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Simulation of Ground-Water Flow in the 
Saginaw Aquifer, Clinton, Eaton, and 
Ingham Counties, Michigan

ByD.J. Holtschlag, C.L. Luukkonen, anofJ.R. Nicholas

Abstract

A numerical model was developed to simu­ 
late ground-water flow in the Tri-County region, 
which consists of Clinton, Eaton, and Ingham 
Counties, Michigan. This region includes a nine- 
township area surrounding Lansing, Michigan. 
The model simulates the regional response of the 
Saginaw aquifer to major ground-water 
withdrawals associated with public-supply wells. 
The Saginaw aquifer, which is in the Grand River 
and Saginaw Formations of Pennsylvanian age, is 
the primary source of ground water for Tri- 
County residents. The Saginaw aquifer is overlain 
by glacial deposits, which also are important 
ground-water sources in some locations.

Flow in the Saginaw aquifer and the glacial 
deposits is simulated by discretizing the flow sys­ 
tem into model cells arranged in two layers. Each 
cell, which corresponds to a land area of 0.0625 
square mile, represents the locally averaged prop­ 
erties of the system. The spatial variation of 
hydraulic properties controlling ground-water 
flow was estimated by geostatistical analysis of 
4,947 well logs. Parameter estimation, a form of 
nonlinear regression, was used to calibrate the 
flow model.

Results of steady-state ground-water-flow 
simulations show close agreement between water 
flowing into and out of the model area for 1992 
pumping conditions; standard error of the differ­ 
ence between simulated and measured heads is 
14.7 feet. Simulation results for three alternative 
pumping scenarios for the year 2020 show that

the glacial aquifer could be dewatered in places if 
hypothetical increases in pumping are not 
distributed throughout the Tri-County region.

Contributing areas to public-supply wells in 
the nine-township area were delineated by a 
particle-tracking analysis. These areas cover 
about 121 square miles. Contributing areas for 
particles having travel times of 40 years or less 
cover about 42 square miles. Results of tritium 
sampling support results of model simulations to 
delineate contributing areas.

INTRODUCTION

The Tri-County region, which consists of Clin­ 
ton, Eaton, and Ingham Counties, covers 1,697 mi2 in 
the south-central part of the Lower Peninsula of Mich­ 
igan (fig. 1). The 432,700 people (U.S. Department of 
Commerce, 1991) who live in this region rely on with­ 
drawals of about 40.8 Mgal/d from ground-water 
sources. The primary source of ground water in the 
Tri-County region is the Saginaw aquifer, which is in 
the Grand River and Saginaw Formations of Pennsyl­ 
vanian age. Aquifers in the glacial deposits and othe" 
bedrock units are also important ground-water sources 
in some places.

In 1988, the Tri-County Regional Planning 
Commission (TCRPC) began a series of studies to 
assess the regional water supply and distribution sys­ 
tem. As part of this effort, the U.S. Geological Survev 
(USGS) entered into a cooperative agreement with 
TCRPC and a coalition of 22 communities who sup­ 
ported a 4-year study of ground-water flow and con­ 
tributing areas of public-supply wells in the Tri- 
County region. Participating communities include 
Alaiedon Township, Bath Township, Delhi Township, 
Delta Township, Dewitt Township, City of Dewitt,

Introduction 1
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Figure 1. The Tri-County region in the Lower Peninsula of Michigan.

City of Dimondale, City of East Lansing, City of Grand Ledge, 
City of Lansing, Lansing Township, City of Mason, Michigan 
State University (MSU), Meridian Township, Oneida Township, 
Vevay Township, Watertown Township, Wheatfield Township, 
Williamstown Township, City of Williamston, Windsor Town­ 
ship, and Village of Webberville (fig. 2). In this report, the area 
surrounding Lansing, Mich. that is referred to as the nine- 
township area consists of Alaiedon, Bath, Delhi, Delta, Dewitt, 
Lansing, Meridian, Watertown, and Windsor Townships; this 
is the principal area of ground-water withdrawals in the 
Tri-County region.

This report describes the simulation 
of ground-water flow in the Saginaw aquifer 
in the Tri-County region. The conceptual 
model of the hydrologic system is based on 
interpretation of new and previously avail­ 
able hydrogeologic data. The numereal 
model, which was developed from tH con­ 
ceptual model, simulates regional steady- 
state response of the Saginaw aquifer to 
major ground-water withdrawals from 
public-supply wells in 1992. Simulation 
results show how the model can be used to 
evaluate alternative ground-water pumping 
scenarios. Particle-tracking analysis was 
used with results from flow simulations to 
delineate contributing areas of public-sup­ 
ply wells. Tritium concentrations in ground- 
water samples and corresponding ground- 
water ages were compared with delineations 
of 40-year time-of-travel contributing 
areas. The limitations of the model for 
assessing ground-water levels and flow and 
for delineating contributing areas of wells 
are described.

Previous Studies

Previous studies contributed to the 
knowledge of the ground-water resources in 
the Tri-County region and were helpful to 
the authors of this report. Wheeler (1967) 
developed an electric analog model of 
ground-water flow in the Saginaw Forma­ 
tion in the Lansing, Mich. area. Wood 
(1969) describes the hydrogeology ?nd 
geochemistry of ground water in the Sagi­ 
naw Formation. Vanlier and others (1973) 
describe water-supply development and 
management alternatives in the Tri-County 
region. And recently, the Tri-County 
Regional Planning Commission (1992) 
completed a regional feasibility study on 
water-supply development.

2 Simulation of Ground-Water Flow in the Saginaw Aquifer, Clinton, Eaton, and Ingham Counties, Michigan
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Five reports that document computer programs 
were used in this study of the Grand River and Sagi­ 
naw Formations. A report by McDonald and Har- 
baugh (1988) documents the USGS modular ground- 
water flow model (MODFLOW). A report by Ger- 
aghty and Miller (1993) documents the use of the 
MODELCAD 1 program, which was used to aid the 
preparation of the model grid and input data. A report 
by Hill (1992) documents the parameter-estimation 
technique (MODFLOWP) applied to the ground- 
water-flow model. A report by Pollock (1989) docu­ 
ments a particle-tracking postprocessing program 
called MODPATH, which computes pathlines based 
on output from the modular model. Finally, a report by 
Harbaugh (1990) documents the computer program 
ZONEBUDGET, which calculates subregional water 
budgets based on results from MODFLOW.

Data Availability and Management

Model input and output data will be archived at 
the office of the USGS in Lansing, Mich. An elec­ 
tronic copy of this report and the data input and output 
files needed to use the ground-water-flow model will 
be archived to facilitate public access.
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DESCRIPTION OF STUDY AREA

The study area is the Tri-County region, which 
is in the south-central part of the Lower Peninsula of 
Michigan. The primary geologic, hydrologic, ard 
water-use characteristics that affect ground-water flow 
in the Saginaw aquifer are described in the following 
sections.

Geologic Setting

In the Tri-County region, sedimentary rocks of 
Devonian, Mississippian, and Pennsylvanian ag°- over­ 
lie Precambrian crystalline rocks. Rocks of Triassic, 
[Lower and Middle] Jurassic, and Cretaceous age are 
missing (Mandle and Westjohn, 1988). Glacial depos­ 
its of Pleistocene age overlie Pennsylvanian [and 
Upper Jurassic] rocks (fig. 3).

Pennsylvanian rocks are the uppermost bedrock 
unit in the Tri-County region. Here the altitude of the 
surface of the Pennsylvanian rocks ranges from about 
850 ft in the south to about 600 ft in the north. Penn­ 
sylvanian rocks are thickest in the west-central part of 
Clinton County, and they generally thin to the south. 
They are absent in the extreme eastern part of Ingham 
County.

Discontinuous lenses of sandstone, shale, coal, 
and limestone in the Pennsylvanian rocks have been 
formally subdivided into two formations. The uoper- 
most massive, coarse-grained sandstones form the 
Grand River Formation; all remaining Pennsylvanian 
rocks, including the Parma Sandstone, are considered 
part of the underlying Saginaw Formation (Mar die 
and Westjohn, 1988, p. 89). These assignments are 
somewhat uncertain, however, because no lithologic 
differences or stratigraphic horizons mark a change 
from one formation to the next (Westjohn and Weaver, 
1996).

Jurassic "red beds," which separate Pennsylva­ 
nian rocks from glacial deposits in some areas in the 
Lower Peninsula, are either entirely absent or only 
marginally present in the Tri-County region (Westjohn 
and others, 1994). Therefore, for the purpose of this 
study, all deposits between the top of the Pennsylva­ 
nian rocks and land surface were assumed to be glacial 
deposits.

Glacial features in Michigan are the result of ice 
advances during late Wisconsin time (35,000 to 
10,000 years before the present). The thickness of the

4 Simulation of Ground-Water Flow in the Saginaw Aquifer, Clinton, Eaton, and Ingham Counties, Michigan
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glacial deposits in the Tri-County region ranges from 
0 to 300 ft. Glacial deposits are absent in a small part 
of Grand Ledge; the thickest glacial deposits are in 
the northwestern part of the study area. The deposits 
range in texture from lacustrine clay or glacial till to 
coarse alluvial and outwash deposits. None of these 
deposits are regionally continuous (Mandle and West- 
John, 1988, p. 90).

Hydrologic Setting

For the purpose of developing a ground-wa*er 
flow model, the hydrologic setting is characterized in 
terms of precipitation, streamflow characteristics, 
aquifers and confining units, and ground-water levels 
and flow. These elements of the hydrologic setting are 
discussed in the sections that follow.

