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Sea Level datum of 1929.
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By N.G. Grannemann, R.J. Hunt, J.R. Nicholas, T.E. Reilly, and T.C. Winter

“Governments should immediately take steps to en-
hance groundwater research in order to better under-
Stand the role of groundwater in the Great Lakes Basin. “

—Interim International Joint Commission (IJC) Report, 1999,
Recommendation 1V, Page 30

Why do we need to know more about ground-water
conditions in the Great Lakes Region?

Ground water is a major natural resource in the Great
Lakes Region that helps link the Great Lakes and their
watershed. This linkage needs to be more fully under-
stood and quantified before society can address some
of the important water-resources issues in the Great
Lakes.

The Great Lakes constitute the largest concentration of
unfrozen fresh surface water in the western hemisphere—
about 5,440 mi®, Because the quantity of water in the lakes
isso large, ground water in the Great Lakes Basin is often
overlooked when evaluating the hydrology of the region.
Groundwater, however, ismoreimportant tothehydrol ogy
of the Great Lakes and to the health of ecosystemsin the
watershed than is generally recognized.

Figure 1. Surficial geology of the
Great Lakes Basin.

EXPLANATION

Stratified Drift

|:| Silt and clay (glacial lake deposits)

|:| Sand and gravel (outwash, alluvial
and ice contact deposits)

Unstratified Drift
|:| Till (ground and end moraines)

Bedrock areas where the glacial cover is absent
(e.g. parts of Canadian Shield) are not distinguished.

from The Great Lakes: An Environmental Atlas and Resource Book, 1995

Although morethan 1,000 mi? of ground water are stored
inthe basin—avolumeof water that isapproximately equal
to that of Lake Michigan—development of the ground-
water resource must be carefully planned. Development of
the ground-water resource removeswater from storageand
alters the paths of ground-water flow. Ground water that
normally dischargesto streams, lakes, and wetlands can be
captured by pumping (the most common form of develop-
ment), which may deplete or reduce inflows to the Great
Lakes.

Ground water is important to ecosystems in the Great
Lakes Region because it is, in effect, a large, subsurface
reservoir from which water isreleased slowly to provide a
reliableminimum level of water flow to streams, lakes, and
wetlands. Ground-water discharge to streams generally
provides good quality water that, in turn, promotes habitat
for aguatic animals and sustains aquatic plants during
periods of low precipitation. Because of the slow move-
ment of ground water, the effects of surface activities on
ground-water flow and quality can take years to manifest
themselves. Asaresult, issuesrelative to ground water are
oftenseemingly lessdirethanissuesrelatedto surfacewater
alone.

Ground water is a mgjor natural resource in the Great
Lakes Region that helps link the Great Lakes and their
watershed. Thislinkage needsto be more fully understood
and quantified before society can address some of the
important water-resources issues in the region.

“The Great Lakes aquatic ecosystemis made up notonly
ofthe lakes themselves, but also of the complex network
of tributaries and groundwater on which the lakes de-
pend.”

—Interim IJC Report, Page 25

What are the major ground-water issues in the
Great Lakes Region?

The major ground-water resources issues in the Great
Lakes Region revolve around 1) the quantity of ground
water, 2) ground-water and surface-water interaction,
3) changes in ground-water quality as development
expands, and 4) ecosystem health in relation to quantity
and quality of water.



A magjor attraction of the Great Lakes Region is the
abundant water supply on which manufacturing, power
generation, transportation, agricultural, and recreational
sectors have historically relied. Most large public water
suppliesareabtained fromthelakesthemsel ves, but ground
water isthe source of drinking water for about 8.2 million
people within the watershed. Although most residents of
Chicago usewater from LakeMichigan, many peopleinthe
Chicago suburbswho live outside of the watershed, but are
closeto it, use ground water as a source of supply. Asthe
suburban areas near the watershed boundary expand, more
and more peopl e depend on ground water to supply house-
hold water needs. Small manufacturing companiesin sub-
urban locations also are increasing their ground-water use.
Ascommunitiesencroach upon agricultural areas, conflicts
between agricultural and other ground-water users will
increase (Alley and others, 1999). Therefore, ground-water
resources need to be characterized according to their occur-
rence, availability, quality, and useto devel op asustainable
supply for all uses.

