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Abstraet.—The spray irrigation system used by Muskegon
County for wastewater treatment is the largest of ite kind in
the United States. It haos 2200 hectares of irrigated farm land,
888 hectares of treatment lagoons, and 105 kilometers of

drainape tile, The system has o design capacity of 1.8 cubic

meters of wastewater per second. A three-dimensional finite-
difference model wis developed to study the effect of the dis-
posal operation on ground-water conditions. Model caleulations
show that the water table at and adjacent to most of the
wastewater site is lower as a result of the operation of the
system to date. However, along the northwest boundary of the
site, where irrigated Iand was not undertiled, the water table
is 1 to 2 meters higher than it would be under natural con-
ditions. Predictive simulations indieate that, even if the draln-
age tiles lost 78 pereent of their effectiveness, the impact of
disposal operations on ground-water levels would be negligible
outside of the wastewater site.

Muskegon County, Mich., began construction of a
4047-ha wastewater system in 197i. By August 1974
the system was fully operative. This system, designed
to use wastewater for spray irrigation of crops, is the
first major regional system of its type constructed in
the United States. It is located 16 km east of the city
of Muskegon.

The purpose of this investigation was to develop a
mathematical model of the ground-water flow system
in and adjacent to the site so that this model could be
used to estimate the effects of the wastewater facility
on local ground-water conditions. Figure 1 shows the
location and boundaries of the modeled area and the
location of the wastewater facility.

The wastewater system has a design capacity of
1.8 m?/s (Bauer Engineering, Inc., 1973). Five muniei-
palities and two industries currently pipe 1.3 m?/s to
the site. Wastewnater is aerated, chlorinated, and then
used to irrigate corn. The treated water is sprayed on
the land for 8 months; during the winter it is stored
in two large lagoons, each having a surface area of 344
ha. The bottoms of the lagoons are about 3 m above
the preconstruction altitude of the water table. Leak-
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Figure 1.—Location of study area. Line A-A’ is trace of cross
section shown in figure 8.

a

age from the lagoons is intercepted by ditches that
surround abont 90 percent of the perimeter of lagoon
area. Water in these seepage ditches is either pumped
back to the lagoons or to adjacent streams. From the
lagoons, water is pumped to center pivot rigs capable
of irrigating crops at a rate of 8 em per week. There
are 54 circles irrigating an area of 2200 ha (fig. 2).
Most circles are drained by corrugated polyethylene
tiles having diameters of 15-25 em. The tile is per-
forated with 0.2 by 3.8-em slots and is encased in a
0.45-mm-mesh fiberglass fabric. Drainage tile lLines
are generally set 1.5 to 2.5 m below land surface and
are spaced at 150-m intervals, They are génerally just
below the water table except in the northwest corner
of the site, where the tile lines are few and above the
water table. The total length of the tile lines is 105
km. Drainage tiles are connected to concrete collector
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Fiause 2.—Muskegon County wastewater system.

tiles (fig. 2) that discharge to drainage ditches. In
addition to tile, there are 30 wells (designated as
pumped wells on fig. 2) that are used to control
ground-water levels, Seven of the wells along the
northwest edge of the lagoons are pumped to reduce
ground-water mounding caused by lagoon leakage.
The rest of the wells are used to control mounding
caunsed by irrigation, This system of tiles, discharge
wells, seepage ditches, and drainage ditches was de-
signed to lower ground-water levels in the project
areaq,

A mathematical model capable of simulating the

hydrologic system of the wastewater site and its vicin- -

ity was developed. The model utilizes standard numeri-
cal techniques to solve the differential equation of
three-dimenstonal ground-water flow; it includes
routines for simulating the effects of rivers, lagoons,
and drainage tiles on the ground-water system, Input
to the model consisted primarily of available data.
The only additional field data collected were water-
level measurements of about 90 wells and streamflow
information obtained at five locations in the vieinity
of the wastewater site,

GEOLOGIC SETTING

Pleistocena denosits

The western half of the modeled area (fiz. 1) is
underlain by sediments deposited in Pleistocene lakes
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FieuRe 3.—Cross section of study area showing geologic forma-
tions, Location of section A-A’ shown in figure 1.

(fig. 3) (Martin, 1955). The composition of the sedi-
ments varies from tight clay to fine gravel, Generally,
the upper 6 to 24 m is well-sorted stratified sand, in-
terlayed with fine gravel and silt. Underlying the
sand and gravel are beds of relatively impermeabla
silt and clay. Topography in the western half is flat
and poorly drained; recharge to the ground-water
body is high. . :
Most of the eastern part of the area is underlain by
morainic sediments, poorly sorted silt and clay contain-
ing lenses of sand and gravel. Thin sand and gravel
heds occur along some stream valleys. The thickness
of the unconsolidated deposits ranges from 30 to 165
m. Under the wastewater site these deposits are ap-
proximately 85 m thick, Undulating topography, more
extensive stream development, and low recharge to
the pround-water body characterize the eastern part.