Description of Study Area



Precipitation

In the Tri-County region, precipitation is the 
ultimate source of ground-water and surface-water 
resources. In the region, mean precipitation ranges 
from a maximum of about 32 in/yr in the southwest to 
about 30 in/yr elsewhere (Eichenlaub and others, 
1990, p. 90). Precipitation is fairly evenly distributed 
throughout the year; June is the month of highest aver­ 
age precipitation (3.5 in.), and February is the month 
of lowest average precipitation (1.5 in.). The Tri- 
County region averages about 40 in/yr of snowfall. 
About 10 in/yr of precipitation in the region eventually 
becomes streamflow; the remainder is consumed by 
way of evaporation or transpiration, seepage to deep 
ground-water reservoirs, or other processes.

Streamflow

Most of the Tri-County region drains to the 
north and west into Grand River and its major tributar­ 
ies which include Maple River, Looking Glass River, 
Red Cedar River, and Thornapple River (fig. 4). A 
small area in southeastern Ingham County drains to 
the east, and a small area in the southwestern part of 
Eaton County drains to the south.

Streamflow can be subdivided into direct-runoff 
and base-flow components. Direct runoff is associated 
with precipitation that exceeds soil infiltration 
capacity and flows overland directly into streams. 
Base flow is associated with precipitation that infil­ 
trates the soil and percolates below the plant-rooting 
depth into the unsaturated zone below ground. Some 
of this percolating water joins deeper zones, which are 
permanently saturated. This water then flows to 
streams and sustains flow between periods of precipi­ 
tation. In this report, water in these permanently 
saturated zones is referred to as "ground water."

Base-flow characteristics of streams were 
used to help determine the amount of precipitation 
that recharges ground water in the Tri-County region. 
Information about base flow at fixed locations along 
streams is provided by data obtained at continuous- 
record and partial-record gaging stations. Continuous- 
record stations provide daily mean streamflows for 1 
or more years that can be used to develop streamflow 
hydrographs. Hydrograph-analysis techniques are

commonly used to estimate the ground-water 
contribution to streamflow (Rutledge and Daniel, 
1994). In this study, streamflow partitioning (Rut- 
ledge, 1993) was used to estimate the ground-water 
component by use of data from 10 continuous-record 
streamflow-gaging stations (table 1). Data from 
partial-record streamflow-gaging stations were used to 
supplement information at continuous-record stations. 
Instantaneous streamflow measurements were statisti­ 
cally related to daily mean streamflow at nearby 
continuous-record gaging stations by use of a mainte­ 
nance of variance estimator (Hirsch, 1982, p. 10P3). 
The estimates of base flow at partial-record stations 
are listed in table 2.

Aquifers and Confining Units

Glacial deposits are the uppermost aquifer in the 
Tri-County region. Aquifers in the glacial deposits are 
composed of coarse alluvial and outwash materiels. 
Glacial deposits are in direct contact with the underly­ 
ing Saginaw aquifer. The Saginaw aquifer is in water 
bearing sandstones in the Grand River and Saginaw 
Formations (fig. 3). Water is assumed to move slower 
through the shales and other tight materials than 
through the sandstone. The Saginaw aquifer underlies 
most of the Tri-County region and ranges in thickness 
from 0 to 300 ft. The Saginaw confining unit separates 
the Saginaw aquifer from underlying units. In the Tri- 
County region, the thickness of the Saginaw conf ning 
unit generally ranges from 5 to 50 ft, although litho- 
logic logs for some wells indicate that the confining 
unit may be either locally absent or as much as 100 ft 
thick (Westjohn and Weaver, 1996, fig. 7). For the pur­ 
poses of this study, the Saginaw confining unit w?s 
assumed to hydraulically isolate the Saginaw aquifer 
from deeper aquifers.

Ground-Water Levels and Flow

The hydraulic head at a point in an aquifer can 
be estimated by measuring the depth to water in a well 
that is open only to that point in the aquifer. Ground- 
water levels in wells screened across the water surface 
indicate the position of the water table; wells tapping 
deeper parts of an aquifer indicate the composite 
hydraulic head over the screened or open interval.

Simulation of Ground-Water Flow in the Saginaw Aquifer, Clinton, Eaton, and Ingham Counties, Michigan



600

43°00' 55°

u] 500
LU

O 
co
Q
Z

CO

O 450
I l- 
z

O

400

42°30'

350

85°00' 

I
Maple River

84°30' 
n r~"7  _-, 

L.J

> M11A

ClintoA&mnty

M15A }

f1 ) Looking 
Glass River

M10

f" Thornapple River 
( / ; Grand River

/ M24 \^L

.y. -j ' / v . v
Eaton County y ;^

-St.

. M13

:> Red Cedar

\

1,800 1,850

Base map from Michigan Resource 
Information System, Michigan Department of 
Environmental Quality, Land and Water 
Management Division. 
Easting and northing coordinates referenced 
to Michigan State Plane System, South Zone

1,900 1,950 2,000 2,050 2,100 

EASTING, IN THOUSANDS OF FEET

0 10 20 MILES

0 10 

EXPLANATION

    BOUNDARY OF TRI-COUNTY REGION 

A C1 CONTINUOUS RECORD GAGING STATION

A M1 PARTIAL-RECORD GAGING STATION

20 KILOMETERS

Figure 4. Streamflow-gaging stations used in the analysis of ground-water flow, Tri-County region, Michigan.
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Table 1.Continuous-record streamflow-gaging stations in the Tri-County region, Michigan, used in the analysis of 
ground-water flow

Map 
index

Cl
C2
C3
C4
C5
C6
C7
C8
C9
CIO

Table 2.
flow

Map 
index

Ml
M2
M3
M4
M5
M6
M7
M8
M9
M10
Mil
M12
M13
M14
M15
M16
M17
M18
M19
M20
M21
M22
M23
M24
M25

USGS gaging 
station No.

04110000
04111379
04111500
04112000
04112500
04112850
04113000
04113097
04114000
04114500

Station name

Orchard Creek at Munith

Drainage
area 

(square 
miles)

49.0
Red Cedar River near Williamston 1 63
Deer Creek near Dansville
Sloan Creek near Williamston
Red Cedar River at East Lansing
Sycamore Creek near Holt
Grand River at Lansing
Carrier Creek near Lansing
Grand River at Portland
Looking Glass River near Eagle

16.3
9.34

355
80.6

1,230
12.1

1,385
281

Partial-record streamflow-gaging stations in the Tri-County region, Michigan

USGS gaging 
station No.

04110650
04110663
04111033
04111200
04111410
04112670
04112700
04112800
04112900
04113050
04113975
04114400
04114570
04114580
04114589
04114590
04114592
04114594
04114595
04115700
04115760
04115830
04115850
04116700
04116800

Stream

Huntoon Creek
Unnamed tributary
Grand River
Red Cedar River
Doan Creek
Willow Creek
Sycamore Creek
Mud Creek
Sycamore Creek
Grand River
Prayer Creek
Looking Glass River
Bear Creek
Maple River
Little Maple River
Little Maple River
Little Maple River
Maple River
Baker Creek
Stony Creek
Muskrat Creek
Libhart Creek
Little Libhart Creek
Thornapple River
Thornapple River

Tributary 
to:

Grand River
Perry Creek
Lake Michigan
Grand River
Red Cedar River
Sycamore Creek
Red Cedar River
Sycamore Creek
Red Cedar River
Lake Michigan
Grand River
Grand River
Maple River
Grand River
Maple River
Maple River
Maple River
Grand River
Maple River
Maple River
Stony Creek
Grand River
Libhart Creek
Grand River
Grand River

laeo f lnu>Period of , B"-~ "-" 
record (cubic feet per 

second)

1944-56
1986-88
1954-91
1954-91
1931-91
1976-80
1935-92
1975-81
1953-81
1945-91

27.6
95.4

6.8
3.0

146
34.3

619
3.5

699
153

, used in the analysis of ground-water

Drainage Number of
, area measure- 
Square t

IIICI 1 10

miles)
11.2 10

.95 13
722 19

71.2 11
54.8 10

1.61 12
39.5 10
30.8 12
96.2 11

1,248 33
11.3 11

234 22
29.5 29
91.8 12

7.90 21
11.4 29
15.4 11

153 45
9.10 31

57.9 10
37.2 11
33.0 23
14.1 22
71.5 11

160 10

Base flow 
estimate 

(cubic feet
per second)

f,3
1.6

909
1P.2
12.0
2.5

1?.8
9.9

49.8
639

4.3
93.3
11.8
22.5

3.3
4.4
7.1

82.4
2.1

14.0
7.9

15.6
4.8

32.4
51.0
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In unconfined aquifers, estimates of water-table alti­ 
tude can be obtained by measuring stages in hydrauli- 
cally connected lakes or perennial streams. In the Tri- 
County region, data for 2,932 wells contained in the 
State Ground-Water Data Base (SGDB) system 
(S. Businski, Michigan Department of Environmental

Quality, written commun., 1993), data for 805 watf- 
surface altitudes of lakes and contour crossings of 
perennial stream channels posted on 7.5-minute topo­ 
graphic maps, and 130 measurements from observa­ 
tion wells were used to make initial estimates of 
ground-water levels (figs. 5 and 6).
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Figure 5. Wells screened in the glacial deposits in the Tri-County region, Michigan, in which water levels were 
measured only once.
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Figure 6. Wells completed in the Saginaw aquifer in the Tri-County region, Michigan, in which water levels were 
measured one or more times.
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A contour map of water-table altitudes or 
hydraulic heads provides an indication of flow in an 
aquifer. Ground water flows from areas of higher to 
lower water-table altitudes or hydraulic heads. If 
water flows in an aquifer with equal ease in any hori­ 
zontal direction, the hydraulic conductivity of the 
aquifer is considered to be horizontally isotropic. In a 
horizontally isotropic aquifer, ground-water flow is 
perpendicular to contour lines.