Pumping ground water can capture water from or inter-
cept flow to streams and alter the area that contributes
ground water to the Great L akes. Thus, ground-water with-
drawals can divert ground water that would normally dis-
charge to the Great Lakes system.

Sandstone, carbonate,
= Ny 1 2nd shale aquifer
4

Rocks that are generally
poorly permeable
(, (mostly shale)

~ [ carbonate aquifer
-

Figure 2. (A) Bedrock aquifers of the Great Lakes Basin (modified from Great Lakes Commission,
1975); (B) Approximate extent of the freshwater bearing carbonate aquifer in Ohio, Indiana, lllinois,
and parts of Michigan and Wisconsin (modified from Casey, 1996, figure 14); (C) Approximate extent
of the sandstone aquifer west of Lake Michigan (modified from Young, 1992, figure 16).

EXPLANATION

“Waterquantity and water quality are inextricably linked.
For most uses, quantity alone does not satisfy the
demand.”

—Interim IJC Report, Page 26

In addition to water quantity issues in the Great Lakes
Region, water quality aso can be of concern. As develop-
ment increases, activitiesthat could threaten the quality of
ground water also increase. Human health needs to be
safeguarded, as does the health of many other organisms
that rely on clean water. Thus, the mgjor ground-water
resource issues in the Great L akes Region revolve around
1) thequantity of ground water, 2) theinteraction of ground
water and surface water, 3) changesin ground-water qual-
ity as development expands, and 4) ecosystem health in
relation to quantity and quality of water. In summary,
ground water isan essential part of the Great L akes Region
water-supply system. It isacritical resource for maintain-
ing human health and healthy ecosystems.
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Geology establishes the framework for aquifers

Ground water is present throughout the Great Lakes
Basin, but the quantity that can be withdrawn varies de-
pending on the characteristics of the water-bearing rocks
and sediments (aquifers). Unconsolidated material that was
deposited at or near theland surfaceasaresult of large-scale
glacial ice advances and retreats during the last 2 million
yearsmakeup the most productiveaquifers. Thesedeposits
areasmuch as 1,200 feet thick in partsof Michiganand are
several hundred feet thick in buried bedrock valleys in
Illinois, Wisconsin, and New Y ork. Thedepositsarethin or
nonexistent in areas where bedrock that was not easily
eroded by glacial iceisexposed at land surface. Most glacial
deposits are composed of mixtures of sand and gravel, and
siltandclay (fig. 1). Sand and gravel deposits (outwash and
ice-contact deposits) are the most productive aquifers be-
causethey have greater permeability and effective porosity
than do thefiner grained deposits. Some areaswith silt and
clay atthesurface(till or glacial lake deposits) contain more
permeable deposits at depth and are ableto yield moderate
tolargeamounts of water towells. Ingeneral, however, the
silt and clay deposits are not aquifers.

Bedrock aquifers are generally widespread throughout
the region and are more continuous than the aquifers in
glacial deposits. Some bedrock aquifers in the region ex-
tend far beyond the watershed boundaries. The relations
between ground water in these aquifers and water in the
Great Lakes is complicated because ground-water divides
and watershed boundaries may not coincide. Carbonate
rocks (limestone and dolomite) are the most common
bedrock aquifersin theregion (fig. 2A). Natural processes
may increase permeability by dissolving carbonate miner-

Surface-water body
Water table

Great Lake

asinthese aquifers, but thisincreased permeability makes
the aquifers more vulnerable to contamination. The most
extensive carbonate aguifer intheregion consistsof aseries
of limestones and dolomitesthat underliealarge part of the
upper Midwest (fig. 2B). Sandstone aquifers are the next
most common bedrock aquifer. An extensive sandstone
aquifer underlies much of the northern Midwest and even
extends under Lake Michigan (fig. 2C). In general, shale,
and igneous and metamorphic bedrock have limited water-
yielding capacity, and they are not considered regional
aquifers.

How does ground water move in the Great Lakes
Region?

Aquifers and confining units (relatively impermeable
rocks and sediments) make up the ground-water system in
the Great Lakes watershed. This system stores water and
acts as a conduit for water to move from recharge areas to
discharge areas (fig. 3). Recharge takes place between
streams in areas that occupy most of the land surface.
Ground water moves in both local and regional flow sys-
tems.

Most ground water moves in local flow systems

To improve our understanding of the importance of un-
consolidated aquifers in the Great Lakes watershed,
new geologic maps that show the extent, thickness, and
boundaries of these aquifers are needed.