Consolidated deposits

Underlying the Pleistocene deposits are consolidated
sedimentary rocks of Mississippian age (figs. 3, 4).
They include the Bayport Limestone, Michigan For-
mation, Marshall Formation, and Coldwater Shale
(Martin, 1936}, The Bayport Limestone is predomi-
nantly limestone, sandstone, and shale, The Michigan
Formation is composed of relatively impermeable
shale, gypsum, dolemite, and limestone. These forma-
tions and the overlying silt and clay beds range in
thickness from 24 m on the west to about 245 m on
the east; they form a confining layer over the Marshall
Formation. The Marshall Formation is composed of
highly permeable gray, pink, and red sandstones
(deWitt, 1960; Dorr and Eschman, 1970). This forma-
tion ranges from being absent in the western part of
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Fioure 4.—Suberop formations, thickmess, and potentlometrie
surface of Marshall Formation.

the study area to as much as 100 m thick in the eastern
part. The Coldwater Shale, a thick impermeable shale
sequence, underlies and confines the Marshall Forma-
tion.

HYDROLOGIC SETTING

The region studied has an area of 1620 km?®. Logs
of water wells drilled since 1969 and logs of explora-
tory oil and gas wells were used to determine the loca-
tion, extent, and hydraulic properties of water-bearing
materials and confining beds, Water-level measure-
ments recorded on the well logs were used to estimate
steady-state conditions.

The two principal aquifer systems are the water-
table aquifer in the Pleistocene deposits and the ar-
tesian aquifer in the Marshall Formation (fig. 3).
These aquifers are separated by thick confining beds
of silt, clay, and shale,

Water-table aguifer

The water-table aquifer of the Pleistocene deposits
is composed principally of sand containing some silt
and gravel. The aguifer ranges from being absent

where it pinches out against the morainic deposits in

the eastern part to about 24 m thick in the west. Hy-
draulic conductivities of these materials were assigned

on the basis of well-performance data within the study

aren and & general knowledge of the characteristics of
glacial materials elsewhere. Initial estimates of trans-
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missivity of the aquifer were determined from logs of
wells by the relation

I “—""E K{ b;,

{i=1

(1)

where X; is the hydraulic conductivity,
by is the thickness of each lithologic unit, and
7 is the number of units between the water
table and the base of the Pleistocens
aguifer,

Initial transmissivity values were later modified
during model calibration. In the model,.the water-
table aquifer is represented by two layers; values con-
toured in figure 5 were consequently defined by the
equation

= Ksbz + Ksbs, (2)

where &, and X, represent hydraulic conductivities
and b, and &, represent the thickness of the two |
layers,
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Fraure 5 —Transmissivity of the water-table aquifer. (1 em2/s
= 8.64 m2/qd.)

s

The regional gradient of the water table is toward
Lake Michigan. Water levels range from 250 m above
mean sea level on the east side of the study area to
177 m along the shore of Lake Michigan, Water dis-
charges from.the aquifer regionally to Lake Michigan
and locally to streams. Aleng the north edge of the
wastewater facility, the water table slopes downward
about 15 m/km northward toward Mosquito Creek,

Recharge to the water-table aquifer was caleulated
to be 20 ecm/yr, based on long-term precipitation,
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streamflow, and ground-water levels. This value agrees
well with those of Allen, Miller, and Wood (1972)
and Walton (1970) for similar geohydrologic condi-
tions in southwestern Michigan and Illinois. Precipi-
tation at the wastewater site and recharge for 197475
are shown in table 1. Recharge rates were higher than
average in 1974 and 1975 because of intensive storms,

TABLE 1—Monthly precipitation, ground-water discharge to
gtreams, change in ground water in sitorage, and ground-
water recharge, in centimeters, in the model area in 1974~
1575,

[Mepntive values of change in pground water in storage indleate de-
clining water levels. Negative values of ground-water recharge
result from losses due to evapoetennsplration.])

