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SUMMARY

Waste disposal activities coupled with heavy water usage along the Great
Lakes make it imperative that the degree of Interconnectlion between the Lakes
and associated aquifers be guantified., The lakebed forms the Interface hetween
groundwater and surface water systems. We applied peophvalcal methods to
determine the hydraulie properties of the lakebed along the western shoreline
of Lake Michigan.

A peophysical system was designed to operate automatically on shiphoard.

The geophysical system collects resistivity, selsmic and induced polarfization
data., The seismic data allow us to estimate the thickness of the lake sediments
and the resistivity data allow us to measure the electrical properties of the
sediment from which hydraulie conductivities can be estimated for use In
standard hydrogeclogic analysis.

Hydrogeologic fleld investigatlons were done onshore at four type sites:
Peninsula Park (Door County), Point Beach State Forest (Manltowoc County),
Mequon (Ozaukee County) and Wind Point (Racine County). At these four primary
type sites detalled hydrogeologic information was collected hoth on and offshore.
Tn addition two other type sites (Haven, Sheyboygan County; Milwaukee Harbor)
were studied less intensively. Hydrogecloglec and geophyslcal data were analyzed
with the ald of computer models designed to simulate groundwater flow. These
analyses vielded estimates of the flux of water between the lake and associated
aquifers at our four primary type sites as well as an estimate of the composite
flux to Lake Michigan from the aquifers along 1ts western shoreline. This

composite flux rate estimate ranges from 1.5 to 2,2x10° mafday.
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IWTRODUCTION

It is pgenerally recognlzed that the Interactlon bhetween lakes and aquifers
ig an important aspect of the hydrolegic system that must he assessed in order
to evaluate water rescurces. In Wisconsin, as well as In other states around
the Great lakes, work on proundwater—lake Interaction has concentrated on the
investigation of small, inland lakes. Heawy population growth on the shores
of Lake Michigan and the associated heavy usapge of water make it Imperative
that we determine the interconnection between the Lake and its contributing
aguifers. ONur study hasz made a start toward this ohjective by developnlng a
geophysical technlque which provides an Inexpensive, fast and easy means of
obtaining continucus data on the hydraulle preperties of the materilals
connecting the Lake and the surrounding aguifers.

In all studles dealing with groundwater—surface water interaction, the
infoermation that is most cruclal and yet most difficult to obtaln, concerns the
hydraullc properties of the geclogic materials which serve as the connection
between groundwater and the surface water systems. The extensive drilling
programs necessary to obtaln this type of information are expensive and
generally provide only discontinucus stratigraphle data. Moreover, such
drilling 1is particularly difficult offshore In lakes, In this project, we
applied geophysical methods te the problem of determining hydraulle properties
of lakebed sediments. We also conducted standard hydrogeclopic investipations
at four sites onshore. The techniques we use are not new in themselves, but
prier to eur study they had never been used in combinatlion in thils type of
setting. TFor example, Cartwright et al, (1979) measured hydraulie gradients
in the lakebed along the western shoreline of Lake Michigan, but were unable
te extrapolate thelr point data. We belleve our method will overcome this

problem as well as others that have been encountered and will ultimately



provide a2 rapid and accurate means of assessing the lydraulic connectlon
between lakes and aquifers., Such information will be of direct henefit to

those concerned with the wise management of water resources in the Great

Lakes ares.

METHODOLOGY
4, Hwdrogeology

Research by Winter (1976, 1978, 198la, 1981b, 1983), McBride and Pfannkuch
(1975) and Munter and Anderson (1981}, among others, has shown that the most
important hvdrogeologle factors affecting the interaction between groundwater
and lakes are the hydraulic properties of agquifers adjacent to the lake, the
thickness and hydraulic properties of materlals between the aquifers and the
lake (e.g., lakebed sediments) and the hydraulile gradiemt hetween the two
water bodies. Thus, in order to estimate the flux of water between Lake
Michigan and adjacent aquifers, one must quantify these hydrogeologlc factors
along the lakeshore.