Ground water in local flow systems commonly travels
relatively short distances underground before discharging

Unsaturated zone

EXPLANATION

|:| Highly permeable aquifer
Poorly permeable confining unit

Very poorly permeable bedrock

Direction of ground-water flow,
local ground-water system

Direction of ground-water flow,
regional ground-water system

Local ground-water system

Regional ground-water system

Figure 3. Generalized local and regional ground-water flow systems in the Great Lakes Region.
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to astream, lake, or wetland. The Great Lakes Region has
an abundance of small streams, and most ground-water
flow takes place in these shallow systems. The amount of
ground water moving through these systems is not well
guantified, however, because most water-supply studies
have focused on deeper regional flow systems. The most
productive shallow aquifers are composed of sand and
gravel (fig. 1). The extent of these deposits near the land
surfaceiscommonly known andillustrated on maps, but the
thickness and capability to transmit water often isnot well
known. Toimproveour understanding of theimportance of
ground-water flow in unconsolidated aguifersin the Great
L akeswatershed, new geologic mapsthat show the extent,
thickness, and boundaries of these aquifers are needed
(Central Great Lakes Geologic Mapping Coalition, 1999).

Most ground water for municipal supply comes from
regional ground-water flow systems
More work needs to be done to define and quantify the
interactions between regional ground-water flow and
ground-water discharge to the Great Lakes.
Regional ground-water flow systems are usually deeper
below land surface and have longer flow paths than local

flow systems (fig. 3). Confining units that restrict flow of
water between the systems commonly separate local from

regiona flow, but thick, unconfined aquifers may have
regional scale ground-water flow. In the Great Lakes Re-
gion, regional ground-water flow occurs in both glacial
deposits and bedrock aquifers, depending on the hydraulic
properties of the aquifers and confining units, and the
topographic relief.

Glacia depositsusually consist of acomplex assemblage
of sediments (fig. 3). In some parts of the region, glacial
depositsareasmuchas 1,200 feet inthickness. Asthickness
increases, the complexity of the sediment assemblage usu-
aly increases. These sediments need to be mapped using
established three-dimensional mapping technigques to un-
derstand their geological framework (Bhagwat and Berg,
1991). Hydraulic characteristics of the sedimentsal so need
tobedetermined for theaquifersthat areincreasingly being
tapped for water supply. Armed with this hydrogeologic
characterization, water managerswill beableto makebetter
determinations of sustainable withdrawal rates from the
region’s aquifers.

The extent, thickness, hydraulic properties, and general
directions of flow in the most used bedrock aquifers have
been described by regional aquifer studiesconducted by the
USGS (Sun and others, 1997) and by State and loca
agencies (Bleuer and others, 1991; Batten and Bradbury,
1996; and Passero and others, 1981). Although these stud-
ies provide abaseline of hydrologic and geologic informa-
tion, morework needsto be doneto define and quantify the
interactions between regional ground-water flow and
ground-water dischargetothe Great L akes. Dividesthat are
transient barriers to ground-water movement are estab-
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lished by a combination of natural and human-induced
stresses on the aquifers. In some areas, bedrock aguifers
may dischargelarge quantities of water to thelakes, but the
data needed to quantify the amount of flow have not been
collected. In addition, the effects on the Great Lakes of
pumpingfromregional aguifersareunknown. Many ground-
water issuestaketimeto berecognized, but, because of the
large volumes and resulting long travel times for water in
regional flow systems, the time lags expected are usualy
much longer than for local flow systems. Thus, adverse
effects of withdrawals may take years to manifest them-
selves.

How is ground water replenished?

Ground-waterrecharge rates estimated in previous stuad-
ies represent the approximate range of recharge to the
water table in the entire Great Lakes Region. A compre-
hensive study for the entire watershed is needed to
more completely determine the importance of ground
water in the hydrologic budget of the Great Lakes.

Recharge is the term that is commonly used to describe
the process of adding water to the ground-water system.