Ground water

Dlscharge Change In
Precipitation 1 to streams £ etorage ® Recharge *
1874 18756 1974 1675 1074 1975 1574 1975
January .- 8.9 .1 2.3 2.0 5.1 3.0 7.4 5.0
February __- 3.6 5.1 23 1.8 -1.3 3.0 1.0 4.8
March .- 10,0 5.6 36, 28 2.0 2.5 5.6 5.3
Aprll .. 4.0 431 4.1 3.0 3.0 1] 7.1 3.0
May ___._- 14.7 5.1 3.8 2.3 -1.3 -4.8 2.5 —2.5
June ______ 8.4 119 . 25 2.0 -§4 0.6 -3.0 1.h
July _____ 2.8 4.1 1.5 15 0.4 -5.6 4.9 —4.1
August .. 0.1 23.¢ 1.3 1.3 -0.5 30 0.8 4.9
September _ 1.3 2.5 1.0 3.0 -2.0 3.0 -1.0 8.0
October . 3.0 20 1.5 2.0 1.3 0.0 2.8 1.5
November __ 6.0 8.1 1,8 2.5 3.8 1.8 5.0 4.3
Idecember - 3.3 6.4 18 3.6 0.5 2.8 2.3 8.4
Total __ 7TW.T 85.6 27.9 27.8 —2.2 8.3 25.3 36.1

1Data from rain gage af wastewater disposal site.

% Average values calculated from streamilow bydrographs of four
gaging stotlons,

3 Average from seven observation wells nesuming gpecific yleld of

0.2,
¢ Total of ground-water diseharge and change in ground water in
storage.

Artesian aquifer

The Marshall Formation is an artesian aquifer.
Hydraulic conductivity values, determined from 7
pumping tests and 338 specific-capacity analyses
{Brown and others, 1963; Walton, 1962), ranged from
8 to 800 m/d; the median value was approximately
80 m/d. The thickness of the Marshall Formation was
determined from 750 oil and gas logs. In the eastern
part of the study area, where the formation underlies
the Michigan Formation, the thickness ranges from
18 to 100 m; the average thickness is about 73 m. In
the western half, the thickness gradually decreases
westward from about 70 m until the formation pinches
out along the contact with the Coldwater Shale (fig.
3). Transmissivity of the Marshall Formation, deter-
mined by multiplying the formation thickness by the
median hydraulic conductivity, ranges from 0 along
the west border of the study area, where the Cold-
water Shale is present, to 8000 m?/d just east of the
wastewater site.

In most of the study area and to the east, the Mar-
shall Formation is recharged by downward flow from
the water-table aquifer. Water levels in the artesian
aquifer are lower than the overlying water table; at
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the east edge of the stndy area, this difference is as
much as 30 m, Flow within the Marshall Formation is
to the west. The slope of the potentiometric surface
is 0.8 to 1.9 m/km (fig. 4). At the shore of Lake
Michigan, the head of the Marshall Formation is
ahout 180 m above sea level, whereas the lake level is
177 m above sea level. The vertical flow pattern here
changes from downward recharge to upward dis-
charge toward the lake.

Confining unit

The confining beds of silt, clay, and shale that sepa-
rate the water table and artesian aquifers range in
thickness from 24 m in the west to about 245 m in the
east. Vertical hydrauolic conductivity of confining
beds, 0.004 m/d, was estimated from previous investi-
gations of similar materials in southern Michigan
(Allen, Fleck, and Hanson, 1972) and in Ohio (Nor-
ris, 1963).

MODEL DESCRIPTION

A pround-water model is a mathematical description
of the movement of water in a geologic environment.
When converted to a form that permits computer solu-
tion of equations containing hydrologic and hydraulic
parameters, the response of the ground-water system
to stress may be prediected. e

Basic ground-water flow mode]

The differential equatlon descrlbmg flow in a porous
saturated medium is

o (K, ok , 8 (K, 0k K, oh
6:::( 8w)+6y( )+Bz( t?z)
S ‘”‘-;-W (@gad), (3)

where ‘& is the head at time ¢,

I, K, and &, are principal components of the
hydranlic conductivity tensor alined with the
coordinate axes,

8, is the specific storage, and

W is a source term for inflow or withdrawal
per unit volume of an aquifer,

The terms K., I, S, W, 0%, 8%, and 8% in equation
dz Oy ot

3 are assumed to be independent of z for the thickness

z, to 2, + b, and the equation can be integrated to give

9 (T.oh\ & [T,oh K. oh K. oh
oz 8m)+6‘y( 6y)+ 9z qro 02 [o

=8 "'_‘+' bW (2,52, ’:)a (4}

where 7, and 7, are the principal components of the
transmissivity temsor, and § is the storage
coefficient, defined by § = b8,.
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In general, equation 4 cannot be solved analytically;
however, it can be replaced with an approximating
finite difference equation and thus solved numerically.
The continuous entities of space and time are regarded
as discrete cells, and flow is regarded as a change
from one state of the system to the next in a stepwise
fashion, The hydraulie properties of the material in
each cell are assumed to be homogeneous, and the po-
tentiometric head is calculated for a node at the cen-
ter of each cell,