In eastern Wisconsin, the geology of interest consists of a2 dolomite
aquifer of Silurian and Devenian age, overlain by unconsolldated glacial drift
of Pleistocene age and recent lacustrine deposits. The dolomite aquifer is
the principal source of domestic well water along the lakeshore and 1= also
the primary source of groundwater entering the lake, This geologic unlt is
part of the Michigan Basin structure; it dips eastward in southern Wisconsin
and ESE in Door County. Its surface is a pre-glacial erosional surface, which
consists of a seriles of buried valleys and ridges. The highest hydraulic

conductivities eccur in the highest and lowest stratigraphle portlons of the



unit (Hensel, 1984), while the middle portions are massive and less paermeable,
Toward the northern part of the study area and In bedrock wvalleys in the
south, the uppermest parts of the dolomite have often been eroded away
leaving s less permeable rock.

The glacial materials are predeminantly clay—rich tills, but may comtain
substantial amounts of sand and gravel outwash or fce contact deposits. The
modern lake deposits are also highly warled, but fine-gralned materials are
abundant. Thicknesses of the total ecolumn of unconsolidated sediments range

from zero to over 200 feet,

GConcept of Type Sites

Four hydraogeologle wvarlables stand out as most Important to the flux of
water between the lake and the aquifer. They are the hydraulle conductivities
of the dolomite aguifer and the unconsolidated materials, the thickness of the
tnconsolidated materials bheneath the lake and the hydraulic gradient., All vary
spatially and hydraulie gradient may wary temporally as well. The geclogy of
any reach of shoreline can be characterized by some combinmation of hydraulic
conductivities of dolomite aguifer and unconsolidated material, and thickness
of unconsolidated material. These factors can be categorized within a macrix
as shown in Table 1. Absolute hydraulic conductivities for the dolomite aquifer
are generally not avallable so relative approximations are used in Table 1.

The dolomite 1s subdivided into high (> 1072 m/sec) and low (< 1076 m/sec)
permeabilities hased on the stratigraphic position of the aguifer surfaces.

If the top of the aguifer is in the upper 200 feet or lower 250 feet, the zone
iz elassified as having high permeability. Hydraulic conductivity of the

unconsolidated sediments was estimated from graln size distribution {lithology).
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It 1s assumed that as clay content Increases, hydraulilc conductivity decreases.
Such an assumption is only approximately walid, but should be adequate for our
purposeas.

It is rare to find locations where the unconsclldated material onm the
lakebed of western Lake Michigan is dominantly sand. Hence, 1t 1s reasonable
to reduce the matrix in Table 1 to the 24 catepgories in the three right—hand
columns. A single location canmot be chosen that 1s representative of all the
Important geologle conditions along the shore. Therefore, we selected six
"type areas” for more Intensive study in hope of capturing key hydregeologic
settings. These sites are; Peninsula State Park, Doer County; Point Beach
State Forest, Manltowoc County; ilaven, Shehoygan County; Mequon, Ozaukee
County; Mllwaukee Harbor, Milwaukee County; and Wind Feint, Raclne County
(Figure 1)}). Fach of the six was selected as being tvpical or representative
of portions of the total shoreline. Their locations within the matrix are
shown in Table 1 and the portions of the shoreline which they represent are
cumulated in Table 2. Together the six sltes have conditions representative
of 84% of the shoreline, although Milwaukee Harbor and Wind Point conditions

are less typical (Table 2) than we had originally anticipated,

Type Sites Investigations

Detaliled hydrogeologic ifnformation was assembled for all six type areas.
The hvdrogeologlic informatleon was comblned with geophysical data and analvses
based on groundwater modellng technlguesz to estimate existing groundwater
fluxes. Two of the areas, Haven and Milwaukee Harbor, had been studied by
other investigators. Relevant data were summarized by Yelderman (1980) for

the Haven slte and by the Milwaukee Metropolitan Sewerage District (MMSD,
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TABLE 2

Distribution of type ares peologlc conditions along the
Lake Michigan shoreline in Wlsconsin

Type Conditions Portion of shoreline having type geclogy
Mileape Percentage
Peninsula Park 71.7 25
Point Beach 37.0 13
Haven 34.6 12
Mequon 78.3 27
Milwaukee Harbor 6.9 2
Wind Point 15.4 5
Other* 47 .7 16

*Portions of the shoreline having geologic ceonditions unlike any of
he type areas.



1981) for the Milwaukee Harbor site. We used the exlsting data bases at these
two sltes.