Although it is difficult to directly measure the amount of
recharge, itisimportant to estimate rechargeratesto under-
stand the effects of ground water on other hydrologic
processesinthebasinandto assesshow activitiesat theland
surface may change the recharge rates. The amount of
recharge can vary considerably throughout the basin de-
pending on soil type, precipitation (rates, types, timing, and
amounts), and other factors, including the extent of imper-
vious surfaces (roofed and paved areas) and storm sewers.
For example, the amount of water that infiltrates into a
sandy soil is usually greater than that into clayey soil.
Rechargeratesin Michigan's Lower Peninsularange from
nearly O to about 23 inches per year (Holtschlag, 1997).
Ground-water recharge rates estimated in previous studies
represent the approximate range of recharge to the water
table in the entire Great Lakes Region. A comprehensive
study for the entirewatershed isneeded to more completely
determinetheimportanceof ground water inthehydrologic
budget of the Great L akes.

Urban development may reduce recharge amounts be-
cause impervious surfaces (such as roads, buildings, and
paved areas) often drain to storm sewers, a situation that
increases surface runoff and reduces infiltration. These
processes may significantly alter ground-water conditions
inmany urban settings by “ short-circuiting” to streamsand
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Figure 5. Generalized ground-water flow (A) under natural conditions and (B) affected by pumping (Note that surface- and
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lakes water that would have infiltrated to the water table.
They also may increase flood potential. Currently, only 7
percent of the Great L akeswatershed isclassified asurban;
therefore, the effects of urbanization on ground-water re-
charge are likely to be localized and the effects on the
watershed asawholemay beminimal . Becauseurban areas
arerapidly expanding, however, itisimportant to continue
to monitor the effects of urbanization on ground-water
recharge rates. Other activities associated with urban ex-
pansion, such as increased ground-water pumping, along
with reduced recharge rates may increase the drawdown of
water levels caused by pumping.

Recharge to bedrock aquifers is less well understood
than that to unconsolidated aguifers because infiltrating
water may need to movethrough several layersof geologic
material before reaching the bedrock aquifer. Direct mea-
surement of recharge rates to bedrock aguifersisdifficult.
Estimates of these rates have been made in the USGS
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Figure 6. Decline in water levels in the sandstone confined aquifer,
Chicago and Milwaukee areas, 1864-1980. (Modified from Avery,
1995.)

Regional Aquifer-System Analysisstudies(Sunand others,
1997) mostly by simulating regional ground-water flow
with digital models. These rates vary considerably from
place to place, but generally are much lower than the
estimates of rechargeto the water table, especialy for non-
pumping conditions.

How much ground water is pumped in the Great
Lakes Region?

Total ground-water withdrawal in the Great Lakes Re-
gion is estimated to be about 1,510 Mgal/d or 2,336 ft¥/s
(Solley and others, 1998). An additional 200 Mgal/d or 309
ft¥/s is withdrawn from outside the basin but near Lake
Michiganinthe Chicago areato supply commercial, indus-
trial, domestic, and public-supply customers. For compari-
son, the average discharge of the St. Clair River at Port
Huron is about 120,850 Mgal/d or 187,000 ft¥/s. On a
basinwide scale, ground-water withdrawal isasmall part of
the overall hydrologic budget and only about 5 percent of
thiswater isconsumed. Theremainder isreturned mostly as
surface water effluent. Nevertheless, ground water is the
source of drinking water for more than 8 million peopleon
the U.S. side of the border in the basin (about one third of
thetotal number of residents) and continuesto beaconcern
in both the U.S. and Canada. The areas where large quan-
tities of ground water are pumped on the U.S. side of the
Great Lakes watershed are shown in figure 4. The largest
withdrawal takes place in an eight-county area near Chi-
cago, where an unknown amount of the return flow is
discharged outside the Great L akeswatershed. At the same
time, it should be noted that much of the regiona ground-
water flow inthis areaa so originates outside of the water-
shed. An analysis of the amount of ground water pumped
from wellsin areas just outside the Great L akes watershed
would help identify the magnitude of this diversion.

“Issues of diversion and consumptive use of Great
Lakes waters (need) to be addressed more compre-
hensively ...“

—Interim IJC Report, Page 1

Some areas where the effects of ground-water
pumping have been evaluated

The effects of ground-water withdrawals have been
quantified at only a few locations.

