above by Maquoketa Shale and
Galena-Platteville dolomite. Suter et al. (1959) first noted
that on a regional basis, the entire sequence of strata be-
tween the confining beds behaves hydraulically as one
aquifer. Any differences in artesian pressure that may have
existed among the units has been equalized by the great
number of wells open to all the units. In the western part
of the study area, the aquifer comes nearer the land surface
and is more readily recharged, in large part because the
Maquoketa Shale is absent. The ground water entering the
aquifer is transmitted eastward toward pumping centers in
the Chicago and Milwaukee areas.

Six geologic surfaces were used in the New Chicago
Model to define a five-layer aquifer system. Figure 3 illus-
trates the stratigraphic relationships. Each layer varies in
hydraulic conductivity (K) and thickness (b), and therefore
in its ability to transmit water. The transmissivities of each
layer, when summed at each node in the model, describe
the aquifer system in greater detail than does Prickett's uni-
form transmissivity assumption of 17,000 gallons per day
per foot (gpd/ft).

The Mt. Simon layer is an important producer in Wis-
consin and in the northernmost tier of Illinois counties.
South of these counties, however, it quickly becomes sa-
line, and for all practical purposes it is not desirable in
much of the model area. This condition is represented
numerically in the model by setting the bottom elevation of
the Mt. Simon layer equal to the bottom of the overlying
Ironton-Galesville layer. The effective thickness of the Mt.
Simon layer in most of the model area is equal to zero.

To achieve a pattern of transmissivities in Wisconsin
similar to that described by Young (1976), the thickness of
the Mt. Simon Sandstone was arbitrarily increased. How-
ever, model calibration was not reached until a hydraulic
conductivity of 60 gpd/sq ft was used to describe the Mt.
Simon layer. This value, which is four times greater than
that used by Young, results in unusually high transmissivity
values in the Milwaukee-Waukesha portion of the New
Chicago Model. This discrepancy is likely the result of the
fact that the northern boundary of the model does not
coincide with an actual physical boundary.
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Above the Mt. Simon is the Ironton-Galesville Forma-
tion. This geologic unit is the principal water-yielding unit
of the entire system, according to Suter et al. (1959). It has
excellent hydraulic properties and is perhaps the most uni-
formly distributed of all the layers. It ranges in thickness
from about 100 to 200 feet A hydraulic conductivity value
of 100 gpd/sq ft was used successfully during calibration
and subsequent model runs. Prickett and Lonnquist used a
K-value of 48.57 gpd/sq ft in their model (1971, fig. 73).
Young (1976) chose to agree with Prickett and Lonnquist,
so the value used here is double the traditional value for
the Ironton-Galesville.

The Franconia-SL Lawrence layer (as it is known in
Wisconsin) constitutes the third layer of the model. In
Ilinois it consists of upper Cambrian-age rocks belonging
to the Franconia Formation and the overlying Potosi Dolo-
mite and Eminence Formation. This sequence of lithologies
ranges from argillaceous sandstone to pure dolomite. For
this reason its hydraulic conductivity was considered to be
one order of magnitude less than that of the Ironton-
Galesville Sandstone. A value of 10 gpd/sq ft was used in
this model. Unlike its treatment in other models, this layer
is limited to these rocks alone and is modeled as from 0 to
738 feet thick.

Layer four contains rocks of the Prairie du Chien
Group, which are intentionally distinguished from those in
the underlying Franconia-SL Lawrence layer and the over-
lying Ordovician-age units. Although this group is present
throughout much of Illinois, it is almost entirely absent
from the northern two tiers of Illinois counties and from

the Milwaukee area of Wisconsin (Foley et al., 1953;
Willman etal., 1975). Furthermore, Prairie du Chien strata
are frequently missing locally throughout the northern third
of lllinois, having been removed by erosion before the St.
Peter Sandstone was deposited.

The Prairie du Chien Group (layer four) is important to
modeling efforts because it thickens rapidly to more than
900 feet in the southern part of the study area and because
it has very low hydraulic conductivity. To minimize the
ground-water contributions from this layer, particularly in
the Joliet area of the model, the hydraulic conductivity was
defined as 3 gpd/sq ft as the result of a trial-and-error cali-
bration process.

The fifth and uppermost layer refers to the St. Peter
Sandstone of the Ancell Group. It is an unusually exten-
sive, very pure, uniformly fine-grained, and well sorted
quartz sandstone (Willman et al., 1975). Its thickness varies
greatly from less than 100 feet to more than 600 feet, ow-
ing to the irregular surface of the underlying Prairie du
Chien rocks (Visocky et al., 1985). Included in layer five,
although regarded as insignificant to the modeling effort, is
another part of the Ancell Group, the Glenwood Sandstone.