We conducted independent fleld hydrogeologic studiez at the remalning
four areas. At each site, we assembled well logs from exlsting wells to
pbtain Information about the underlying geology and the hydraulle propertles
of the various materials. At all these sites except Meguon it was necessary
to augment the existing well network by Installing plezometers. Water levels
were measured in wells and piezometers and were used to construct water table
maps from which flow directions ecan be inferred. Groundwater samples were
also collected at each slte and chemically analvzed to ascertain whether lake
water was present In the agquifer. In addition to the onshore work described
above, we ran electrical and seismic surveys offshore from each of the four
slites to nbtaln information on the thickness and properties of the lakehed
sediments. We also collected sediment zamples and measured their hydraulice
conductivities in the laboratory.

Detailed hydrogeological deseriptions at our four primary type sites are
given by Bradbury {1981, 1982a), for Peninsula State Park; Morrison (1280},
for Polnt Beach; Bues (1983) for Mequon; and Thompson (1380) for Wind Point,
Brief synopses of rthe hydrogeologic conditions of all six sites are glven
below and are presented schematically for our four primary gites In Figure 2.

At Penlnsula State Park, the lewer (and high permeability) portlonsz of the
dolomite are exposed. The dolomite is overlain by thin lavers of both clay,
and sand and gravel but clay is more abundant than sand. CGroundwater flow is
toward Green Bav. The thin lakehed sediments with exposures of bedrock allow

for relatively large groundwater Influxes to the lake,
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The Point Beach site 1is somewhat ancomalous among the type sites. Here the
dolamite aquifer is hydrauliecally separated from the lake by glacial tills
over 100 feet thiek. Groundwater flows to the lake from a 50-80 feet thick
sand aquifer. Groundwater discharge occurs up to a half mile offshore
through thick sandy sediments which are limited in areal extent.

The work done at the Haven site provided excellent gecloglcal information
but less thorough hvdrolegle analysis. The peology at the site 1s dolomite
overlain by thin sediments which are almost exclusively clay. In addition,
the top of the dolomite is composed of relatively high permeability brecclated
or vuggy material, The presence of high permeablility materdial coupled with
the high lakeward gradients resulting from the 50 foot high bluff allows a
moderate influx of groundwater to the lake desplte the clayey lakebed.

Heavy pumpage of groundwater at Mequon has lowered groundwater levels
below the lake surface inducing lake water to enter the aguifer. The dolomite
surface in Mequon consists of a series of rldges and walleys where the ridges
Form the high permeability portions of the unit, Tn the walleys, the upper
delomite has been eroded away and the lower permeability middle dolomite
remains directly beneath the glacilal deposits., Onehore sediment thicknesses
excead 100 feet, but offshore thicknesses are much less. Clay dominates in
all areas. Flow is induced from the lake to the aquifer In Mequon in areas of
landward hydraulic gradients where thin sediments containing some sand overlie

bedrock ridges (Cherkauer and Zvibleman, 1981).
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At the Milwaukee Harbor slte, pumpage has caused stronpg landward gradients.
However, there is no iInduced recharge here because of the geclopic differences
between Milwaukes and Mequon. At the Milwaukes Harhor site the hedrock surface
is an exceptionally deep bedrock valley which cuts Into low permeahility
dolomite. The valley is also filled by over 200 feert of glacial sediments
{predominantly eclay) which act to minimize sroundwater/lake iInteractions.

The Wind Point site has dolomlte near the surface on land, overlain by both
sand and clay In almost sgual propoertions. Offshore the sediment thicknesses
are hipghly varied although the sand/clav mix remalns roughly constant. Near
the Foint itself, dolomite Is exposed in the lakebed. Hydraullc gradients are
predominantly landward and there 1s substantial induced recharge where thin
sediments occur nearshore. Figure 2 shows the hydrostratigraphy south of Wind
Point., MNorth of the Polnt, the sand hody is located farther offshore over the
rise in the dolomite bedrock shown In the figure.

Two sites, Mequon and Peninsula Park, proved to be representative of more
than half the shoreline (Table 2). They were given spaclal attention in all
three phases of investigation (hydrogeologic, geophyslecal, and modeling). At
Peninsula Park, cores were taken offshore and plezometers were installed in
the lakebed through the winter ice (Bradbury, 1981: Hassler, 1984). These
cores enabled us to measure hydraullc conductivities in the laboratory while
the plezometers provided field-measured permeabilities and the offshore
hydraulic heads needed for modeling. At Mequon, there 1z no stable ice
platform and the lakebed is too hard for pilezometer Installation; we used
scuba divers to install seepage meters on the lakebed. These devices allowed

us to map the magnitude and direction of the lake flux,
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B. Geophysics

Rasic Approach

A primary objective of this project was to develop the geophysical
procedures and Iinstrumentatlion necessary to determine the hydraulic conduc-
tivity of lake bottom sediments on the basls of shiphboard geophysical
measurements. Electrical measurements have been the dominant geophysilcal
method employed in land based hydrological studies but application iIn marine-
like environments has heen limited. Land-based electrical measurements are
generally degraded by strong lateral changes in surface resistivity, surface
relief, nonplanar saturation surfaces and time wvarlant surface resistivity.
These conditions are elther minimized or eliminated underwater and, thus,
marine conditions should enhance the utility of electrical measurements.