Pumping water from aquifers results in lower ground-
water levels(fig. 5) and createsacone of depression around
awell. Because water must converge on the well from all
directions and because the cross-sectional area through
which the flow occurs decreases toward the well, the hy-
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Figure 7. Aquifers, confining unit, and direction of ground-water flow near Green Bay, Wisconsin.

draulic gradient must get steeper toward the well (Heath,
1983). Cones of depression caused by large withdrawals
fromextensive confined aquiferscan affect very largeareas
(Heath, 1983). Any water withdrawn from the ground-
water system will divert part of the water that eventually
would havedischargedtoastream, lake, or wetland, or been
transpired by vegetation. Even ground water withdrawn at
some distance from the Great L akeswill reduceflow to the
lakes depending on how much of that ground water is
returned to streamsaswastewater effluent. If theamount of
water-level decline is sufficient, ground water that would
normally discharge to the Great Lakes may cease and the
ground-water divide may bealtered (fig. 5). In some cases,
water may be drawn from streams or the Great Lakesinto
the ground-water system. Measurable effects of ground-
water withdrawal have been documented at afew locations
near the Great Lakes. In order to understand the effect of
pumping on the water budget, detailed analyses of ground-
water systems near the Great Lakes will be required.

Definition of potentiometric surface: a surface that rep-
resents the height above a datum (usually sea level) at
which the water level stands in tightly cased wells that
penetrate the aquifer. In some wells, the water level
rises above the land surface.

Chicago-Milwaukee Area

The effects of ground-water pumping in the Chicago-
Milwaukee metropolitan area where, in 1980, about 300
Magal/d was withdrawn from a very productive sandstone
aquifer system (fig. 2C), aredocumented in Y oung (1992).
Prior to large-scale withdrawal of ground water, recharge
and discharge for the aquifer were in balance at about 350
Magal/d. When wells were first drilled into the sandstone
aquifer along Lake Michigan, theinitial ground-water level
at Milwaukeewasreported to be 186 feet abovethe surface
of LakeMichigan; in Chicago, it wasreported tobe 130 feet
above the lake surface. By 1980, large-scale pumping had
caused the water levelsin wellsto decline as much as 375
feet in Milwaukee and 900 feet in Chicago. At some
locations, the quality of ground water was altered when
water levels were drawn below the layer that confines the
aquifer. Ground-water |evel sbelow the confining layer will
allow partsof thesandstoneaquifer to beexposedto oxygen
intheair, which cantrigger somechemical reactionsthat do
not take place in the absence of oxygen. By 1994, ground-
water withdrawalsin Chicago for public supply decreased
to about 67 Mgal/d and total ground-water withdrawals
decreased to about 200 Mgal/d. These withdrawals were
concentrated west and southwest of the earlier pumping
centers. Asaresult, ground-water level sinsomepartsof the
Chicago area have risen by as much as 250 feet, although
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levels continue to decline in the southwestern Chicago
(Visocky, 1997) and the Milwaukee metropolitan areas.
Computer simulations of the sandstone aquifer system
indicate that, for 1980 pumping conditions, depressed wa-
ter levelsinthe system have caused additional rechargeand
have resulted in a reduction of natural discharge (Y oung,
1992). To keep withdrawals in balance with recharge and
discharge, for 1980 pumping rates, water was withdrawn
fromstorageintheaguifer systemthusaccounting for lower
ground-water levels. Asaresult, in 1980, the ground-water
dividein the aguifer system was displaced, in some places,
about 50 miles west of its origina (pre-pumping) position
(fig. 6). Therates of recharge, discharge and removal from
storage will vary depending on pumping rates, hydraulic
propertiesof the aguifer and confining units, and sources of
water. The hydrologic systemisfurther complicated by the
fact that most effluent from ground-water withdrawals in
the Chicago area is discharged to the Mississippi River
Basin viathe Chicago Ship and Sanitary Canal—one of the
few places where water is diverted from the Great Lakes
Basin. However, theamount of ground-water diverted from
the Great Lakes Basin by pumping is unknown because
some of the water captured by pumping isrecharged to the
aquifer or removed from storage in the aquifer west of the

surface-water divide. These sources of water need to be
more accurately quantified in order to assess whether, on a
net basis, water is being diverted from the Great L akes by
ground-water withdrawals.

Green Bay-Fox River Area

The sandstone aquifer aso is used as a water-supply
source in the Green Bay-Fox River area of Wisconsin. A
depiction of the potentiometric surface for the aquifer
indicates that water-level declines of as much as 300 feet
have occurred (fig. 7). The depressed water levels were
deep enough in 1957 (fig. 8A) that the city of Green Bay
began pumping water from Lake Michigan to supplement
ground-water sources. Withdrawals of ground water were
reduced, so that by 1990, ground-water levels had risen by
about 100 feet in Green Bay (fig. 8B); levels decreased to
the south, however, because of increases in ground-water
withdrawal s by outlying communities.