History of Water-Resources Development

Historically, ground water has been the princi­ 
pal source of water supply for the Tri-County region. 
The City of Lansing, Mich., obtained water from 
wells screened in aquifers in the glacial deposits from 
1885 through 1915; wells drilled into the Saginaw 
aquifer were added in 1895. The village of Webber- 
ville, Mich., switched from aquifers in the glacial 
deposits to the Saginaw aquifer in 1956. Other Michi­ 
gan municipalities, including Eaton Rapids, Mason, 
and Williamston, use combinations of wells com­ 
pleted in aquifers in the glacial deposits and the Sagi­ 
naw aquifer. Baltusis and others (1992) summarize 
sources and annual withdrawals of ground water. 
Changes in ground-water withdrawals have closely 
matched changes in population in Lansing (fig. 7). 
Ground-water withdrawals increased steadily 
between 1910 and 1960; however, withdrawals since 
1970 have been more nearly constant.

In the Tri-County Region, data for 1992 show 
that most public-supply withdrawals occur from the 
Saginaw aquifer (89.4 percent) or the aquifers in the 
glacial deposits (9.7 percent). The remaining public- 
supply withdrawals (0.9 percent) are from the Mar­ 
shall aquifer in southwestern Eaton County (fig. 8). 
Of the total ground-water withdrawals in the Tri- 
County region, municipalities withdrew 97.2 percent 
(Luukkonen, 1995). Most water is publicly supplied 
in Eaton and Ingham Counties, but most water is self- 
supplied in Clinton County.
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Figure 7. Ground-water withdrawals and population, 
Lansing, Michigan, 1910-90.
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Figure 8. Sources of water for public supply, 
Tri-County region, Michigan.

SIMULATION OF GROUND-WATER FLOW

Conceptual Model

The conceptual model of ground-water flow 
synthesizes available geologic and hydrologic data 
into a form that is amenable to analysis. Principal 
elements in the conceptual model are ground-watf 
flow directions and flow-system boundaries.
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Ground-water flow in the glacial deposits is 
generally from south to north (fig. 9), away from topo­ 
graphic divides and towards surface-water bodies. 
Thus, drainage divides are assumed to be ground- 
water flow divides for water in the glacial deposits.

Most ground-water flow in the Saginaw aquifer 
is from south to north, although a small amount is 
toward local pumping centers (fig. 10). Flow across 
the east and west model area, where the sandstone of 
the Saginaw Formation is very thin or absent, is mini­ 
mal. The Saginaw aquifer is recharged principally by 
leakage from the glacial deposits. Generally, ground 
water flows toward Maple River, which forms the 
north hydrologic boundary of the model area; locally, 
some ground water flows toward the south hydrologic 
boundary. Ground water also discharges locally from 
bedrock to the glacial deposits beneath valleys of 
major streams. The bottom of the Saginaw aquifer is 
assumed to be impermeable.

Another assumption in the conceptual model is 
steady-state ground-water flow; that is, no net gain or 
loss in the ground-water-flow system. In this concep­ 
tual model, recharge from precipitation or flow into 
the model area across model boundaries equals dis­ 
charge to streams and wells and flow out of the model 
area across model boundaries. Implicit in the steady- 
state assumption is that measured heads and flows rep­ 
resent long-term average conditions, because true 
steady-state conditions do not occur. However, the rel­ 
ative constancy of ground-water withdrawals since 
1970 (fig. 7) and the constancy of average precipita­ 
tion and evaporation rates makes the steady-state 
assumption tenable.

Numerical Model

Ground-water flow was simulated by use of 
MODFLOW (McDonald and Harbaugh, 1988), a 
numerical model that simulates flow in three dimen­ 
sions by solving a finite-difference approximation of 
the partial differential equations describing ground- 
water flow through porous media. The numerical 
model was used to simulate steady-state ground-water 
flow. Consequently, no ground-water storage terms or 
temporal discretization were required for solution.

Model Grid and Layers

The model area is a rectangular area of
»~\

3,131 mi centered on the Tri-County region (fig. 11). 
The model area is 53.75 mi long (north-south) and 
58.25 mi wide (east-west). This area is horizontally 
discretized into a grid of equally spaced cells in 215 
rows and 233 columns. Each cell is 1,320 by 1,320 ft. 
The model area is vertically discretized into two 
layers: the upper layer represents the aquifers in the 
glacial deposits, and the lower layer represents tH 
Saginaw aquifer. Each grid cell represents the average 
aquifer properties in the volume of aquifer represented 
by the cell; thus, any variations in properties that are 
within the volume represented by the grid cell cannot 
be represented by the model.

The model grid is oriented to the southern zone 
of the Michigan State Plane Coordinate System as 
displayed on USGS 7.5-minute topographic 
quadrangle maps. The minimum easting coordinate of 
the model area is 1,801,500 ft; the maximum easting is 
2,109,060 ft; the minimum northing is 320,880 f.; and 
the maximum northing is 604,680 ft.

Boundary Conditions

In this report, boundary conditions refer tc 
hydraulic conditions at selected cells where flow can 
enter and exit the model. Boundaries are classified as 
either external or internal. External boundaries form a 
perimeter around and define the active model area. 
About 67 percent of the cells in the Tri-County 
regional ground-water flow model area are active. 
Boundary conditions consistent with the conceptual 
model are specified for each layer of the model.

Boundary conditions for the upper layer are 
represented by external and internal boundaries. 
External boundary conditions for the upper layer are 
constant head and no-flow (fig. 11). No-flow 
boundaries are located at drainage divides and ground- 
water divides; constant head cells are located along 
Grand River on the south and Maple and Grand Fivers 
on the north. The upper boundary of the upper layer is 
the water table which is represented as a specified 
flow equal to spatially distributed recharge rate.
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Figure 9. Ground-water levels in the glacial deposits in the model area, Tri-County region, Michigan.
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Internal boundaries for the upper layer are head- 
dependent flow or river cells. Boundary head values 
were based on contour data shown on USGS 7.5- 
minute topographic quadrangle maps; linear 
interpolation was used, where necessary, to estimate 
head values at cells between contours. Flow into or out 
of river cells is governed by stream stage, simulated 
head in the stream cell, and conductance of the 
streambed material (McDonald and Harbaugh, 1988). 
The lower boundary of the upper layer is the bedrock 
surface.

External boundary conditions for the lower 
layer are constant head and no-flow. No-flow bound­ 
aries are outside the outermost active cells in the upper 
layer, except where constant-head cells are located 
along Grand River on the south. For the most part, the 
no-flow cells are located where little sandstone is 
present in the Saginaw Formation. In the north, the no- 
flow cells require water to discharge to Grand and 
Maple Rivers, consistent with the conceptual model. 
River cells are located in the lower layer where the 
Saginaw Formation crops out near Grand Ledge. The 
lower boundary of the lower layer is the bottom of the 
Saginaw aquifer and is a no-flow boundary. Finally, 
ground-water withdrawals from public-supply wells 
are represented by sink terms in the upper and lower 
layers.

Spatial Distribution of Input Properties

Spatial distribution of input properties includes 
geologic and hydrologic characteristics that are 
needed for ground-water flow simulation. Input prop­ 
erties were discretized for the model configuration 
from field measurements and other sources of infor­ 
mation. In the model, input properties include (1) the 
geometry of model layers, (2) ground-water recharge 
rates, and (3) initial estimates of the spatial variations 
in aquifer hydraulic properties, including transmissiv- 
ity in the Saginaw aquifer, horizontal hydraulic con­ 
ductivity in the glacial deposits, vertical hydraulic 
conductivity between the Saginaw aquifer and the gla­ 
cial deposits, and streambed conductance. A discus­ 
sion of methods used in determining the input 
properties follows.

Layer Geometry

Layer geometry is the spatial variation in the 
altitudes of the top and bottom of the upper and lower 
layers. Land-surf ace altitude is used as the top of the 
glacial deposits. Land-surface altitudes in the Tri- 
County region (fig. 12) were estimated on the ba^is of 
point-altitude data displayed on USGS 7.5-minute 
maps in the study area. The point-altitude data include 
vertical control stations, generally shown as altitudes 
rounded to the nearest foot at road intersections, and 
contour lines crossing the centerline of perennial 
streams. Land surface was approximated by 
triangulation and linear interpolation (Keckler, 1994, 
p. 5-15) of data from 8,620 vertical control stations 
and 1,046 contour crossings of streams.

Land-surface altitudes were then used in combi­ 
nation with well-log data to estimate the altitude of the 
water table. After a well is drilled, the depth from the 
land surface to the water is recorded in the well log. 
For each well in which the depth to water was mea­ 
sured, the altitude of the water table could be calcu­ 
lated by subtracting the depth to water from the 
interpolated land-surface altitude. These water-level 
data, along with data from contour crossings of 
streams, define the altitude of the water table. Fo^ 
model simulations, the top of the upper layer is the alti­ 
tude of the water table, which defines the top of the 
unconfined aquifer. The bottom of the upper layer 
(fig. 13), which also is the top of the lower layer, is the 
upper surface of the Pennsylvanian rocks (Westjohn 
and Weaver, 1996).