In addition, unlike land-based survevs, marine data may be obtalned on a
continuous basis allowing greater data density in comparison to land surveys.

Conventional, electrical depth scundings (EDS) were employed to determine
the hydraulic conductivity of lake hottom sediments, Initially following an
approach developed by Henriet (1976) who demonstrated that hydraulic conduc-
tivity could be related to electrical lomngiltudinal conductanece, provided that
an independent measure of sediment thickness was avallable. Sediment thickness
is easlly obtalned under marine conditlons by use of an acoustlec sub-bottom
profiler to ohtaln seismic reflectlon measurements. Bradbury and Taylor (1984)
modified the approach of Henriet {19746) to demonstrate that under the same
conditions, leongltudinal conductance could be related to hydraulic leakance

(hydraulic conductivity divided by thickness). The results of this project
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were used to demonstrate emplirlecally the walldity of the theoretlical
relationship established by Bradbury and Taylor (19B4).

The theoretical developments of both Henriet (1976) and Bradbury and Taylor
(1984) require assumptions which are unlikely to be true under actual field
conditions. 1In an attempt to relax these assumptlions, electrical indueced
polarization {IP} measurements were also taken. While the use of IP measure—
ments in hydrelogical studles has been suggested (e.g., Mohamed, 1970) filald
applications are limited and the data resulting from this study appear to
constitute the largest hydrologlcally oriented IP data base in existence.

In summary, resistivity and IP measurements were Interpreted to yield
leakance of the hottom sediments and thelr lithology. Sediment thickness,
as determined by selsmiec reflections, was used to transform leakance into
hydraulic conductivity. All measurements were made on an essentially con-
tinuous hasis, allowing spatial maps of leakance and relative hydraulic

conductivity to be constructed for each of the four primary study sites.

Instrumentation

The objective of the instrumentation development was to produce a
shipboard system which would produce continuous electrical depth soundings
while simultaneously acquiring selsmic reflection data and tracking ship
location. A schematic diagram of the final system is shown in Figure 3.

The system Is fully automated and utllizes a microcomputer for real time
data reduction and storapge.

Ship location was determined by means of a Mini Ranger with an accuracy of
+ 3m at three gecond intervals, Selsmic profiles were obtained using an Eda,

3.5 KHz, sub-bottom profiler operated at 0.25 second intervals., Penetration
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of the Edo system was approximately 20 m. In areas of greater sediment
thickness a DelNorte 1 Kjoule sparker was employed. The sparker wyilelded
penetration of approximately 100 m,

While the location tracking and selismic profiling systems were designed
following standard marine procedures, the acquisition and eleectrical resistivity
systems were developed speeifically for thils project. A theoreticsal analysis
of ecable parameters, such as the effeet ¢f cable length and tow depth on
resolution and penetration, was done by Goodell (1981)., On the basis of his
study, a floating cable with a length of 330 m contalning 21 electrode pairs
was selected. A typical electrode within the cable is shown in Figure 4.
Detalls of the cable design and construction are given by Bishea (1983).

The data acquisition, reduction and storage system was developed around
a Digital Equipment Corporation PDP-11/03 minicomputer. A block diagram of
the owverall shipbeard svstem is shown in Flgure 5. Software for control of
the FDP=11 was develeped for this project by Winkelman (1981) and modified
by Bishea (1983), The final software package allows the acquisition of the
potential difference hetween 16 electrode palrs, calculates apparent resistivity,
induced polarizatlon and shelf potentizl for each of the three pairs, and stores
the results on FLOPPY disk along with ship time and location. All of the above
functions c¢an he performed at six second intervals which vield essentially
continuous electrical depth soundinpgs with IP and SP walues.