If the prism being modeled is divided into “I”
rows, “J" columns, and “K” layers, then equation 4 is
approximated by the set of N equations (N=IXJXK)
as follows:

" Tty (o) (AxpipAxy)
~Trwi-tr2eky (Pipk—Huj—in}f (Ax-1 0 Axp)
+ Tyis 2 (i Rupi (Ayinpdys)
—Tyi—yzixiMonx— i ) (AyinAyi)
+ Kt iks 2P —Fipi)] Az 2
—Ketuprrn(Pip—Hup o Jf Az .
=[S hup ) A Wik - (5)
where Ty,j+i2. 15 the transmissivity along the x axis between
node (i,j,k) and (ij+1k), and Tyij—120, Tvivzin.
and Ty are similarly defined,

Kihprerr 1s the hydraulic conductivity along the z axis
between node (k) and node (1jik+1), and
Kijijk—12y is similarly defined,

Ax;, Ay, Az are the widths of column j, row i, and
layer k, respectively,

Wi jk) is the source term for cell (1,j,k),

Axjeyz, Ayiip, Azgap is the distance between node
(ij.k) and nodes(ij+1,k), (i+1ik), and (ijk+1)
respectively,

Ay 15 the potentiometric head at node (i,/,k) at the
end of the time step,

iy s the storage coefficient in cell(i,jk), and

A is the potentiometric head at node (7,7.%) at the
beginning of the time step.

Combining coefficients and bringing terms contain-
ing unknown head values to the left, equation 5 can
be written in the form:

Aot Arhs e b Askiz ot Ashi it Aabionix
_ +Ashi,jkritAshij k1= Go, (6)
where A.(n=0,1,...6) are constant with respect to time, and
G= bWois IS winoh(if, 0/ Ar].

This system of N equations can be written in matrix form
as AR=0. (7
Equation 7 is solved using the “Strongly Implicit Pro-
cedure” (SIP) developed by Stone (1968).

The computer program incorporating the tech-
niques used to approximate a solution to equation 4
was developed by Trescott (1975). Modifications were
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made by Larson (written commun., March 1976) to
simulate tile drainage and river leakage. A typical
nonequilibrium simulation with this program will con-
sist of several recharge periods, during each of which
recharge to the top layer remains constant. The re-
charge periods are subdivided into time steps. The
length of the time step (Af in eq 5) affects the ac-
curacy of the approximation to equation 3. As the
tlme steps get shorter, the accuracy of approxlmatlon

improves, but computation time increases. Similarly,
as the cell dimensions become smaller, the accuracy of
approximation improves, but again the computation
time increases, Thus, the length of time step and size
of the cells must be selected to give acceptable results
in a reasonable processing time.

The hydraulic characteristics and the initial poten-
tiometric heads for each cell are used at the beginning
of simulation to caleulate those elements of matrix
A in equation 7 that remain constant throughout the
simulation. The location and hydraulic characteristics:
of rivers and drainage tiles are used at the beginning
of the simulation and stored for use throughout the
simulation.

After the hydraulic constants have been calenlated,
recharge rates forming part of the W term in equation
4 are used with Af to caleulate the remaining entries
of the matrices 4 and @ in equation 7. For each node,
the SIP algorithm then iteratively caleulates new
heads that satisfy matrix equation 7. Similarly, heads
are calculated for the remaining time steps and the
process is repeated for the rest of the recharge periods.

Drainage analysis

A separate analysis was made to determine the ef-
fects of the drainage tiles, In this analysis, a cross-
sectional model, based on simulation techniques de-
scribed by Prickett and Lonnquist (1971), was utilized.
The model simulated flow in a vertical plane perpen-
dicular to a single drainage tile. The vertical depth
of the cross section was assumed to be 10 m, which is
representative of the thickness of the water-table aqui-
fer; the width was taken as half the drain spacing or
75 m, To represent the drainage tile; a single node at
one side of the mesh was held at a head equal to its
elevation. This node was a square, 0,15 m on a side;
inflow was permitted through one side and through the
bottom. The simulation represented half of the flow
field to a drain. The hydraulic conductivity of the
drain node was reduced to a fraction of that elsewhere
to represent the hydraulic resistance of the drain pipe
and the surrounding fiberglass net. Also, modifieations
were made in the model to allow the water-table
boundary to move.
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During each simulation, the model was set to repre-
sent a fully saturated rectangular cross section, and
recharge was applied to the uppermost nede. A non-
equilibrium simulation was conducted until steady-
state conditions were achieved. As the nodes became
dewatered during the simulation process, they were
removed from the system by lowering the water-table
boundary, and calculations were repeated to achieve a
solution corresponding to the new boundary position.
Except for the drain node and the recharge nodes, all
boundaries were treated as zero-flow boundaries,