The bottom of lower layer was determinec' on 
the basis of the surface configuration of the Parma- 
Bayport aquifer (Westjohn and Weaver, 1996). The 
Saginaw confining unit is thought to separate the 
Pennsylvanian rocks from the Parma-Bayport aquifer. 
For the purposes of this study, the thickness of tH 
Saginaw confining unit was assumed to average 50 ft 
in the Tri-County region. Thus, the altitude of trn bot­ 
tom of the lower layer was calculated as the surface of 
the Parma-Bayport aquifer plus 50 ft (fig. 14).

Ground-Water Recharge Rates

The spatial variation of average ground-water 
recharge rates for 1951-80 (fig. 15) was determined 
from an analysis relating base flow characteristics of 
streams to land use and basin characteristics in the 
Lower Peninsula of Michigan (Holtschlag, 1994).
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On the basis of this study, the minimum average 
annual recharge in the Tri-County region is 4.4 in/yr, 
and the maximum is 16.5 in/yr; the spatial average 
ground-water recharge rate is 6.7 in/yr.

Hydraulic Properties of Aquifers

Values assigned as hydraulic properties of 
aquifers control simulated ground-water flow through 
and between model layers. For this study, hydraulic 
properties of aquifers were determined as the product 
of a matrix (with dimensions equal to the model grid), 
which contains initial estimates of hydraulic 
properties, and a constant, which was determined by 
model calibration. The physical evidence and 
methodology used to develop the matrices of initial 
estimates of hydraulic properties are described in the 
following paragraphs.

Transmissivity of the Saginaw Aquifer

The horizontal flow of water in the Saginaw 
aquifer was assumed to be proportional to the compos­ 
ite sandstone thickness in the Pennsylvanian rocks. 
Water is assumed to move slower through the shales 
and other tight materials than through the sandstone. 
The sandstone, whose composite thickness ranges 
from 0 to 300 ft, is thickest in the northern part of the 
Tri-County region. The hydraulic conductivity of 
sandstone was initially estimated to be 7.5 ft/d on the 
basis of local aquifer-test results (B. Fisher, Michigan 
Department of Public Health, written commun., 1994). 
The transmissivity of the Saginaw aquifer equals the 
estimated hydraulic conductivity of sandstone times 
the composite sandstone thickness. Initial estimates of 
transmissivity range from 50 to 2,300 ft2/d. Transmis­ 
sivity is highest in the central part of the model area 
and lowest along the west, south, and east boundaries 
of the model area.

Horizontal Hydraulic Conductivity of the Glacial Deposits

The horizontal flow of water in the glacial 
deposits is controlled by hydraulic conductivity, which 
varies with the texture of the unconsolidated materials. 
Because of the local variability and non-homogeneity 
of glacial deposits, a statistical technique was used to 
provide initial estimates of the spatial variation in

hydraulic conductivity on the basis of well-log data 
and hydraulic conductivities commonly associated 
with lithologic materials.

Well drillers routinely record the thickness and 
texture of materials through which a well is being 
drilled. In the Tri-County Region, driller's logs of 
10,000 wells have been computerized by various 
governmental agencies for improved access and analy­ 
sis. Of these well logs, 8,058 were produced by expe­ 
rienced drillers each of whom has drilled 100 or more 
wells in the Tri-County region.

During the process of computerizing the well 
logs, strata codes are assigned by the Michigan 
Geological Survey to similar lithologies. For this 
analysis, hydraulic conductivities were associated with 
each strata code (table 3) by taking the midpoint of the 
hydraulic-conductivity range for similar materials- as 
reported by Freeze and Cherry (1979, p. 29). Effective 
hydraulic conductivities were computed for each well 
by use of procedures described by McDonald and 
Harbaugh(1988,p. 5-2).

Initial estimates of the spatial variation of 
hydraulic conductivity in the glacial deposits also 
were based on an analysis of hydraulic conductivities 
computed for individual wells. To identify possible 
differences in interpretation of similar geologic 
materials among drillers, the distribution of effective 
hydraulic conductivities was compared among drillers 
who had drilled more than 100 wells each in the 
Tri-County region. For each driller, the distribution of 
hydraulic conductivities tended to be skewed; that is, a 
small proportion of values were much greater tharr the 
average. Comparison of distributions among drillers 
was aided by the use of a square-root transformation, 
which tended to make the distributions more nearly 
symmetrical. Comparison indicates that distributions 
of computed hydraulic conductivities were similar 
among most drillers (fig. 16). Data for driller C and 
driller N tended to produce somewhat higher average 
values; these deviations may reflect either differerces 
in interpretation of similar geologic materials or local 
differences in geologic properties where the wells 
were drilled.

The spatial correlation characteristics of the 
computed effective hydraulic conductivities also were 
investigated. Spatial correlation quantifies how the. 
similarity of hydraulic conductivities at individual

Simulation of Ground-Water Flow 21



20

o
Q

O 15 
o p 
o <
3 tr< uutr Q.
>: uu
I UU

1 i 10

U- <o s.

DC 
UU
DC

O
CO

__ L-l-l 

U-l   . LU UJ LU I I I 1

ABCD EFGH I J KLMNOPQR
DRILLER CODE

EXPLANATION

- \
Outside valuei

/ Upper whisker

- Upper quartile

- Median

- Lower quartile

- Lower whisker

Whiskers show the range of values that fall 
within 1 .5 times the difference between the 
upper quartile and the lower quartile.

Figure 16. Distribution of effective horizontal hydraulic conductivities in the glacial deposits in the model area, 
Tri-County region, Michigan.

22 Simulation of Ground-Water Flow in the Saginaw Aquifer, Clinton, Eaton, and Ingham Counties, Michigan



Table 3. Estimated hydraulic conductivities associated with 
strata codes in the statewide ground-water data base of 
Michigan

Hydraulic 
conductivity 
(feet per day)

0.000001

0.00001

0.0001

0.001

0.01

0.1

10

30

100

1,000

Strata 
code

11

10
12
14

13
16

15
44
45

17
18
19
40
49

41
42
43

27
28
31
46

20
21
22
23
26
29

25
30
32
33
34
35
36
37

38
39

Lithologic description

Hard clay

Clay/clay fill
Soft clay
Fine sandy clay

Sandy clay/sandy, silty clay
Clay and sand/silty, clay

Silt/sandy silt
Muck
Marl

Clay and gravel
Hardpan
Till
Top soil
Drift

Organic soil
Black dirt
Fill

Sand andclay
Sand with clay
Gravel and clay
Peat

Sand/sandy fill
Fine sand/silty sand
Medium sand
Coarse sand
Sand with gravel
Water sand

Sand and gravel
Gravel
Gravel and sand
Fine gravel
Medium gravel
Coarse gravel
Water gravel
Gravel and cobbles

Gravel and boulders
Boulders

wells changes as a function of separation distance. 
Spatial correlation is commonly interpreted on the 
basis of a variogram analysis. In this study, all 
empirical variograms were modeled as the sum of a

white noise (nugget) component and a monotonically 
increasing function of separation distance described as 
a Gaussian component (Marsily, 1986, p. 303). The 
general variogram model can be written

y(h) =

where 
y (h) is the value of the variogram at separation dis­

tance h, 
P0 is a parameter associated with the nugget com­

ponent, 
8 ( h) is the Kronecker delta function, which takes on

a nonzero value of 1 only at /z=0, and 
Pj and P 2 are parameters associated with the

Gaussian component.
Effective horizontal hydraulic conductivity val­ 

ues were transformed by the square-root function to 
facilitate identification of the spatial correlation struc­ 
ture. Records from 7 of the 18 drillers revealed a sia- 
tial correlation structure; these records, which 
included data for 4,947 wells, were used in the sut se­ 
quent kriging analysis. Variogram models were esti­ 
mated by adjusting model parameters (table 4) so that 
model estimates matched the empirical variogram. 
The interpretation of the variogram for driller 12 is 
shown in figure 17.

Ordinary kriging (Cressie, 1991, p. 360) was 
used to map a smooth estimate of the spatial variation 
of hydraulic conductivity. Block- average estimate.0 
and associated variances were computed for each cell 
in the model grid on the basis of each driller's set of 
wells and corresponding variogram model. A mini­ 
mum variance estimate of hydraulic conductivity for 
each model cell was computed by weighting estimates 
(determined on the basis of individual driller records) 
in inverse proportion to their corresponding variances. 
The initial estimate of the spatial variation of effective 
horizontal hydraulic conductivities was determined by 
squaring the weighted averages. Initial estimates of 
horizontal hydraulic conductivity range from 7.06 to 
27.5 ft/d. Horizontal hydraulic conductivity is higHst 
in the west-central part of the model area and lowest in 
the north and south parts of the model area.
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Table 4. Parameters for models of sample variogram of hydraulic conductivity, Tri-County region, Michigan

[--, drillers' records were not used to define the spatial correlation structure]

Parameters for variogram model of horizontal Parameters for variogram model of vertical 
Driher Number of hydraulic conductivity hydraulic conductivity

Po Pi P2 Po Pi Pa
A
B

C

462 --

960 2.40 1.70 1,500 8.00 10.0 1,750

175

Dl 1 600 3.90 2

 

35 1,300 9.25 1.50 1,350

D2 1 473 4.45 1.45 1,800 3.75 1.50 3,000

E

F

G

H

659 5.50 1 75 3,000 18.0 5.00 2,000

196 2.00 3.00 2,000 10.0 18.0 1,200

179 6.00 1

275

II 1 900 6.00 2

I2 1 768 3.00 5

J 212 4.25 3

40 3,000 7.00 2.00 2,500
 

80 2,500 10.5 4.75 3,000

00 900 5.50 5.50 900

25 1,500 8.00 4.00 1,500

K 243

L 349 ..