The finalized acquisition system ylelded production rates of approximately
32 Em per eight hour day with a complete electrical sounding obtalned at 10 m
Intervals. This rate 1s greatly in excess of any land erew production. A
review of the open literature suggests that our system is the only fully

automated marine resistivity system presently available in this country.
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C. Computer Modeling

Groundwater flow models were used as an aid in quantifying seepage to Lake
Michigan at our four primary type sites: Peninsula Park, Polnt Beach, Mequon,
and Wind Point. Penlinsula Park and Meguon were given special emphasis. Details
of the modeling studies at these sites are given bty Bradbury (1982) for Penlnsuls
Park and by Rovey (1983) for Mequon. Bradbury (1982) used a three—dimensional
flow model as well as a special purpose two-dimensional, areal-view parameter
estimation model to simulate the groundwater system at Peninsula Park. Reovey
{1983) used a two—dimensional areal-view model to simulate hoth flow and chemical
transport at Mequon. Mequon site modeling 1s summarized In a later section of
this report {see "Hydrologlc Verification of the Geophysiecal Method").

Rumbaugh (1985) simulated the groundwater flow in representative cross
sections at Point Beach, Meguon and Wind Polint. He also selected a cross
section studied by Sherrill (1978) which is representative of the general
hydrogeologic conditions in Door County. (The flow pattern at Peninsula Park
itself is three—dimensional in nature and cannot be simulated using a2 cross-—
sectional model,)

The hydrostratigraphic cross sections used by Rumbaugh (1985) are shown
in Figure 2. The seepage rates estimated by Rumbaugh (1985), Bradbury (1982)
and Rovey (1983) are summarized in Table 3. MNote that estimates for the areal-
view modeling done by Bradbury (1982) for Peninsula Park are higher than the
estimate obtalned from the cross—sectlonal model for the pgeneralized Door
County site and the estimate from Rovey's areal-view modeling of Mequon is
smaller than Rambaugh's estimate. To help elucidate the reasons for these

discrepancies, several simulations were performed with the ecross-sectional
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medels in order to test model sensitivity te chanpes In hydraulic gradient
and lithology (e.g., the presence or absence of a sand lens at the Wind Point
type site listed on Table 3). These sensitivity analyses show that the
discharge rate to the Lake is moderately sensitive to changes 1o the magnitude
of the hydraulic gradient but very sensitive to the presence or absence of
high permeability units, such as sand lenses, The Peninsula Park site, as
modeled by Bradbury (1983}, includes exposures of high permeability bedrock
that represent mear shore reefs such as Horseshoe Reef. The cross sectlonm
modeled by Rumbaugh (1985) does not include reafs. Bradbury (1983) estimated
that roughly 0.5% of the nearshore groundwater discharge to Green Bay at
Peninsula Park oceurs through the reefs. Hence, discharge of water through
the reefs may account for at least part of the discrepancy. The presence of
relatively high permeability lakebed sediments off Peninsula Park (as compared
to the generallzed Door County site) also contributes to the difference,

Areal heterogenelty in the lakebed sediments near Meguen account for the
discrepancies at thls site. These arsal heteropeneities are discussed later
in this report {See "Hydrologlc Verification of the Geophysical Method").

The sensitivity studies point to the need for a regional modeling effort
wherein it will be possible to consider site specific conditions in addition
to tvpe site conditions. BSuch an analysis is plamned for future studies.
However, a first step toward obtalning a composite estimate of the groundwater
discharge to the Lake was accomplished by means of a modeling study performed
by Hansel (1984). The results of his simulations are reported in a later

section of this report (see "Application™),
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TABLE 3. Groundwater discharge rates (mBIdﬂkam of shoreline) to

Lake Michipgan ealculated from modeling studies

Rumbaugh (1985)

Door County 4.7 x 102
Point Beach 7.3 x 107
Mequon 6.7 x 102

Wind Point with
sand unlit present 2.0 x 102

Wind Point without
the sand unit 0.2 x 102

* Peninsula Park site in Door County.
DMscharge is to Green Bay.