Model runs were made using values of lateral hy-
draulic conductivity that are in the range found at the
Muskegon site. Also, several different ratios of lateral
to vertical hydraulic conductivity were used. Results
showed that the flow to both halves of a drainage tile
could be expressed approximately as a function of
hydraulic conductivity and average head above the
drain by the relation "

Q@ =Kz (A =V)6& when h>V, (8)

is the flow into a unit length of drainage
tile,

h  is the average water-table elevation in the
area drained by the tile,

¥ is the elevation of the tile,

X, is the Interal hydraulic conductivity, and

G is a factor that varies with the anisotropy

and with the hydraulic conductivity of

the drain node.

where ¢

When a vertical hydraulic conductivity equal to one-
tenth the lateral hydraulic conductivity was used and
when the conductivity in the drain node was set at
one-tenth of the lateral conductivity elsewhere, &
was found to be approximately 0.1. By varying the
anisotropy and the conductivity of the drain node,
values of & from 0.05 to 0.40 were obtained. These
values were subsequently used in checking the sensi-
tivity of the three-dimensional model under various
drainage conditions.

Muskegon model

Applying the principles of modeling ground-water
flow to the Muskegon wastewater disposal site en-
tailed developing a grid and devising a method for
simulating effects of lagoons, rivers, and drainage
tiles. The arez modeled was divided with a rectilinear
grid into three water-bearing layers as shown in
figure 6. Each layer has 44 rows and 48 ecolumns,
Layer 1, the lowermost layer, represents the Marshall
Formation. Layer 2 represents all the water-table
aquifer except the upper 6 m; layer 3 is the upper
6 m. The water-table aquifer was divided into two
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Fievre 8—Grid spacing used in finite-difference model.
Horizontal spacing ranges from 300 m at wastewater
gite to 5000 m at edge of model.

layers, so that the drains and streams could be simu-
lated in the uppermost layer as shallow features,
rather than having their effect distributed through the
full thickness of the aquifer. The confining unit be-
tween the Marshall Formation and fhe water-table
aquifer was not treated as a separate layer; its effect
was incorporated into the vertical hydraulic conductiv-
ities of layers 1 and 2. :

The horizontal grid was designed so that the small-
est cells (300 m on a side) were at the wastewater site
(shaded area in figure 6). The grid spacing increased
by a factor of 1.5 to the boundaries of the model area.
Moving the boundaries far beyond the wastewater site
greatly, diminishes the sensitivity of the model at the
site to the boundary conditions. All boundaries of the
model aren wers treated as constant flow boundaries
except the western boundary of the top layer, which
was assumed to have a constant head equal to the
elevation of Lake Michigan.

Storage effects were simulated only in the upper-
most layer of the model. Compressive storage in the
unconfined aquifer below the water table was not
simulated, nor was artesian storage in the Marshall
Sandstone. Compressive storage in the confining unit
above the Marshall was also neglected. It was assumed
that these compressive effects would be negligible in
comparison to the water-table storage in the upper-
most layer. Thus, the model grid below the uppermost
layer was purely transmissive in character.

Flow to the drainage tiles was simulated using
equation 8, with & equal to 0.1, In the model, this was
done by adding the terms (G; Ki; hiyz) and (G
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Ky Vis) to the left and right of equation 6, respec-
tively, for each cell in layer 3 that contained drainage
tiles, in each time step during which the head exceeded
the tile elevation. In these expressions

L,; is the length of tile in the cell,

K,; is the hydraulic conductivity of the cell, and
Vs is the average tile elevation in the cell.

During model calibration, values of & in the range
0.05 to 0.40 were used in equation 8 The response of
the model was not particularly sensitive to variation
in @ within this range, and 0.1 was retained as giving
the best results.

The effects of streams on the ground-water system
were simulated using the method described by Prickett
" and Lonnquist (1971, p. 83). The method is based on
assumptions that a streambed layer separates the
stream from the aquifer and that seepage from the
stream to the aquifer becomes constant when the water
level in the aquifer falls below the bottom of the
streambed. Under these-assumptions, the rate of flow
through the streambed is expressed by the equation

¢ =K A (M — y)/b when A<y {9)
and Q. =K' A (M— 1L)/b when A=y, (10)
where ¢, 1is the flow between the stream and the

aquifer (it is positive when the flow is
from the stream to the aquifer),

is the hydraulic conductivity,

is the thickness of the streambed layer,

is the area of streambed within the model
cell,

is the elevation of the stream surface,

is the elevation of the bottom of the
streambed layer, and

% is the head of a cell in layer 3 of the model.