The initial hydraulic conductivity estimated for the St.
Peter Sandstone was greater than those used previously by
Prickett and Lonnquist or Young. This difference occurred
because the Galena-Platteville unit, at 300 feet thick, was
never considered to be part of the Cambrian-Ordovician
aquifer. Instead of a hydraulic conductivity of 5.1 gpd/sq ft,
as inferred from Prickett and Lonnquist's figure 73 (the re-
sult of dividing a transmissivity of 2,550 gpd/ft by a thick-
ness of 500 feet), the transmissivity was divided by the
thickness of the St. Peter in the new model, thereby in-
ferring a hydraulic conductivity of at least 12.75 gpd/sq ft.

The hydraulic conductivity of the St. Peter is probably
greater than that of the sandstones of the Franconia-St.
Lawrence sequence because of decreased clay content A
value of 30 gpd/sq ft was assigned to the St. Peter based
on calibration testing. Like the Ironton-Galesville, this
value is twice that used by Prickett and Lonnquist.
Nevertheless, 30 gpd/sq ft seems consistent with the gen-
erally higher values used in this study because as Walton
and Csallany (1962) observed, the hydraulic conductivity
of the St. Peter is about one-third that of the Ironton-
Galesville.

The key to understanding the stratigraphic controls on
the model is that the Cambrian-Ordovician aquifer system
is bounded above by the Galena-Platteville Formation. This
directly contradicts earlier Illinois studies (Walton, 1962;
Prickett and Lonnquist, 1971; Schicht et al., 1976; Fetter,
1981), although Young (1976) in Wisconsin did recognize
this difference during calibration of his model.

Stratigraphic controls are also exerted by the Prairie du
Chien Group in lllinois and the Mt. Simon in Wisconsin.
These two layers help incorporate regional differences into



the New Chicago Model that have not been appreciated in
previous models. As figure 4 illustrates, the result is a
transmissivity map that reflects the real world more accu-
rately. It also refutes the simplistic assumption of uniform
transmissivity (17,000 gpd/ft) that had been used in the
earlier models.

Structure Contour Maps

Digitized map data for the various geologic surfaces
were provided by the U.S. Geological Survey (USGS)
district office in Madison, Wisconsin. For purposes of this
project, four geologic surfaces were chosen (at 1:500,000
scale), representing elevations on top of the St. Peter, the
Franconia-St. Lawrence (Wisconsin term referring to the
Potosi Dolomite), the Ironton-Galesville, and the Eau Claire
Formations.

The structure contour data were developed by the
various state agencies within the Midwest and submitted as
input to the Northern Midwest Regional Aquifer-System
Study (RASA). Using a new custom-designed program
(DIG2ARC.BAS) written in  QuickBASIC (Microsoft,
1987), the Water Survey was able to convert the USGS
digitizer output (in digitizer inches) to corresponding loca-
tions in real-world system coordinates. Because the real
world is not rectangular, the USGS-mapped data were nec-
essarily distorted by means of a mathematical process
known as bilateral transformation.

Once the digitized (map) data were transformed, they
were associated with the Lambert feet coordinate system.
Data files containing x-y-z information about the four
geologic surfaces were discretized into a regularly spaced
grid (149 columns x 149 rows), using a commercially
available software package (SURFER, Ver. 3). The Kriging
option was used to interpolate the elevations of points lying
between the 100-foot contour intervals for all points on the
grid. This output was parsed by the QuickBASIC program,
which reduced the data set to a 100 x 100 grid that con-
tained information about those points coinciding with nodes
in the ground-water flow model.

Recharge

Previous modeling efforts (Walton, 1962; Prickett and
Lonnquist, 1971; Young, 1976) have shown the northwest
comer of the traditional study area to be a recharge area
because the Maquoketa Formation is absent there. While
this simplistic observation is true, more detail can be de-
duced, particularly if the geologic maps and two other
previous investigations (Weidman and Schultz, 1915;
Anderson, 1919) are reviewed.

Weidman and Schultz used cross sections to show that
several of the lakes at Madison, Wisconsin, were hydro-
geologically connected with the "Upper Cambrian”
(Ironton-Galesville) Sandstone. In fact, they commented
that the pressure in the sandstone in 1882 was sufficient to
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raise water levels 4.5 feet above the surface of Lake
Mendota, which was at 849 feet above mean sea level (feet
msl). This observation is interpreted to mean that today's
lower artesian pressures have resulted in a gradient rever-
sal. Consequently, recharge from that and presumably other
nearby lakes has a stabilizing effect on ground-water levels.