M 653

N 158 --

O 129

P 113 --

Q 270

R

'I

10

/ARIOGRAM 

h)

en ~J oo to

VALUE OF > Y( 

CO ^ en

2 

1 

0

Figure
hydrai 
compi 
the me

284

Data from individual well drillers having more than 1,OOC

i I i I i

^ + + + 4. +-

/ Curve represents 
^fr/ variogram model

-

i i i i i
1,000 2,000 3,000 4,000 5,000 6,OC 

SEPARATION DISTANCE, IN FEET

j 17. Variogram of effective horizontal 
jlic conductivity in the glacial deposits, 
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)del area, Tri-County region, Michigan.

-

wells were split into two groups due to memory limitations of the software. 

Vertical Hydraulic Conductivity

Vertical hydraulic conductivity between the Saginaw 
aquifer and the glacial deposits was assumed to be controlled 
by the effective vertical hydraulic conductivity in the glacial 
deposits. Effective vertical hydraulic conductivities 
(McDonald and Harbaugh, 1988, p. 5-2), computed from logs 
of drillers who have drilled more than 100 wells in the Tri-
County region, were based on values for hydraulic conductiv­ 
ity associated with specific strata codes (table 3). The distri­ 
butions of effective vertical hydraulic conductivities were 
more skewed than the distributions of effective horizontal
hydraulic conductivities. A natural logarithm transformation 
was used to reduce the distributional asymmetry and to facili­ 
tate comparison among drillers. After transformation, the dis­ 
tributions of effective vertical hydraulic conductivity for 

10 several drillers showed a tri-modal characteristic, with modes 
at about -11, -4, and 3 on the natural logarithm scale (fig. 18). 
This characteristic exaggerates the apparent variability in the 
interquartile ranges (the difference between the logarithms of 
hydraulic conductivities at the upper and lower quartiles) 
among drillers.
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The spatial correlation structure of effective 
vertical hydraulic conductivity was interpreted on the 
basis of variogram analysis. The empirical variograms 
were modeled (fig. 19) as the sum of a nugget 
component and a Gaussian component (table 4), 
similar to the analysis of effective horizontal hydraulic 
conductivity. Ordinary block kriging was used to 
develop an estimate of the spatial variation of effective 
vertical hydraulic conductivities and an associated 
variance from records of individual drillers. A 
weighted average of these estimates was computed, 
and then the weighted average was exponentiated to 
provide the initial estimate of the spatial variation of 
effective vertical hydraulic conductivities. Initial 
estimates of vertical hydraulic conductivity range 
from 1.4xlO~5 to 1.2xlO~3 ft/d. Vertical hydraulic 
conductivity is highest in the southern part of the 
model area and lowest in the northern part of the 
model area. In MODFLOW, vertical leakance values, 
computed by dividing vertical hydraulic conductivity 
by the local thickness of the glacial deposits, were 
used for simulation.

24
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Figure 19. Variogram of effective vertical hydraulic 
conductivity in the glacial deposits, computed on the 
basis of wells logged by driller B in the model area, 
Tri-County region, Michigan.

Streambed Conductance

The vertical flow of ground water from an 
aquifer to a stream is controlled by streambed 
conductance. In MODFLOW, streambed conductance 
is computed as the product of the hydraulic 
conductivity of the streambed materials, stream 
length, and stream width, divided by the streambed 
thickness (McDonald and Harbaugh, 1988, p. 6-5). To 
simplify estimation of the response from these 
interrelated properties, the hydraulic conductivity of 
the streambed materials, stream length, and 
streambed thickness were assumed to be constart for 
all streams in the model area. Stream widths were 
divided into four size classes corresponding to 
average widths of 10, 50, 150, and 300 ft (fig. 20). 
Hydraulic conductivity of the streambed materials 
was initially estimated to be 0.076 ft/d. Stream length 
is specified as equal to the length of the cell (1,320 ft), 
and streambed thickness is arbitrarily assigned ar 1 ft.

Model Calibration

Model calibration is a process of adjusting the 
number and value of selected model parameters to 
reduce model error; that is, the difference between 
simulated and measured hydraulic heads and flows. 
Model error results from the simplification of the flow 
system in the conceptual model and its finite- 
difference approximation. Model error can usually be 
reduced by increasing the number of model parame­ 
ters. However, increasing the number of parame^rs 
will also increase the estimation error resulting from 
uncertainty as to the true parameter values (Yeh, 
1986). Thus, an appropriate balance between model 
error and estimation error is needed.

Parameter-Estimation Techniques

In this study, the ground-water flow model was 
calibrated by use of a nonlinear regression method 
developed by Cooley and Naff (1990) and modified 
by Hill (1992) for use with MODFLOW. The 
nonlinear regression method, MODFLOWP, is an 
automated method to calculate optimal parameter 
values. In MODFLOWP, optimal parameter values 
are those that minimize the sum of squared errors 
(SSE):
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(2)
/= i

where
ei is the difference between the observed and

simulated values of measurement i, 
i is the square root of the weight assigned to 

the error in the observed value of 
measurement i, 

j   e . is the weighted residual corresponding to
measurement i, and 

n is the number of measurements. 
Because the calculated parameter values are optimal 
for the given set of assumptions about the aquifer 
system, the remaining error results from these assump­ 
tions being incorrect.

Scaled parameter sensitivities are computed 
before parameter estimates in MODFLOWP. The set 
of scaled sensitivities {%/} associated with each 
model parameter is computed as

(3)

where
yi for i = l,2,...n are measurements of hydraulic 

head or flow, and
b. for; = 1,2,... p are estimated model parame­ 

ters.
Scaled sensitivities are a measure of how much 

simulated heads or flows vary with changes in model 
parameters. Parameters with low sensitivities have 
little effect on simulated results and cannot be 
estimated accurately by regression or by trial and 
error. If sensitivities are very low for a parameter, then 
the regression will not converge to a solution. An 
iterative analysis of parameter sensitivities and 
alternative model forms resulted in the selection of a 
four-parameter model. The selected model form 
contains parameters that scale initial estimates of the 
spatial variations in aquifer hydraulic properties to 
match head and flow measurements. The four model 
parameters are multiplicative constants for matrices 
containing initial estimates of transmissivity in the 
Saginaw aquifer, horizontal hydraulic conductivity in 
the glacial deposits, vertical hydraulic conductivity 
between the Saginaw aquifer and the glacial deposits, 
and streambed conductance.

Initial Parameter Estimates

Once the form of the regression model wa^ 
identified, optimal parameters were estimated in non­ 
linear regression by varying initial parameter esti­ 
mates to minimize the weighted sum of squares for 
error. In this analysis, parameters were varied from a 
starting value of 1.0 until mass-balance errors com­ 
puted by MODFLOW were eliminated, computed and 
measured heads and flows were reasonably consistent, 
and total flow from constant-head nodes was within a 
plausible range.

Measurements and Weighting

The error criterion used in this analysis was the 
weighted sum of squared residuals (eq. 2). The mea­ 
surements were weighted to account for differences in 
measurement accuracy and differences in units cf 
measurement. In general, more weight was assigned to 
measurements whose measurement variances wore 
low. A somewhat arbitrary weighting factor was 
applied so that data from not only head measurements 
but also flow measurements affected parameter esti­ 
mates. The weighting strategy used in this model 
calibration is described below.

Head data used in the calibration of the ground- 
water flow model were obtained from three sources. 
First, the SGDB contained 2,932 head measurements 
that were compiled from drillers' logs. Of these, 572 
were in the upper layer and 2,360 were in the lower 
layer. Measurements in the upper layer were not 
restricted to a particular time period. However, mea­ 
surements in the lower layer were restricted to tH 
period 1984-92 because of local trends in the historical 
ground-water-head data associated with changes in 
pumping conditions. Second, 805 ground-water levels 
in the upper layer were inferred from water-surface 
altitudes posted for lakes and contour crossings of 
perennial streams on 7.5-minute topographic maps. 
And third, 130 head measurements were obtained 
from nine monitoring wells in the lower layer.

Errors in head measurements were assumed to 
be normally distributed. Measurements from the 
SGDB and altitudes of surface-water bodies were 
estimated to be accurate within ±7 ft, 90 percent of the 
time. This level of precision corresponds to a standard 
deviation of 4.26 ft. This uncertainty is associated with 
estimating a datum from a topographic map,
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measuring depth to water in a recently developed well, 
and fluctuations in levels of surface-water bodies. 
Measurements at monitoring wells were estimated to 
be accurate within ±2 ft 90 percent of the time, a level 
of precision that corresponds to a standard deviation of 
1.22 ft. This greater precision was considered 
appropriate because datums from monitoring wells are 
commonly established by field survey and 
measurements are obtained by specially trained and 
equipped observers.

The average head in 1,164 model cells in the 
upper layer and 1,627 model cells in the lower layer 
was computed on the basis of the measured head data. 
The minimum variance estimate of the average head in 
a model cell was computed by weighting individual 
head measurements within a cell in inverse proportion 
to their respective variances (standard deviations, from 
the previous paragraph, squared). Corresponding esti­ 
mates of the variances of average heads within cells 
also were computed.