-

In the Muskegon model, £ was taken as one-tenth
of the local lateral hydraulic conductivity in layer 3
of the model, and & was taken as 1.5 m. Other values
of these parameters were slso tried during model
calibration,

Recharge to the water-table aquifer from the la-
goons was treated as an evenly distributed, constant
seepage. In the initial model calibrations, the seepage
rate through the bottom of the lagoons was assumed
to be 0.58 m?/s. This estimate was based upon pump-
age records from the seepage ditches around the

lagoons. Approximately 0.66 m®/s is pumped from

these ditches, and it was assumed that 80 percent of
this, or 0.53 m!/s, represents seepage from the lagoons,
The balance represents drainage from other sources—
that is, from surronnding irrigation circles or from
regional ground-water flow. Also, because the seepage
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ditches do not completely enclose the lagoons, it was
assumed that only 90 percent of the seepage from the
lagoons was intercepted by the ditches. A total seep-
age of 0.58 m*/s was, therefore, used.

If this estimate of lagoon seepage is accurate, it
implies that the vertical hydraulic conductivity beneath
the lagoons is considerably lower than that of the
streambed or that of the water-table zone. This may
reflect the effect of deposition of organic matter in the
lagoons, even though the system has been operated
only since 1974,

The seepage ditches around the lagoons were simu-
lated as streams, by using equations 9 and 10, the
streambed conductivity was assumed to be one-tenth
of the local lateral hydraulic conductivity, and the
streambed layer thickness was assumed to be 1.5 m,
Seepage into the ditches in computer simulations was
found to be in close agreement with field data.

Data' base

Data required for model development included
hydraulic properties of the hydrogeologic units, hy-
draulic properties of rivers and drainage tiles, and con-
stant recharge and discharge sources. Heads and base-
flow caleulated by the model were compared with
measured water levels and streamflow for purposes of
calibration. ol

Initial estimates of the transmissivity of each cell in
layers 1 and 2 and of horizontal hydraulic conductiv-
ity of each cell in layer 3 were made from lithologic
data. Specific yield of layer 3 was set to 0.2. The stor-
age coefficient for layers 1 and 2 was set to 0. The
vertical hydraulic conductivity between the bottom
two layers at each horizontal grid location was as-
sumed to be equal to the vertical hydraulic conductiv-
ity of the confining unit divided by the thickness of
the confining unit at the grid location. The vertical
hydraulic conductivity between the top two layers at
each grid loeation was initially assumed to be equal to
one-tenth of the horizontal hydraulic conduetivity of
the cell in the top layer at that grid location.

Engineering blueprints were used to estimate length
and average elevation of drainage tiles, For each ecell,
the length and average elevations of all tiles in the
cell were used.

The width, length, and elevation of rivers in each
cell of the upper layer were determined from topo-
graphic maps. Thickness of the streambed layer, as
noted previously, was assumed to be 1.5 m, The verti-
cal hydraulic conductivity of the streambed in each
cell was initially assumed to be one-tenth of the hori-
zontal hydraulic conductivity of the cell. A stream
leakage factor was calculated independently of the
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model program from width, length, hydraulic con-
ductivity, and streambed thickness. The leakage factor
and the stream elevation were used in model computa-
tions. _

In calculating irrigation rates, the design capacities
and number of hours of operating time of the irriga-
tion rigs were considered. Total recharge for each cell
in the model area was calculated from lagoon leakage,
amount of irrigation, and natural recharge.

Water levels from two sources were available. A
long-term average water-table map was derived from
levels reported in driller’s well records. Well hydro-
graphs were drawn using water levels measured twice
o month since 1970 in 90 observation wells.

Calibration

A model is calibrated by repetitively running the
computer program using available hydraulic data. The
results of each simulation are then used to refine esti-
mates of hydraulic payameters for subsequent simula-
tions. Development of the Muskegon model involved a
steady-state calibration and a transient calibration. In
each of these calibrations, it was observed that head
differences between the upper and middle layers of the
grid were negligible—that is, that heads in the upper
6 m of the water-table aquifer were essentially equal
to those in the lower part of the aquifer. In presenting
each simulation result, therefore, a single map of
water-table aquifer head or changes in head has heen
utilized, rather than presenting separate maps for the
two model layers rvepresenting the unconfined aquifer.
Results are not shown for the artesian aquifer, inas-
much as changes in the potentiometric surface were
small in all simulations.