Weidman and Schultz's accompanying plate (number 1)
indicates that the preglacial Rock River valley eroded
deeply enough in Wisconsin to expose the "Upper Cam-
brian" Sandstone in Dane, Jefferson, and Rock Counties. In
modem times, the sandstone subcrops glacial deposits of
varying thickness. Recharge to the sandstone is determined
by the hydraulic conductivities of the overlying materials.
Because these values can be high, recharge can also be
significant The cross-sectional drawings by Weidman and
Schultz (1915, figures 29 and 64) clearly illustrate the
connection between the permeable alluvial sand-and-gravel
deposits associated with the Rock River and the St. Peter
Sandstone.

Anderson (1919) observed a similar geologic situation
at Rockford, Illinois. He reported that the St. Peter Sand-
stone either directly underlies the Pleistocene sand and
gravels, or it is found just below a thin Galena-Platteville
Formation. The Ironton-Galesville does not, however, sub-
crop glacial deposits in Illinois. Consequently, its recharge
is more likely to be restricted than in Wisconsin.

Earlier studies (Walton, 1964; Schicht et al., 1976;
Visocky et al., 1985) have estimated recharge rates in this
area of the model at 20,400 to 42,000 gpd/square mile
(gpd/sq mi). Elsewhere, the Maquoketa Shale Group or the
Galena-Platteville Formation limit recharge. This is partic-
ularly true in Illinois, where the Maquoketa is 150 to 200
feet thick (Visocky et al., 1985).

In northeastern lllinois the Magquoketa Shale is the
stratigraphic unit that effectively controls leakage to the
Cambrian-Ordovician aquifer. Earlier reports frequently
discussed maximum hydraulic gradients and flow through
the Maquoketa. Walton's (1965) estimate of 2,100 gpd/sq
mi has been firmly established and was used in the New
Chicago Model.

Storage Coefficients

Avrtesian Conditions. The coefficient of storage for the
Cambrian-Ordovician aquifer is fairly uniform throughout
the model area. Earlier reports in Illinois (Suter et al.,
1959; Walton, 1964; Prickett and Lonnquist, 1971) deter-
mined the artesian coefficient of storage to average about
0.0005. Subsequent investigators, however, have not been
quite so sure. Visocky et al. (1985) pointed out that since
the effective radius is not accurately known for most
pumped wells, storage coefficients cannot be calculated
with sufficient accuracy. They reported results from five
tests averaging 0.00039, suggesting that the values reported
in earlier studies might have been too high.
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In Wisconsin, values reported for artesian storage co-
efficients seem to confirm this observation. Foley et al.
(1953) reported an average value of 0.00039 in the
Milwaukee-Waukesha area. Young (1976) modeled the
Chicago and Milwaukee region, and although he relied on
Prickett and Lonnquist for many numbers, he reduced the
artesian storage coefficient to 0.0004 in his model.

Consequently there is precedent for adjusting the arte-
sian storage coefficient But the choice of values employed
could either deepen or broaden a cone of depression. It
follows then that the better the choice, the better the rep-
resentation of the pumping surface. Freeze and Cherry
(1979) point out, by way of illustration, that for a given
transmissivity, a larger value of storage coefficient will
result in a shallower and less extensive cone.

Water-Table Conditions. In Prickett and Lonnquist's
traditional Chicago model, the water-table storage coef-
ficient was defined at a constant 100 times the artesian
value. The new code allows the user to define the value
and employ it in the New Chicago Model when the water
level at a grid node drops below the top of the St. Peter
Sandstone. In practice, this condition occurs in three areas:
in the dewatered area of Dupage County, Illinois, in the
areas of high recharge, and where the St. Peter has become
exposed along the Sandwich Fault

Goals of Model Redevelopment

The Fortran code was redeveloped between 1985 and
1986 as an initial step in the investigation. Four goals were
identified as being important to this new version. Conse-
quently the original code was carefully studied to elicit
changes that would:

1. Eliminate the need to have specifically formatted data
structures.

2. Use a more meaningful error criterion in determining
when convergence had been reached.

3. Model the aquifer in "two and a half dimensions. That
is, transmissivity values would depend on the thickness
of the aquifer layers beneath every point on the model's
grid.