Streamflow data used to calibrate the ground- 
water flow model originated from daily mean stream- 
flow data from continuous-record gaging stations and 
streamflow-measurement data from partial-record 
gaging stations. Daily mean streamflows from 10 gag­ 
ing stations in the Tri-County region were disaggre­ 
gated into surface-runoff and base-flow components 
(table 1) by use of a Streamflow partitioning technique 
(Rutledge, 1993). The average base-flow component 
was assumed to represent average ground-water 
discharge. Although no precise measure of uncertainty 
for estimates of base flow is available, the assumption 
for this analysis was that the standard error of the 
base-flow estimate was 10 percent.

A statistical model was developed between 
Streamflow measurements at 25 partial-record gaging 
stations and corresponding daily mean Streamflow at 
continuous-record gaging stations (fig. 4). Base flow 
at the partial-record stations (table 2) was estimated 
from this statistical relation and the base flow deter­ 
mined at the continuous-record gaging station 
(table 1). The uncertainty of base flow at the partial- 
record stations was based on the standard error of the 
statistical relation.

The incremental ground-water discharge 
between gaging stations was computed as the differ­ 
ence between base flows at each station. The variance 
of the increments was computed as the sum of the

variances of the base-flow estimates at the upstream- 
and downstream-reach limits. Ground-water discharge 
upstream from the most upstream gaging station on a 
stream was taken as the base flow at that station.

Initial estimates of the standard errors of the 
average heads in model cells were adjusted during pre­ 
liminary MODFLOWP runs to increase the relative 
significance of Streamflow data, which were measured 
in cubic feet per second, and to correspond more 
closely with the error characteristics computed by the 
parameter-estimation model. Final estimates of th? 
standard error of average heads within cells were com­ 
puted by multiplying the initial estimate of standard 
deviation by 2 and adding 5 ft.

Optimal Parameter Estimates

The optimal values for the four parameters esti­ 
mated by use of nonlinear regression are given in 
table 5. The optimization reduced the weighted sum of 
squared residuals by 97 percent, from an initial value 
of l.SOxlO5 to a minimum value of 4.05xl03 . The- 
estimated standard deviations at the optimal values 
indicated that all the parameters are likely to be signif­ 
icantly different from zero; however, the exact level of 
significance could not be determined by linear est : ma- 
tion. The model was determined to be nonlinear or the 
basis of modified Beale's measure (Hill, 1994, p. 45), 
which could not be calculated for the optimal 
parameter set.

Correlation between parameters complicates the 
estimation and interpretation of parameter values; 
however, in this analysis, the largest correlation 
between parameters is 0.35, in absolute value. This 
correlation is far below values that might indicate esti­ 
mation problems such as collinearity. In addition, the 
interpretation of the parameters is simplified if the 
weighted residuals are normally distributed. Although 
there was some evidence that the weighted residuals 
were not quite normally distributed, the correlation 
between the ordered weighted residuals and corre­ 
sponding standard normal deviates is high (0.965).

The estimated transmissivity in the Saginav 
aquifer and the horizontal hydraulic conductivity in 
the glacial deposits in the model area were computed 
as the product of the corresponding parameter esti­ 
mates and the matrices describing the spatial variation. 
Vertical hydraulic conductivity between the S agin aw 
aquifer and the glacial deposits was computed as the

Simulation of Ground-Water Flow 29



Table 5. Parameter estimates for coefficients multiplying matrices that describe the spatial variation of hydraulic proper* ;es, 
Tri-County region, Michigan

Parameter

Estimate

Initial
Optimal

Statistic

Estimated value
Estimated value 
Sensitivity 
Standard deviation
Coefficient of variation

Transmissivity of 
the Saginaw aquifer 

(feet squared per day)

1.0
1.49 
.00543 
.126
.0846

Hydraulic conductivity 
within the glacial 

deposits 
(feet per day)

1.0
3.18 

.00102 
1.46
.457

Vertical leakance 
between the 

Saginaw aquifer and 
the glacial deposits 

(per day)

1.0
33.0 

.00963 
1.50
.0456

Streamed 
conductance 
(feet squared 

per day)

1.0
29.9 

.002°4 
4.49

.150

product of the parameter estimate and the matrix of 
vertical leakance values multiplied by the local thick­ 
ness of the glacial deposits. The resulting range in 
transmissivities is 75.7 to 3,430 ft2/d, in horizontal 
hydraulic conductivities is 22.3 to 87.5 ft/d, and in 
vertical hydraulic conductivities is 4.7x10 to 
4.0xlO'2 ft/d (figs. 21-23). Streambed hydraulic 
conductivity was estimated to be 2.3 ft/d.

Simulation Results for 1992 Pumping Conditions

Model simulations were used to compute 
ground-water heads and flows in the Tri-County 
region. Comparison of simulated and measured heads 
is a means of assessing model adequacy for specific 
applications.

Ground-Water Heads

Simulated ground-water heads in the upper and 
lower layers generally are consistent with measured 
heads. In the upper layer (fig. 24), 50 percent of simu­ 
lated heads are within ±3.23 ft of measured heads; 90 
percent of simulated heads are within ±21.1 ft of mea­ 
sured heads. The standard error of the difference 
between simulated and measured heads is 12.5 ft. In 
the upper layer, the greatest differences between simu­ 
lated and measured heads (-64 to 53 ft) are in the south 
and central part of the model area.

In the lower layer (fig. 25), 50 percent of the 
simulated heads are within ±9.4 ft of measured heads; 
90 percent of the simulated heads are within ±25.7 ft 
of the measured heads. The standard error of the 
difference between simulated and measured heads is

15.8 ft. In the lower layer, the greatest difference^ 
between simulated and measured heads (-49 to 68 ft) 
are in the central part of the model area. The tenancy 
for simulated heads to overestimate computed heads 
less than 720 ft above sea level may be associated1 with 
local drawdown (where average heads computed from 
measurements do not adequately represent average 
cell heads), or it may indicate model limitations. The 
spatial variation of simulated ground-water heads in 
the upper and lower layers is shown in figures 26 
and 27.

Ground-Water Flow

To aid in model calibration, simulated dis­ 
charges of ground water to streams, ys (flow to cells 
in the upper layer that are designated as rivers), vere 
compared to estimates of ground-water flow devel­ 
oped on the basis of streamflow measured at 
continuous- and partial-record streamflow-gaging 
stations, yM (tables 1 and 2). The results indicate that 
the estimates are consistent with the line of agreement 
(fig. 28). In the model area, 50 percent of the simu-

^

lated streamflows are within 7.1 ft /s of the estimates 
based on measured flow; 90 percent are within 
28.8 ft3/s. Four reaches of streams that were indicated 
as discharging to the aquifer on the basis of stream- 
flow measurements are simulated as receiving water 
from the aquifer by the model; however, the magni­ 
tudes of these flows was small relative to the overall 
budget of the model. Areas of greatest discrepancy 
between estimates generally are near model 
boundaries.
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Figure 21. Estimated transmissivity of the Saginaw aquifer in the model area, Tri-County region, Michigan.
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Ground-water flow simulations 
for 1992 pumping conditions were used 
to develop a steady-state ground-water- 
flow budget (fig. 29) by use of the com­ 
puter program ZONEBUDGET (Har- 
baugh, 1990). The budget indicates that 
the glacial deposits receive about 6.53 
in/yr of recharge from the land surface 
and 0.99 in/yr of recharge from streams 
or other surface-water bodies. Of this 
recharge, about 7.1 in/yr is discharged to 
streams either internally to the model 
(6.58 in/yr) or externally (0.52 in/yr). A 
net discharge of 0.39 in/yr drains from 
the upper layer and recharges the lower 
layer; 0.04 in/yr in the upper layer is 
withdrawn from wells. In the lower layer, 
approximately the same amount of water 
that recharges the Saginaw aquifer from 
the glacial deposits is withdrawn from 
wells. A small amount of water (0.02 
in/yr) is discharged directly from the 
lower layer to streams. The error in the 
computed water balance is less than 
0.05 percent.

Expected Future Pumping Conditionr

Ground water from the Saginaw 
aquifer is the primary source of water for 
Tri-County residents. In 1992, more thm 
89 percent of the ground water withdrawn 
by public systems was withdrawn from 
the Saginaw aquifer (Luukkonen, 1995^. 
A drought in 1988 and subsequent wate^ 
rationing in the Tri-County region 
prompted local communities to assess the 
adequacy of water resources for future 
needs. A regional water feasibility study 
was done to evaluate the development of a 
regional water-supply system, assess th~. 
total sustainable yield of the aquifer syr- 
tem, and identify areas for future water 
supply (Tri-County Regional Planning 
Commission, 1992).
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Figure 26. Simulated heads in the glacial deposits for 1992 pumping conditions in the model area, Tri-County 
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The ability to assess the effects of alternative 
pumping scenarios prior to implementation is an effec­ 
tive ground-water management tool. Water-supply 
requirements were projected for the year 2020 by use of 
population forecasts and current per capita water-use 
characteristics (Jon Coleman, Tri-County Regional 
Planning Commission, written commun., 1994). Three 
pumping scenarios were developed on the basis of 
these projections, the existing water-supply networks, 
and the projected areas of increasing demand (Tri- 
County Regional Planning Commission, 1992).