Bradbury (1982)

23.-41, x 102%

Fovey (1%83)

4.1 = 102
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HYDROLOGIC VERIFICATION OF THE GEOPHYEICAL METHOD
General Approach

Verification of the peophysical method on Lake Michigan requires a site
vhere the heterogenelties of the lakebed produce measurable differences in
groundwater flow or chemlstry which can then he compared spatially to the
geophysleally measured properties of the lakebed, The primarvy purpose of
the geophysical method is to provide a continwous spatial distribution of
lakebed hydraulics. For a verlfication experiment, sufficient field data
are required to provide a check on the geophyslcal data. In small lakes,
it would be possible to instrument the lakebed densely enough to measure
the areal distribution of flow and hydraulic conductivity {(e.g., Lee et al.,
1980} and compare that Information directly to the geophysically-derived
hydraulle propertles. In Lake Michigan, because of wave strength, water
depth and monetary limits, we have heen unsuccessful in setting up enough
instrumentation on the lakebed te provide an adequate test. Therefore, we
have chosen to perform the verifiecation rest in an area where pumping from
wells onshore has caused lake water to enter aguifers and move landward.

The amount of lake water induced into an adjacent aguifer iz dependent upon
the hydraulic properties of the aguifer and of the sediments beneath the lake
and upon the hydraulic gradients created by pumping (Cherkauer and Zvibleman,
1981). Of these wariables, only the hydraulics of the lakebed cannot he
measured on land from existing wells., Thus, the configuration of the lake
water plumes in the aquifer can be treated as a spatially continuous

distribution resulting from one unknown (lakebed properties) and several

knowns.
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Aquifer propertles and observed heads In the aquifer were used to
calibrate a finite difference model based on the code known as PLASM (Prickett
& Lonnguist, 1971), The model was used te simulate groundwater flow assuming
homogeneous lakebed properties. Then the flow model was coupled with a
chemical mass transport model (Prickett Bt al., 1981) to simulate the movement
of lake water plumes into the aquifer, This simulation 1s sensitive to
varfations in lakebed properties. Finally the geophysically-derived hydraulie
conductivities of the lakebed were entered into the chemilcal mass transport
model. The objectlve of this simulation was to produce a confipuration of
lake water plumes which matehed the observed plumes. If this is accomplished,
the geophysical data can be consldered meaningful and the geophysleal method
is verified. The werlificatlion test Is summarized helow and is discussed in

detail by Rowvey {(19B83}.
Site Hydrogeology

Cur test site was at the Mequon type area where pumplng from domestic and
irrigation wells near the lake has drawn down the potentlometric surface im
the dolomite aquifer below lake level (Figure 6) inducing lake water to flow
into the aguifer. Because the lake is substantlally lower In dissclved solids
(200 mg/1 TDS) than the ambient groundwater (550 mg/l TDS), the induced
recharge forms plumes of water of low dissolved solids which are mappable
beneath the test site (Figure 7).

The glacial drift at this site 1s predominantly clay, with lenses of
coarser material ranging In size up to boulders., This hetercgenelty plavs

a key role in influencing where lake water enters the agquifer. The delomite
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aguifer 1s anlsotrople with the primary directions of hydravlie conductivity
paralleling the two main fracture directions (ENE and NNW). At the Meguon
slte, the bottom 135 m of the aguifer has a hydraulic conductivity of
2 x 1070 m/sec (Zvibleman, 1983), while the upper portions have substantially
high permeability of 2-5 x 1072 m/sec {Rovey, 1983).

Seepage meters were Installed by divers at 16 locations in the lakehed
at water depths ranging from 2 to 7 meters, The direction and mapgnitude of
seepage 1s controlled by both the hydraulic heads in the aquifer (Figure 6)
and heterogenelties within the lakebed. [pward seepapge was observed whenever
landward heads exceeded lake level. The strongest downward seepage (near
Virmond Park, Fipure &) occcurs where the lakebed sediments are pradominantly

boulders.
Results

The distribution of relative hydrauliec conductivity offshore of the study
area was determined geophysically. Relative hydrauwliec conductivity 1s mapped
in Figure 8; high values indicate areas with a high potential to transmit
water. The large zone of sediment of high relative hydraullic conductivity
offshore of Virmond Park (Figure 8) correlates well with the location of the
main plume of lake water (Figure 7) as well as a zone of downward seepage as
measured in seepage meters (Figure 6,