4. Incorporate a preprocessing step that would distance-
weight the pumpage data to grid corners.

As a result, the user now has more freedom in speci-
fying model parameters. Pumpage rates for each well, for
example, can change at equally spaced times, rather than
being fixed for the whole simulation. The elevations of the
various formations can be specified at each node. Thus,
transmissivity represents the summation of each layer's
thickness times its hydraulic conductivity, as shown by the
following equation:
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T - E Klb|
where;

T = transmissivity in gpad/ft of "i" layers

Ki = hydraulic conductivity in gpd/sq ft per foot of satu-
ration in the ith aquifer layer

b, = saturated thickness of the ith layer in feet

The error criterion procedure used by the old model was
also modified. Instead of terminating calculations when the
sum of all nodal errors exceeded some criterion (50 feet in
Prickett and Lonnquist's Chicago model), the revised model
checks head changes between two successive iterations at
each node. Convergence continues iteratively within the
time step until the maximum head change at any node is
less than the specified criterion. The algorithm used by the
model was modified significantly in an attempt to lower the
convergence error inherent in the old model. The new
model has been designed to predict the head at each node
to within 0.5 foot. The new error-checking code, combined
with increased accuracy of the pumpage data and digitized
geologic data, should improve water-level projections by an
order of magnitude. This increased precision in assembling
hydrogeologic data greatly extended the duration of the
modeling process.

Data Assembly

Ground-Water Withdrawals

Meinzer (1928) was one of the first geologists to con-
sider the relative significance of pumping on regional flow
systems. He noted that local pumping affects only a small
area in a regional aquifer. But when the stresses caused by
ground-water withdrawals grow, the dynamic equilibrium
of the natural flow system is disturbed. Individual cones of
depression spread out. Water levels are lowered in larger
and larger areas as water is removed from storage. And
eventually, large cones form at major pumping centers.

The long-term pumpage from the Cambrian-Ordovician
aquifer in northeastern Illinois has had a widespread effect
on water levels. By 1960, the drawdowns at major pumping
centers had overlapped into two separate cones of regional
proportions. The larger of the two represented the Chicago
area, and the other represented Milwaukee. Withdrawals
had grown so large that after 1957, they exceeded the ca-
pacity of the natural system. This event was of such major
significance that it was used as the starting point of the
numerical simulations reported in this study.

More than 30,000 pumpage records in northeastern
lllinois were examined and computerized. Thousands of
well logs in Illinois and Wisconsin were reviewed and clas-
sified according to the aquifers the wells were utilizing. In
the eight Illinois counties, 806 Cambrian-Ordovician wells



were identified and their pumping records compiled for use
with the new model.

Since 1980 the lllinois State Water Survey has main-
tained computer records of ground-water pumpage. Prior to
that time, however, only penciled notations on paper were
kept for most communities, industries, and golf courses in
northeastern Illinois. From time to time the Water Survey
published summaries of these notes, which generally repre-
sented annual compilations for each county and usage type.
These early records, which were diligently maintained be-
tween 1964 and 1980, were combined with the computer
data to form the best available record of ground-water
pumpage in northeastern Illinois.

Although this project was primarily concerned with
modeling the drawdown effects of sandstone wells, every
Water Survey well record in the eight-county northeastern
lllinois area was keyed into computer-readable format re-
gardless of well depth. Later, after aquifer codes had been
determined and assigned to these records, the sandstone
records were selected for use in this project.

Similar well and usage data for Wisconsin were pro-
vided by the USGS office in Madison. Many of those data
were developed as part of the Northern Midwest Regional
Aquifer-System Analysis program. The Wisconsin pumpage
data set was reduced to 6,953 records for 344 sandstone
wells that were used between 1964 and 1985 and located
within the boundaries used in the model.

The accuracy of the Illinois withdrawals can be vali-
dated by comparing the published pumpage estimates with
tabulations made specially for this project. Generally, the
greatest disparity occurs with the oldest records. The dif-
ference decreases from about 22 percent in 1964 to only 2
percent in 1980.

The Illinois and Wisconsin pumpage data for the period
1964 to 1985 were then combined. This data set contains
information on 1,150 individual wells. The locations of
these wells were converted to Lambert feet coordinates.
Because the locations of the grid nodes were also known in
terms of Lambert feet (appendix B), the distance between
each well and its surrounding nodal locations could then be
calculated. A distance-weighting program written in Quick-
BASIC (appendix C) was developed to solve these calcu-
lations. [The distance-weighting program is included with
the CHI2SURF program on diskette from the Hydrology
Division of the Illinois State Water Survey, telephone (217)
333-2210]

Figure 5 illustrates how the program distributed a pro-
portional amount of an individual well's pumpage to each
of the surrounding four grid corners. As a consequence, the
pumpage pattern was applied to a total of 1,846 nodes, in-
stead of the 112 used by Visocky (1982), the 83 used by
Schicht et al. (1976), or the 7 that were used by Prickett
and Lonnquist (1971). Therefore, the New Chicago Model
offers a much better geographic representation of pumpage
than all previous models.