During the steady-state calibration a specific yield
of 0 was set in all cells of the uppermost layer, thereby
eliminating the time dependence in equation 3, The
purpose of steady-state calibration was to match the
long-term average water table before construction of
the wastewater facility with the water table caleulated
by the model. A uniform recharge of 20 cm/yr was
used in computations.

A series of steady-state simulations was made to
determine the sensitivity of the model to variations in
the hydraulic parameters. The simulations indicated
that the model was insensitive to changes in vertical
hydraulic conductivity or stream leakage. The model,
however, was very sensitive to changes in horizontal
hydraulic conductivity and transmissivity. Best re-
sults were obtained when these parameters were re-
duced to half their initial values, The comparison be-
tween computed and measured water-table positions
after stendy-state calibration is shown in figure T.
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Fieure 7.—Steady-state water table from fleld measure-
ments and from model calculations.

Along the north edge of the area, step ground-water
gradients caused difficulty in matching water levels.

Transient calibration was used to test assumptions
regarding the specific yield and the hydraulic charac-
teristics of the wastewater facility and to further re-
fine other parameters, The period January 1974 to
December 1975 was used for transient calibration. This
period included the first growing season during which
the facility operated at full capacity, as well as some
earlier periods of operation at part capacity, Twenty-
four monthly recharge periods were simulated. Initial
heads used in the transient ¢alibration were those cal-
culated in the steady-state model.

Only minor changes were made in hydraulic con-
ductivity and transmissivity during transient calibra-
tion, The model was not particularly sensitive to
changes in specific yield, and the original value of 0.2
was ultimately retained because it gave the best re-
sults. Stream location and streanr surface elevation
proved to be important factors. For this reason an
effort was made to include all streams regardless of
size and to establish stream surface elevations as ac-
curately as possible.

Figure 8 shows four representative hydrographs
after transient calibration and illustrates the final
match between computed and observed water-level
trends. Figure 9 compares measured water levels in
the water-table aquifer during July 1975 with those
calculated by the model during transient calibration.



FLECE AND McDONALD

202.5 - i
L]
Calevloted  water  levals
-1
202.0 |- / -4
/'_\ ‘__‘/
e
~
-~ 1 - /
A _
i EONE = | Nra aill RN
E ELLV\Meowred water levels
- 2010 hu [t
<
L
w
202.5 |- e |4
E —[ SN —
/] N
ES P N // |
il o P ;/\/ 7]
3 il
< NELL U
201.5%
&
u L
v ™ 71N
¥ 2080 | ’ \——7‘;
= /] [F1
""h-._“ /
g woms p TSR] | A -
v \/H-‘T\,’ .
] ELL MGS |6
- 2070 b e
i | A—
& — \ |
Fo2as | 1.4
//’ \__\ /“""-\/d
WELL W =il
214.0
F M A M J J A 5 0 N D
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culations. Location of wells shown in figure 2,
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Figure 10 shows the comparison between the amount
of observed and computed baseflow from the vicinity
of the wastewater site during the period of transient
calibration.

INITIAL MODEL APPLICATIONS

Effects of the system through 1975

The model was used to study the past,eﬁ'ect of the
operation of the wastewater system on regional
ground-water levels, Water levels for 1975 were calcu-
lated as if the system had not been constructed. The
impact the wastewater system has had on the regional
water table was determined by subtracting the caleu-
lated water levels from the actual levels. Figure 11

STORAGE

43t LAGGONS
EXPLANATION
G Arga #f  incracsed
grewnd  mater  favaly,
Aren o dacreored
areund  wolsr  [evals,
—— & ——— Conlour yhowing  ORORQY
In ground woler leval.
Contewr iaterval 2 metara,
Doshad  linas  represant +1 ond -1 meter contours, sEco0"

Fieure 11.—Changes in ground-water levels, in the water-
table aquifer, caused by operation of the wastewater
gystem, July 1875.
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shows this impact, In most of the site the effect of the
facility has been to lower ground-water levels, How-
ever, water levels have risen in the northwestern part
of the area where there are relatively few drains.

Predictive simulations

Several predictive simulations were made assuming
& variety of operational conditions. In one simulation,
it was assumed that irrigation would be maintained at
a uniform rate of 4 cm per week (the average rate for
1975) in all irrigation ecircles, the lagoons would leak
steadily at o rate of 0.58 m?/s, and that drainage tile
performance would again be described by equation 8,
with @ taken as 0.1, The December 1975 water-level
configuration was used as the starting surface, and the
simulation was carried to steady state. In this and in
all subsequent predictive simulations, steady state was
attained after 3 or 4 years of operation. The simula-
tions were nevertheless carried for several additional
years. The results for 10 years of operation are pre-
sented here for each simulation as the steady-state
condition.