Scenario 1 depicts an increase in pumping from 
39.9 Mgal/d in 1992 to 64.4 Mgal/d in 2020. 
Hypothetical new well fields in Delhi Township and 
Bath Township are used to supply the additional water.

Simulation results (fig. 30) indicate a lowering of 
water levels in the Saginaw aquifer from 1992 
pumping conditions near the hypothetical new well

f\

fields and dewatering of an area of about 4.31 mi in 
Delhi Township in the glacial deposits.

Scenario 2 depicts a total pumpage of 
67.9 Mgal/d from hypothetical new well fields in 
Delhi Township and Delta Township. Simulation 
results (fig. 31) indicate that the increased withdravals 
would lower ground-water levels in the Saginaw anui- 
fer from 1992 pumping conditions near the hypotheti­ 
cal new well fields and dewater an area in the glacial

^\

deposits of about 4.3 mi in Delhi Township and about 
1.2 mi2 in Delta Township.
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Figure 29. Ground-water model budget components for 1992 pumping conditions, Tri-County 
region, Michigan.

Scenario 3 depicts a total pumpage of 63.7 
Mgal/d with new well fields in Delhi Township and 
Bath Township as well as increased pumpage at exist­ 
ing wells in the Tri-County region. Simulation results 
(fig. 32) indicate that the increased withdrawals would 
lower water levels in the Saginaw aquifer from 1992 
pumping conditions near the hypothetical new well 
fields and dewater an area in the glacial deposits of 
about 0.06 mi2 in Delta Township.

Delineation of Contributing Areas

Ground-water resources are naturally replen­ 
ished by infiltration of precipitation and subsequent 
percolation of water through geologic materials in 
contributing areas. Although this process is necessary 
to sustain ground-water resources, it also has the 
potential to transport contaminants to pumped wells.

Simulated ground-water flow and estimated 
effective porosity values were used with a particle- 
tracking model (Pollock, 1989) to delineate 
contributing areas to public-supply wells. The 
particle-tracking program, MODPATH, uses a 
semianalytical particle tracking scheme. The method 
is based on the assumption that each directional 
velocity component of a water particle varies linearly 
within a cell in its own coordinate direction. This 
assumption allows an analytical expression describing 
the flow path within each cell to be obtained. TH 
particle is then tracked as it moves from cell to cell 
through the steady-state three-dimensional flow 
system. Effective porosity, which describes the 
relative void (non-solid) space in a volume of geologic 
material, was estimated as 15 percent in the upp^r and 
the lower layer, a value consistent with the rang^ 
reported by Marsily (1986, p. 36) for these type'' of 
materials.
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Figure 30. Simulated changes in water levels in the lower layer from 1992 conditions in the model area, 
Tri-County region, Michigan, resulting from implementation of scenario 1.
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The particle-tracking program was used by 
specifying locations of hypothetical water particles 
along the faces of cells containing one or more wells. 
Particles were distributed along cell faces in propor­ 
tion to the total well pumpage simulated. In all, 187 
wells are simulated in 161 cells of the lower model 
layer in the nine-township area (fig. 2); the combined 
withdrawal from these wells is about 32.9 Mgal/d.

The particles were then tracked backward in 
time through the ground-water-flow velocity field until 
they reached a top cell face in the upper layer. Thus, 
the position at the end of the simulation represented 
the starting position of the particle. This collection of 
starting locations, projected up to the land surface, 
represents the contributing area for pumped wells.

The particle-tracking results are based on 
steady-state ground-water flow by advection only; dis­ 
persion is not considered. Qualitatively, however, the 
effects of dispersion would enlarge the contributing 
areas.

Pumping conditions in 1992 were simulated by 
distributing 87,779 particles along the faces of cells 
containing one or more public-supply wells. The con­ 
tributing area for these wells encompasses 1,929 
model cells, or total of about 121 mi , and consists of 
disconnected zones in the central and south-central 
parts of the model area (fig. 33). In addition, 40-year 
time-of-travel areas, identified by those particles 
whose time of travel is 40 years or less, are delineated 
by the positions of 32,032 particles (fig. 34). The 40- 
year time-of-travel areas encompass 668 model cells 
or a total of about 42 mi and consist of disconnected 
zones in the central part of the model area.

Use of Tritium Data to Confirm Particle- 
Tracking Results

Tritium (3H) is a radioactive isotope of hydro­ 
gen. Tritiated water has physical and chemical proper­ 
ties similar to those of non-tritiated water. Tritium is 
produced naturally at low levels by reactions between 
cosmic rays and water in the upper atmosphere. Payne 
(1972) estimates that tritium concentrations in precipi­ 
tation ranged from 5 to 20 tritium units (TU) before 
1952. On the basis of this estimated range, natural

2 A tritium unit (TU) is equal to 1 tritium atom in 10 18 atoms 
of hydrogen.

concentrations of tritium in ground water that is 
41 years old (from 1952 to the reference date of 1993) 
would naturally decrease through radioactive de°.ay to 
0.5 to 2.0 TU, based on the half-life of 3H of 12.3 
years.

In late 1952, large quantities of tritium were 
introduced into the atmosphere at the beginning of 
atomic testing in the atmosphere. The resulting ele­ 
vated concentrations of tritiated water provide a 
marker that can be used to date ground water. T MS, 
ground water whose tritium concentration is greater 
than 2.0 TU would be expected to have entered the 
ground water system less than 41 years ago.

In the Tri-County region, water from 51 veils 
was sampled for tritium during three investigations 
(fig. 35). Slayton (1982) sampled 18 wells in the 
southern half of the model area; water from 9 of these 
wells had tritium concentrations exceeding 2.0 TU. 
Ritter (1980) sampled 12 wells in Meridian Township 
near the center of the model area; water from 8 of 
these wells had tritium concentrations exceeding 2.0 
TU. During this investigation, 21 wells were sampled 
throughout the model area; water from 11 of these 
wells had tritium concentrations exceeding 2.0 TU.

Particle-tracking analysis was used to est: mate 
the time of travel to the 51 wells sampled for tritium. 
Particles were placed on the faces of cells containing 
sampled wells. Each selected cell contained 1,125 par­ 
ticles. During the simulation, particles were tracked 
backward in time from the selected cells to the upper 
cell face in the upper layer; thus, the position at the 
end of the simulation represented the starting position 
of the particle. Particles that took 41 years or le^s to 
travel from the upper cell face in the upper layer to the 
cells containing the sampled wells represent water 
recharging the aquifer since 1952.

Time-of-travel estimates obtained from the 
particle-tracking analysis were compared with tritium 
concentrations of water from sampled wells. Particle- 
tracking results from 51 wells throughout the model 
area indicate that 33 wells are correctly classified and 
18 are not. That is, water from 33 wells either had 
greater than 2.0 TU and particles reaching the wells in 
less than 41 years or had less than or equal to 2.0 TU 
and no particles reaching the wells in less than 
41 years. Those that are incorrectly classified eitver had 
greater than 2.0 TU and no particles reaching ttr< wells 
in less than 41 years or had less than or equal to 2.0 TU 
and particles reaching the wells in less than 41 years.
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Figure 35. Tritium concentrations and particle-tracking results for sampled wells in the model area, Tri-County 
region, Michigan.
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For two wells, fewer than 100 particles (38 and 40 par­ 
ticles) reached the land surface in less than 41 years; 
whereas for the rest, more than 200 particles reached 
the land surface in less than 41 years. Contingency- 
table analysis of these results indicate that this degree 
of concordance could occur with a probability (p) less 
than 0.05, based on a Chi-square statistic (X2) of 4.07. 
In the nine-township area, where 28 wells were sam­ 
pled, 20 are correctly classified and 8 are misclassified 
(p <0.05, X2 = 4.23). Thus, in the whole model area and 
in the nine-township area where most of the ground 
water is being withdrawn, the results of the tritium 
sampling support the effectiveness of the particle- 
tracking analysis. Finally, for the 21 wells sampled dur­ 
ing this investigation throughout the model area, 17 are 
correctly classified and 4 are misclassified (p<0.005, X2 
= 8.24). Thus, where the reliability of the sampling pro­ 
tocols and analytical techniques could be readily veri­ 
fied, the results of the tritium sampling support the 
results of the particle-tracking analysis.

Some of the discrepancies between the results of 
tritium sampling and those of particle-tracking analy­ 
sis are likely associated with (1) sampling of water 
from wells that do not fully penetrate the aquifer and 
(2) the model conceptualization of the Saginaw aqui­ 
fer as a single continuous unit. Because the Saginaw 
aquifer is formed from a composite of sandstone units, 
tritium concentrations may vary with depth. Moreover, 
the particle-tracking analysis does not account for 
dispersion, which likely affects tritium distribution.

Limitations of Model Results

The ground-water-flow model was developed to 
simulate the regional, steady-state response of the 
Saginaw aquifer in the Tri-County region to ground- 
water withdrawals typical of those applied in 1992. 
Flow in the Saginaw aquifer is modeled as a single 
layer whose properties are based on the composite 
thickness of the sandstone units in the Pennsylvanian 
rocks. However, the various sandstone units are sepa­ 
rated by less permeable materials that likely affect 
local flow and head characteristics. Any vertical varia­ 
tions in head and flow in the Saginaw aquifer are not 
represented in the model. Additionally, hydraulic 
properties in the aquifer were assumed to be isotropic.