Water Levels

Water levels measured in wells are conveniently studied
by means of maps. Most frequently used are water-level
maps or, more precisely, potentiometric contour maps.
Depths to water are subtracted from points of known ele-
vation, usually the top of the well. The resulting values
represent the water-level elevations above mean sea level.
The differences in water-level elevations between wells are
interpolated to produce contour lines. The interval between
contour lines is a matter of choice and is usually based on
a judgment of what makes the most effective illustration.

Water-level maps reflect hydraulic pressure (head)
within an aquifer. A map can be used to depict the dis-
tribution of pressure and to infer flow directions. In Illinois
the Water Survey has been collecting and reporting deep-
well water levels since 1958. These data are obtained by a
variety of methods and under a wide range of operating
conditions and reliability (Sasman et al., 1986).

Collection of water-level information in Wisconsin,
however, has been less frequent. The best known regional
potentiometric map of southeastern Wisconsin was prepared
in 1961 (Green and Hutchinson, 1965). The USGS pre-
pared a second map for 1985 (Young and MacKenzie,
unpublished) as part of its RASA project. Neither of these
maps represents predevelopment conditions normally re-
ferred to as "starting head."

Starting Head

The exact configuration of the natural flow system in
the Chicago-Milwaukee region is not known. However,
Weidman and Schultz constructed a head map for Wis-
consin (1915, plate 1) that described conditions in both the
St. Peter and the lower Cambrian sandstones. The blue
contour lines on the Wisconsin map are regarded as indic-
ative of the Ironton-Galesville aquifer. Those lines are
probably the best approximation of steady-state conditions
and should be used as a starting head map. Visocky et al.
(1985) revised an interpretation by Anderson (1919) and
Suter et al. (1959) on the same aquifer in Illinois. It is
assumed to represent predevelopment llinois water levels.

For the New Chicago Model, 158 arbitrarily selected
points were digitized from the contours illustrated on both
maps. These data points (relative to mean sea level) were
interpolated over the entire model area, using an unbiased
estimation procedure called "kriging." Kriging has the dis-
tinct advantage of taking into account the distance between
points and their values. In this case, a quadrant search was
used for the nearest five neighboring points. As a result, a
starting head value could be calculated at one-mile intervals
over the entire study area (148 by 148 miles). Values for
locations coinciding with nodes on the variably spaced
model grid (100 by 100) were selected. The result was the
starting head map (figure 6) used in this numerical
simulation.
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Result = 660 gpm

Result = 345 gpm

N
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within a 2-mile x 2-mile
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Figure 5. Example of the distance-weighting technique
used to distribute pumpage to finite-difference grid nodes

An examination of the starting head map reveals a sig-
nificant and previously unrecognized fact: the Rock River
is of great hydrologic importance in any model of the
Chicago area because it controls the location of the ground-
water divide in DeKalb County. The divide has been shown
on maps for more than 30 years and is regarded as the
western edge of the Chicago flow regime. However, while
calibrating the New Chicago Model, the position of this
divide was found to be maintained by ground-water dis-
charges to the Rock River. Consequently its importance has
been underestimated.
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In this model, the Rock River has been simulated as a
series of constant head nodes. Singh and Stall (1973) de-
termined that baseflow figures for the Rock River range
from about 900 to 1,200 cubic feet per second (cfs) at
these nodes on the model grid. Most of this contribution
from the ground-water system probably comes from the
Pleistocene sand-and-gravel deposits in the river valley, but
some contribution also comes from the discharge of the
Cambrian-Ordovician Sandstones. While the exact amount
is unknown, it almost certainly should be simulated in re-
gional models, as the next chapter will show.



o

WISCONSIN

River

iLLINOIS )~

"?Oc,(-

i

\_m7oo—w

\/___ 650 |

SCALE OF MILES
] "

)

40

‘ Lake

Michigan

550 { ol o R
Zl=
~ 32

(
\

Figure 6. Starting head map showing potentiometric surface (feet msl) in the study area, c. 1865

(after Weidman and Schultz, 1915; Visocky et al., 1985)

13



3. FLOW SIMULATION AND MODEL CALIBRATION

Traditionally, the eight counties that constitute the focus
area of this study have been used to illustrate water-level
declines in northeastern Illinois. But to calibrate the para-
meters used by the model, pumpage simulations were made
for the period 1957 through 1985 for the entire study area.
Approximately 80 computer runs were made with the
model. Various aquifer parameters and boundary conditions
were tried until a satisfactory match was made with historic
water-level maps. Final calibration of the model was as-
sumed when computed water levels in the Chicago cone of
depression closely approximated the values measured by
Sasman et al. in 1985 (1986).