The groundwater flow model was calibrated for conditions in 19785 and then
the calibratlion was verified against conditions In 1962, Sinece the flow model
proved ro be Iingensltive to lakebed hydraulle propertlesz, the lakebad was assumed

to be homogeneous and isotropic with a hydraulic conductivity of 9 x 10-% n/see.
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The dolomite aguifer was modeled as an anisotroplc, twe—lavered medium. In both
layers, the wvalue of the conductlivity along the ENE directlen was twice that
transverse to 1t. Calibrated conductivities in the lower laver (the bottom
135 m of the aguifer) were one tenth those in the upper part of the aquifer.
The flow model indieated that 2.3 x 10% m3/day of lake water 1s entering
the aquifer per km of shoreline (0.27 ft3/sec/mile) in the study area. The
amount measured directly via seepage meters was 2.1 x 102 medayfkm, while
the amount caleculated indirectly by assuming simple mixing of lake and aquifer
waters to produce the observed water quallity was 2.4 x 102 m3/day/lm,
Subsequent to this testing, the chemlcal mass transport model was coupled
to the calibrated flow model. The coupled model was calibrated by assuming
a homogeneous lakehed and adjusting the porosity of the dolomite until the
simulated distribution of total dissolved solids most closely resembled the
obgerved, Poreoslty iz not uvsed in the flow model and no other wvarlables were
changed at thls stage of the calibration. In other words, the flow portien
of the coupled model was not altered subseguent to 1ts Independent calibration.
The plumes modeled using homogeneous lakebed properties differed in sevaral
ways from ohserved conditions. See Rovey (1983) for details., These discre-
pancies between simulated and observed conditions can be attributed to the
fallure to account for the heterogenecus nature of the lakebed sedimants,
The next step In the modeling exercise was to take the geophysicallyv-measured,
longitudinal electrical conductances of the lakebed as converted to absolute
hydraulie conductivities as described by Bradbury and Tayvlor (1984) and use

these hydraulie conduetivities In the coupled model. The resulting simulation
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(Fipure %) produced very good correlation between the ohserved and modeled
TDS econcentrations. Ne other combination of hetercgenecus lakebed hydraulie
conductivities could be found which produced as good a mateh as In Figure 5.

In summary, entry of the geophysical data into the chemleal mass transport
model produced an excellent match with the field data., We feel this demonstrates

that the geophysaieallvy-derived hydrauliec conductivities are walid.

APPLICATION

The amount of groundwater entering Lake Michigan has begen estimated by a
variety of researchers including Bergstrom and Hansen (1962), Skinner and
Borman (1973) and Cartwright et al. (1979). However, each study used different
methods applied to different areas. The result Is a tange of flux estimates
of about 2 orders of magnitude, from 110 to 8200 mEKdayfkm of shoreline
{Taylor and Cherkauer, 1984), Hensel (1984) used the information from this
study to calculate an improved flux estimate. He took the fluxes Rumbaugh
{1985) ealculated for each primary type site (Table 3) and assumed that they
oceur for the entire portion of the shoreline having geclogy slmilar to that
type area (Table 2). Rumbaugh (1985) did not model the Milwaukee and Haven
sltes because the hydrogeologic data avallable there did net allow for proper
model calibration. Flux from the Milwaukee site was assumed to be negligible
while flux from the Haven site was approximated as the average of the Peninsula
and Yequon values. Fluxes for these areas which are not similar te any of the
type areas (Table 2) were equated to those at Wind Point, the type site

hydrogeclogically closest to the unknown areas on the matrix (Table 1).
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For the entlre Wisconsin shoreline, Hensel (1984) calculated an Influx of
groundwater to Lake Michipan of 330-460 m2/day/km of shoreline. Based on our
evidence, the daily influx to the Lake from the Wisconsin side Is between
1.5 % 10° and 2.7 x 10% m2. (See Hensel (1984) for details of the ecalculation.)
In comparison, Skinnmer and Borman (1973) estimated the dally surface runoff to
Lake Michigan from the study area to he 5 x 106 m3, While our flux ealeulation
is hased on a varlety of hydrogeclogical assumptlons which require further

testing, we belleve 1t is the most accurate estimate avallable.

BPOTENTIAL FUTURE USES

Application of our research will be of interest to hoth state and federal
agencles, in particular the Wisconsin Department of Natural Resources, the
Wisconsin Geologlcal and Natural History Survey, the Tllinols Water Survey,
the Armyv Corps of Engineers and the IJC. Applications eof our technlque are
possible in the general areas of: water supply, land use planning, mobiliza-
tion of micreocontaminants from lakebed sediments, lake water budget studies,
inland lake hvdroleogy, fisherles blolegy, and basie research In stratigraphie
analysis. Details concerning these potential applications are given in the

Appendix,
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