The results of the initial predictive simulation are
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FioURE 12.—Steady-state water table from model calcula-
tions with irrigation of 4 em per week, normal lagoon
leakage, and tlle seepagze.

shown in figure 12. The effects are primarily at the
wastewater site. For a few areas within the site, the
computed water levels are above land surface. These
areas are shown on figure 12 as being waterlogged—
that is, the water table in these areas would be ap-
proximately at land surface.

The results shown in figure 12 do not imply that
waterlogging is a necessary consequence of the waste
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disposal operntion, but, rather, that irrigation at a
rate of 4 cm per week over the entire area would prob-
ably cause such problems. In practice, irrigation rates
will vary from one part of the system to another and
will be managed so as to avoid waterlogging, or, al-
ternatively, the number of drainage tiles could be in-
creased to avoid waterlogging,

A second predictive simulation was made in which
the irrigation rate was maintained at & uniform rate
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Figure 14—Predicted rise in ground-water levels In
the water-table aquifer, if irrigation is increased
from 4 em per week to 8 cm per week. Im the south-
ern part of the site, the increase of 4 cm per week
in irrigation rate causes g rise of as much as 3 m.
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of 8 cm per week (the design irrigation rate). Per-
formance of drainage tiles and the lagoon seepage were
the same as in the first predictive simulation. The
1975 water-level surface was again taken as the initial
condition, and the simulation was continued to steady
state. Figure 13 shows contours of the water-table
elevation after steady state was reached. The increase
in the irrigation rate from 4 to 8 cm per week caused
the waterlogged area to increase from 150 ha to 400
ha. Figure 14 shows the rise in water level that may
be expected with an increase in irrigation rate from
4 cm per week to 8 em per week. The figure shows the
difference between water-level elevations in figures 12
and 13.

A third predictive simulation assumed that the ir-
rigation rate would be maintained at 8 em per week,
that lagoon leakage would continue at 0.58 m?/s, but
that the efficiency of the drainage tiles would be severe-
Iy reduced by clogging. In the model, the factor & in
equation 8 was reduced from 0.1 to 0.025, and thus the
flow to the drains, for a given head differential, would
be only 25 percent of that in earlier simulations, The
1975 water-table surface was again taken as the start-
ing condition, and calculations were continued until
steady state was achieved. Figure 15 shows contours
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Freure 16.~~Predicted rise in ground-water levels, in the
water-table aquifer, when seepage inte drninage tile
is reduced by 75 percent,

of the change in water level that would result from

clogging of the drains. The contours represent the rise

in water level, above the levels shown in figure 13, that
would result if drainage efficiency were reduced but
other factors remained as in the previous simulation.
Nearly half of the irrigated area becomes waterlogged.
However, long before watérlogging became that exten-

317

o 1 * 3
—_

KILOMETERB

‘|

EXPLAMATION r
Confsut  Whowing  d

of  water  leval
Coptawr  Intervel .3 malers.

v
Daghed  linm reproawate 25 malare. 8700

Ficure 16.-—~Predicted decline in ground-water levels,
in the water-table aquifer, if the bottoms of the
storage lagoons become sealed.

sive, irrigation practices or drainage tiles would be
modified.

In the final predictive simulation, seepage from the
lagoons was reduced to zero while the other factors
remained unchanged. The purpose of thig simulation
was to determine the effect on water levels if the bot-
toms of the lagoons became effectively sealed with
organic matter. The 1975 water table was again taken
as the starting condition, and the simulation was con-
tinued to steady state. Figure 16 shows contours of the
changes in water level that would result from sealing
the lagoons; that is, the changes caused by elimination
of lagoon seepage while all other factors were main-
tained as in the second simulation. The changes in
water level are relatively minor and are restricted to
the immediate vicinity of the lagoons and a small
area to the west that extends almost to Wolf Lake,
There is virtually no reduction in the waterlogged
areas from those in figure 18.

SUMMARY -

The ground-water system in the vicinity of the
Muskegon wastewater site was simulated using a three-
dimensional finite difference model. During calibration
of the model for steady-state conditions a constant
recharge rate of 20 cm/year was used for simulated
conditions before the wastewater disposal system was
constructed. Irrigation systems, lagoons, and drainage
tiles were incorporated in the model for calibration
under transient flow conditions.

The calibrated model showed that except in the
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northwest corner, where tile lines are few and are
above the water table, ground-water levels are lower
than they would be under natural conditions. Predic-
tive simulations indicate that, even if the drainage
tiles lose 75 percent of their effectiveness, the impact
of disposal operations on ground-water levels outside
of the wastewater site will be small.
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