The New Chicago Model was successfully used to sim-
ulate the 1985 potentiometric surface. The calculated sur-
face for the Chicago region is presented as figure 7. This
map was compared to an interpreted map of observed water
levels (figure 8) collected by Sasman et al. (1986, figure
11). Particular attention was given to the eight-county
Chicago region because the purpose of this investigation
was to gauge the impacts of Lake Michigan water deliv-
eries to DuPage and Lake Counties.

Well hydrographs were used to judge the model's abil-
ity to predict water levels, particularly within the Chicago
cone of influence. Measured levels were compared to cal-
culated values for the node nearest each observation well.
This examination indicated that the model converged to a
correct solution by 1980, and at that point it was predict-
ing water levels accurately. A regression analysis compiled
from eight sites (figure 9) shows that calibration seems to
have been achieved because the slope of the regression line
is near 1, and the y-intercept for each is near O.

As a further test, a difference map was prepared to
compare the calculated change between 1980 and 1985.
Sasman et al. (1986, fig. 12) observed that initial recoveries
occurred in southeastern Cook County due to the transition
of public supplies from ground water to lake water. At the
same time, his map of observed data suggests ground-water
declines of more than 100 feet in DuPage County. The
model indicated similar results in both areas during cal-
ibration runs. Because it can calculate current water levels
that agree with observed changes, the model is considered
to be capable of producing accurate predictions of future
water levels as well.

Model Grid

Finite-difference modeling is based upon solving equa-
tions at nodes on a predefined grid. The grid used in the
New Chicago Model is shown as figure 10. Aquifer prop-
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erties and initial conditions must then be provided for each
grid block.

In their model, Prickett and Lonnquist oriented the
finite-difference grid over the area to be modeled so that
the last column and the bottom row coincided with the
eastern and southern barrier boundaries described by Suter
et al. The finite-difference grid used in the new model is
oriented toward grid north. And in a manner similar to that
of Prickett and Lonnquist, it is also referenced to the north-
western corner of Cook County where it adjoins McHenry
County. Although Suter et al. did not mention this location,
it coincides with their grid location i=(column)47,
j=(row)41. In the New Chicago Model, this location also
can be described as Lambert coodinates x=3,333,857.5 feet
and y=3,290,490.5 feet. The four finite-difference grid cor-
ners, expressed in Lambert feet coordinates, are:

xmin = 2911,457.5
xmax = 3,692,897.5
ymin = 2,899,770.5
ymax = 3,681,210.5

In terms of legal location, the Cook County reference point
can be expressed as the Center, West 1/4, Section 6,
Township 41 North, Range 9 East. It corresponds to 42.067
degrees north latitude and 88.263 degrees west longitude.

Recharge Rates

The approximate edges of the recharge boundaries in
this report are at different locations than in previous Water
Survey models. Prickett and Lonnquist used column 29 and
row 82 as the lines of demarcation. In fact, they placed the
boundary at the edge of the Galena-Platteville, which was
consistent with the traditional idea that the formation was
part of the aquifer system.

In Wisconsin, Young (1976, map 13) apparently felt
compelled to use the western edge of the Maquoketa Shale
as a recharge boundary. For purposes of this report and to
make the model more consistent with the stratigraphic
constraints used in Wisconsin, the line of demarcation was
subjectively shifted eastward to column 33. As aresult, the
western edge of the Maguoketa in the new model is more
aptly described regionally as the eastern boundary of
DeKalb County than it is by that of Boone County. While
this is not entirely accurate, it appears to be an effective
compromise.

Similarly, the southern edge of non-Maguoketa has been
changed, and the new boundary is considered to be at row
70. Besides being more consistent with the geologic map,



G
D
. TOO " ]
so0—""_ |
— ]
o092

WISCONSIN

ILLINOIS

\__'__,_,_,....- 800

—_——

/

Lake
/ Michigan

/[

|
\

Figure 7. Calculated potentiometric surface in northeastern lllinois for 1985 (feet msl)



800.]
.

/Z%\
{-...