Ground-water flow in the glacial deposits was 
modeled to support analysis of flow in the Sagiraw 
aquifer. Average recharge rates to the glacial deposits 
are assumed to follow regional relations found in the 
Lower Peninsula of Michigan (Holtschlag, 1994). 
However, local variations in recharge rates for 
example, those associated with impermeable 
surfaces are not accounted for in the model. Flow of 
water between the Saginaw aquifer and the glacial 
deposits is assumed to be related to the vertical 
hydraulic conductivity in the glacial deposits alone. 
The model does not provide for the possible flow of 
water between geologic units below the Pennsylvanian 
rocks and the Saginaw aquifer. This assumption is 
considered adequate for initial development of the 
model because there is no direct evidence of disconti­ 
nuities in the Saginaw confining unit in the region. 
However, local discontinuities in the confining unit or 
local pumping conditions could make this assumption 
untenable.

The process of discretizing the flow system for 
model simulation necessarily simplifies the complexi­ 
ties of the natural flow system. Model cells, whi°,h 
represent a land area of 0.0625 mi , are assumed to 
reflect homogeneous hydraulic properties. Local flows 
over distances smaller than the dimensions of th Q< grid 
cell cannot be accurately represented. Additional geo­ 
logic and hydraulic data, as well as finer discretization 
of the model, would be needed to simulate local flow 
systems. The accuracy of the model is limited by the 
data available to estimate the transmissivity of tve 
Saginaw aquifer, the horizontal hydraulic conductivity 
of the glacial deposits, the vertical hydraulic conduc­ 
tivity between the Saginaw aquifer and the glacial 
deposits, and the streambed conductance. Initial esti­ 
mates of hydraulic properties were interpolated by 
analysis of available data. However, the interpolation 
process produces estimates of hydraulic properties that 
are less variable than the corresponding properties in 
nature.

Model simulations are restricted to steady-state 
conditions. All stresses within and inputs to the sys­ 
tem, including well pumpages and recharge, rerrain 
constant throughout the simulation. No net gain or loss 
of flow is simulated in the system. Recharge from pre­ 
cipitation or flow into the model area across external 
boundaries equals flow to streams, lakes, and wells and 
flow out of the model area across external boundaries.
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Implicit in the steady-state assumption is that measured 
heads and flows represent long-term average condi­ 
tions, because true steady-state conditions do not 
occur. Changes in storage of water in the aquifers are 
not accounted for in steady-state simulations. Thus, the 
current configuration of the ground-water-flow model 
cannot be used to simulate transient-flow conditions.

External boundary conditions were specified on 
the basis of natural hydrologic conditions and pump­ 
ing stresses in 1992; however, use of the model to sim­ 
ulate ground-water withdrawals near an external 
boundary cell may change the boundary conditions 
and produce inaccurate results. Simulated well pump- 
ages were assumed to come from the centers of the 
grid cells. Small pumpages from domestic wells were 
not included owing to the difficulty in obtaining reli­ 
able data and the limitations in accurately representing 
small scale flow systems.

The accuracy of the particle-tracking results are 
limited by the accuracy of the flow model, the esti­ 
mates of the effective porosity of the flow system, the 
linear approximation of the cell flow velocities to the 
local ground-water flow velocities, and the assumption 
of no dispersion. The model does not explicitly 
describe flow through fractures or fissures in the rocks, 
but it implicitly combines primary and secondary per­ 
meability components to describe average flow condi­ 
tions. The presence of fractures and fissures could 
create large heterogeneities in local hydraulic proper­ 
ties and could result in large discrepancies between 
simulated and actual times of travel for various con­ 
stituents. Particle tracking was done for the nine- 
township area near the center of the model area. 
Attempts to apply the results of additional particle 
tracking results for wells near the boundaries of the 
model area would be inappropriate. Likewise, detailed 
analysis of contributing areas for a small, localized 
area might not produce reliable results because of the 
inability of the model to represent local flow systems.

SUMMARY

A ground-water-flow model was developed to 
simulate the regional, steady-state response of the 
Saginaw aquifer to major ground-water withdrawals in 
the Tri-County region surrounding Lansing, Michigan. 
Ground water from the Saginaw aquifer is the primary 
source of water for Tri-County residents. In 1992,

more than 89 percent of the ground water withdrawn 
by public systems was pumped from the Saginaw 
aquifer. Aquifers in the glacial deposits and other bed­ 
rock units also are important ground-water sources in 
some locations.

The Saginaw aquifer is in the Grand River an'i 
Saginaw Formations of Pennsylvanian age. These for­ 
mations, which are primarily sandstone, range in 
thickness from 0 to 300 ft, and are thickest in the 
northern part of the Tri-County region. Glacial depos­ 
its, left by ice advances during late Wisconsin time 
(35,000 to 10,000 years before the present), overlie the 
Saginaw aquifer. These deposits range in texture from 
lacustrine clay or glacial till to coarse alluvial and o^it- 
wash deposits. The glacial deposits range in thickness 
from 0 to 300 feet and are thickest in the northwestern 
part of the Tri-County region.

Ground-water flow in the glacial deposits is 
generally from south to north. The spatial variation of 
recharge to the glacial deposits, which averaged 
6.7 in/yr, was estimated on the basis of regional rela­ 
tions determined for the Lower Peninsula of Michigan 
(Holtschlag, 1994). Initial estimates of the spatial vari­ 
ation in the horizontal and vertical hydraulic conduc­ 
tivities in the glacial deposits were determined on tH 
basis of a geostatistical analysis of lithologic data from 
4,947 wells. Flow between the glacial deposits and tve 
Saginaw aquifer was assumed to be related to the ver­ 
tical hydraulic conductivity of the glacial deposits.

Ground-water flow in the Saginaw aquifer also 
is primarily from south to north. Recharge to the Sagi­ 
naw aquifer is principally by leakage from the glacial 
deposits; discharge is primarily to regional river sys­ 
tems, such as Maple River. The spatial variation of 
transmissivity in the Saginaw aquifer was associated 
with the composite thickness of sandstone units in the 
Pennsylvanian rock. The Saginaw confining unit was 
assumed to prevent flow of ground water between tl ?. 
Saginaw aquifer and underlying units.

The ground-water-flow model developed for the 
Tri-County region consists of two layers; the upper 
layer represents aquifers in the glacial deposits and the 
lower layer represents the Saginaw aquifer. The model 
area is horizontally discretized into a grid of equally 
spaced cells in 215 rows and 233 columns. Each cell is 
1,320 by 1,320 ft. Constant-head and no-flow cells are
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used as external boundaries for the model; constant- 
head river cells and public-supply wells are primarily 
used as internal boundaries.

The model was calibrated by estimating four 
parameters by use of nonlinear regression. Three 
parameters adjust initial estimates of the spatial 
variations in aquifer hydraulic properties, and one 
parameter estimates streambed conductance. After 
application of the three parameters to the matrices of 
initial estimates, the resulting transmissivities of the

r\

Saginaw aquifer range from 75.7 to 3,430 ft/d; 
horizontal hydraulic conductivities of the glacial 
deposits range from 22.3 to 87.5 ft/d; and vertical 
hydraulic conductivities of the glacial deposits range 
from 4.7X10"4 to 4.0xlO'2 ft/d. Streambed hydraulic 
conductivity was estimated as 2.3 ft/d. No significant 
correlation was found among estimated parameters. 
However, because of nonlinearities detected by 
Beale's measure, reliable confidence intervals for 
parameters could not be computed.

The regression analysis improved on initial 
parameter estimates by minimizing the weighted 
residuals formed as the differences between 2,791 
head measurements and 35 ground-water flow 
estimates and simulated values. Measurements were 
weighted to account for differences in units of mea­ 
surement between heads (in feet) and flows (in cubic 
feet per second), differences in the numbers of head 
and flow data, and differences in accuracies among 
head and flow data. Analysis of model simulation 
results for 1992 pumping conditions indicate that 50 
percent of simulated head values are within about 3 ft 
of measured values for the upper layer and within 
about 9 ft for the lower layer; 90 percent are within 
about 21 ft of measured values for the upper layer and 
within about 25 ft for the lower layer. Simulation 
results also indicate that 50 percent of the simulated 
streamflows are within about 7 ft3/s and 90 percent are 
within 29 ft3/s of estimated streamflow estimates.

Three scenarios were simulated for alternative 
pumping conditions projected for the year 2020. The 
scenarios represent an average increase of 64 percent 
over 1992 pumping withdrawals. The results show 
areas where ground-water levels are expected to be 
lowered from 1992 conditions if the scenarios are 
implemented.

Contributing areas were delineated for public 
supply wells in the Saginaw aquifer in the nine- 
township area, which is near the center of the Tri- 
County region. Contributing areas were delineated by 
use of particle-tracking analysis. Results of flow simu­ 
lations under 1992 pumping conditions indicate that 
these areas cover about 121 mi2 . Contributing areas 
for particles whose traveltimes are 40 years or less 
cover about 42 mi2 . An estimate of effective porosity 
of 15 percent for the Saginaw aquifer and for tve 
glacial deposits was used in the computations.

Tritium concentrations of water from 51 wells in 
the Tri-County region were used to confirm the delin­ 
eation of 40-year contributing areas. Tritium data indi­ 
cate whether sampled ground water recharged the 
system before atmospheric atomic testing began in 
1952. Results of tritium sampling support results of 
model simulations for wells sampled throughout the 
model area, the nine-township area, and during this 
study. Some of the discrepancies between the results 
of tritium sampling and model simulations are thought 
to be associated with sampling from wells that are not 
fully penetrating the aquifers and differences in sam­ 
pling and analytical procedures between this study and 
studies done more than 10 years earlier.
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