200

400

.K_ﬁ.{ ‘GHOUND WATER
% %\ \_%

J

&

D Ares where Maquoketa Formation is not present
SCALE QF MILES
40

0 10 20 30
S e ———— e —— ]
] —

Figure 8. Observed potentiometric surface for 1985 (feet msl) in northeastern lllinois
(after Sasman et at., 1986)

16



5m T T T T T ¥
- Morton Chemcal
g y=008Ix+27 [ ]
= 0r )2 030 T
§‘ n=8
@ 300 - 1980 iy
5 Ca’v #4
g 200 | :
=€ |
z 100
o
[TT]
'5 O  {Nash Bros } -
= Jolet
S 0ol -
i) BElmhurst #6

=200 i 1 1 1 . A

=200 -100 1} 100 200 200 400 500

OBSERVED WATER LEVELS, feet msl

sm ¥ 1 T T L} T
Tg v = 0.962x + 22.6 ]
_40F 12 _nges Morton Chermical
.;3 n=8
4 30F " 1988 .
5 Cary 82
4 200 |- .
£
< 100 4
-
[=]

Johet
g or tNash Bros ) 7
o
Jolet

3100 Feirmiurst #4 8 Maywood 7
3 .

_zw i i i i 1 1

-300 200 00 o 100 200 300 400

OBSERVED WATER LEVELS, feet msl

Figure 9. Comparison of calculated and observed
ground-water elevations, 1980 and 1985

trial-and-error suggests that row 70 provides an adequate
interval between the Rock River and the shale boundary.

Three rates of recharge were used in the New Chicago
Model without reference to head difference. Their selection
was based strictly on location, as illustrated by figure 11.
The smallest rate, 2,100 gpd/sq mi, is assumed for areas
overlain by the Maguoketa Shale, as explained previously.
This value is an order of magnitude less than that used in
the non-Magquoketa area defined by column 33 and row 70.

In the area where the Maquoketa is absent, two recharge
rates are used. The state boundary was arbitrarily chosen as
the line of demarcation between them. The Wisconsin re-
charge rate is 35,000 gpd/sq mi, while the Illinois rate is
30,000 gpd/sq mi. The slightly higher Wisconsin rate is
designed to reflect greater occurrence of the Ironton-
Galesville subcrops and the hydrogeologic connection with
the lakes around Madison.

The values for recharge in the non-Maquoketa area are
generally the same as those used previously. However, they
are 50 percent greater than the rate Visocky et al. de-
termined by flow-net analysis (1985). Calibration runs were

made using values ranging down to 20,000 gpd/sq mi for
both Illinois and Wisconsin, and the results were less than
satisfactory.

Boundary Conditions

Just as a ground-water system in nature has boundaries,
so must a numerical model. Conditions at model boundaries
can be set to correspond to given physical processes, but
the conditions at this boundary can only be estimated.
Boundary conditions are generally of three types: 1)
specified value, such as constant head; 2) specified flux,
such as no-flow; or 3) value-dependent flux, in which flow
is a function of head (Mercer and Faust, 1981). The choice
of which boundary condition to specify frequently depends
on the judgement of the hydrologist performing the study.

The New Chicago Model uses only two types of
boundaries: specified value and specified flux. Different
fluxes are specified along the perimeter of the model grid.
Most frequently they are defined as zero, with two notable
exceptions.

The first corresponds to the aquifer segment north of
Milwaukee. A flux of 100,000 gpd/mi into the model was
specified along the north boundary (row 1) of the model
for columns 45 through 65. The flux value was determined
by a series of trial-and-error calibration runs and calcu-
lations based on the potentiometric surface map for 1961
(Young, 1976). The hydraulic gradient between the 750 and
650 contours along the Washington-Waukesha county line
was determined to be about 3 x 10°. Transmissivity in this
area of Wisconsin was shown by Young (1976) to be about
10,000 to 15,000 gpd/ft, which results in a flux of about
158,000 to 237,000 gpd/mi. A value of 100,000 gpd/mi
was selected to represent flux during calibration. This
choice seems to compensate for the abnormally high ML
Simon transmissivity (mentioned previously in this report)
caused by modifying hydraulic conductivity to achieve
calibration. Of course, were the model extended farther
northward, this flux boundary would not be necessary.

The second area of nonzero flux is specified along the
southern boundary (row 100) of the model for columns 60
through 80. It serves to prevent an orthogonal intersection
of equipotential lines with the southern boundary of the
model, particularly in Kankakee County. Experimentation
during calibration runs showed that flux into the model
could help shape the extreme southern end of the Chicago
cone. Most of the effort focused on positioning the 100-
foot water-level contour for 1985 as depicted by Sasman et
al. (1986). Again a flux value can be calculated using hy-
draulic gradient and transmissivity. Although the gradient
is smaller than at Milwaukee, a value of 100,000 gpd/mi is
probably reasonable and consistent to use with the model.

Other than these two instances, zero-flux was used to
specify the condition at other flux boundaries. That is, no-
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flow boundaries were specified along the lower half of the
western boundary (rows 36 through 100), along most of the
southern boundary (columns 1 through 64 and 81 through
100), and along the lower third of the eastern boundaries
(rows 66 through 100). Fewer columns along the northern
edge of the model were specified as no-flow boundaries
(columns 23 through 44 and 66 through 100).

Constant-head (or specified-value) boundary conditions
were also used. These were applied cautiously, and fre-
quently they coincide with permeable boundaries near large
volumes of surface water connected to the aquifer system.
One important constant-head boundary was intended to cor-
respond with the recharge area in Wisconsin. Another co-
incides with the eastern edge of the model at Lake
Michigan. A third lies within the model grid, instead of on
an edge. That boundary represents the Rock River from
about Janesville, Wisconsin, downstream to Rock Falls,
llinois.

The first constant-head boundary is located at column
1, rows 1 through 25; and at row 1, columns 1 through 22.
In model simulations, these boundary segments serve to
dissipate much of the recharge mound applied to the north-
west corner of the grid.

The second constant-head boundary is a straight line
corresponding to the eastern edge of the grid. It is defined
in simulations as column 100, rows 1 through 65. This
boundary assumption is perhaps the least likely to be rep-
resented in the physical world, because Lake Michigan is
not considered to be responsible for maintaining the head
condition. On the contrary, the condition is specified for
convenience in constructing water-level contours. Without
the constant-head boundary, the equipotential lines intersect
the edge of the model in an unacceptable fashion. If data
were available under the lake, then a better assumption
would probably involve a flux out of the model. In the ab-
sence of these data, the next best choice is the one as-
sumed: constant head.

The third constant-head boundary defines grid nodes
corresponding to the position of the Rock River. Initially,
the idea was tested by simulating high-capacity wells at
some of these locations. The tests proved so successful that
the source code for the simulation was modified to ac-
complish the constant-head condition. This was done by
adding information at the beginning of the pumpage file.
This information specifies the nodal location and negative
values (e.g., -1) for each year of pumpage. The nodal loca-
tions representing the points at which the Rock River acts
as a constant-head boundary are shown at the top of the
next column.

Storage Coefficients

During early calibration runs for this report, several val-
ues of storage coefficient were tested. In most cases, the
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Grid Locations Selected to Represent the Rock River

Col Row Col Row Col Row Col Row Col Row
20 20 20 27 18 37 12 49 6 61
20 21 20 28 17 39 10 54 4 62
20 22 20 29 16 41 11 54 2 63
20 23 20 31 15 43 9 57
20 24 19 33 14 46 9 58
20 25 19 34 13 46 8 59
20 26 18 35 12 48 7 60

eastern, western, and southern edges were still defined as
constant-head boundaries. During calibration trials, the best
approximation of the 1985 surface was determined with a
coefficient of storage equal to 0.0003. This value, although
greater than that used by other investigators, was used in
final simulations. Satisfactory results were obtained using
a water-table storage coefficient of 0.05.

Other Influences

During the calibration process, other geologic influences
were also evaluated as part of the modeling effort. They
sought to simulate the interaction of ground water and sur-
face water near Ottawa, the effects caused by the Sandwich .
Fault, and the impact of erosion on transmissivity near the
fault.

Ottawa Cone of Depression

Geologic maps indicate that the Cambrian-Ordovician
aquifer system outcrops along the Illinois River between
Ottawa and LaSalle-Peru. Therefore, the potential exists for
either discharge or recharge, depending on head conditions.
The area has frequently been contoured as a depression on
potentiometric maps, so the first assumption was that a dis-
charge boundary could be present.

Hoover and Schicht (1967) summarized ground-water
development along the Illinois River between Ottawa and
LaSalle-Peru. They found that a water-level trough occurs
along the river, and associated with it is a pronounced cone
of depression centered at Ottawa. Because LaSalle is not
one of the eight Illinois counties whose pumpage was in-
Cluded in the model, the area stymied many calibration
runs. The problem was finally rectified by arbitrarily as-
suming pumpage at six nodes within the model grid. That
pumpage was assumed to be 6 mgd along row 89 at col-
umns 21 through 26.

Sandwich Fault

The Sandwich Fault was modeled as a line of zero
transmissivity because of displacement and presumed re-
cementation along the fault plane. The structural feature
may actually be a systtm of two or more faults



(Buschbach, 1964). Figure 12 illustrates how the fault
trends southeast from a point in DeKalb County into Wil
County. Displacement along the fault is slightly greater
than 100 feet, although it appears to diminish at the east-
ernmost extent Its simulation in calibration runs 