Toledo, Ohio Area

The Toledo, Ohio metropolitan area obtains ground
water from wells open to the carbonate aquifer and from
quarry dewatering near Lake Erie. Pumping has lowered
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water levelsin wells as much as 35 feet below the average
level of LakeErie(fig. 9). Inaddition, pumping hasinduced
water from Lake Erie into the ground-water system and
intercepted water that would have discharged from the
ground-water systemto LakeErie(Breen, 1989; Ebertsand
George, in press; and Eberts, 1999). Although water-level
data indicate that these interactions are taking place, the
amounts of water being induced from the lake and inter-
cepted by the pumping have not been quantified.

>

|::> Surface-water withdrawals from the lake

52,000

Figure 10. Approximate average water
budget for Lake Michigan.

[> Ground-water withdrawals from within the basin

7,500P 2,100

aReturn flow is reduced by 3,200 #t3/s that is diverted
out of the basin at Chicago, Ill.

b withdrawals for power plant cooling not included

Irrigation throughout the Great Lakes watershed

Irrigation is the largest consumptive use of water in the
Great L akeswatershed, and ground-water sourcescontrib-
ute about half of the water used for irrigation. In areas
where surface-water sourcesare not readily available, itis
likely that ground water will be the water source if new
irrigation systems are installed.



Lake ﬂ
Superior

EXPLANATION

Average ground-water component of
streamflow, (in percent)

[ ]20to39
[ ] 40to59
[ 60to79
I 801099

Average ground-water and surface-runoff
components of streamflow, in percent

Surface runoff a
Ground water

Michigan

Georgian
Bay

Figure 11. Average ground-water and surface-runoff components of selected watersheds in the U.S. portion of the Great Lakes Basin (from

Holtschlag and Nicholas, 1998).

Ground-water and surface-water interactions

“Surface water commonly is hydraulically connected to
ground water, but the interactions are difficult to ob-
serve and measure and commonly have been ignored in
water management considerations and policies. Many
natural processes and human activities affect the inter-
actions of ground water and surface water.”

—Winter and others, 1998

Streams interact with ground water in three basic ways:
they gain water from inflow of ground water through the
streambed, they lose water to ground water by outflow
through the streambed, and they do both, gaining in some
reachesand losing in others (Winter and others, 1998). For
ground water to discharge into a stream channel, the
atitude of thewater tablein thevicinity of the stream must
be higher than the altitude of the stream-water surface.
Conversely, for water in a stream or lake to flow into the
ground, the altitude of the water tablein the vicinity of the
stream must be lower than the atitude of the stream-water
surface. The complexity of these interactions may vary
from stream to stream as well as over time.
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“In recognition of the frequent and pervasive interaction
between groundwater and surface water and the virtual
impossibility of distinguishing between them in some
instances, the governments of Canada and the United
States should apply the precautionary principle with
respect to removals and consumptive use of groundwa-
ter in the Basin.”

—Interim IJC Report Recommendation V

Ground-water flow into the Great Lakes

“Groundwater is important to the Great Lakes eco-
system...”
—Interim IJC Report, Page 5

An approximate water budget for Lake Michigan helps
place the role of ground water in perspective. This water
budget quantifies the flow of water into and out of Lake
Michigan (fig. 10). Inflow of water to Lake Michigan
consists of precipitation on the lake (about 53,000 ft¥/s);
direct surface runoff into the lake (about 8,800 ft¥s);
indirect ground-water discharge to the lake (about 32,000
ft¥/s); direct ground-water discharge to the lake (about
2,700 ft¥/s); diversions into the lake (about 50 ft¥/s); and



return flowsinto the lake from water users (about 6,000 ft%/
s). Outflow of water from Lake Michigan consists of
evaporation from the lake surface (about 41,000 ft¥/s);
outflow from Lake Michigan to L ake Huron (about 52,000
ft¥s); surface-water withdrawal sfromthelake (about 7,500
ft¥/s); and ground-water withdrawal sinthewatershed (about
2,100 ft¥/s) (Croley and Hunter, 1994; written commun.,
Great Lakes Commission; Holtschlag and Nicholas, 1998;
and Grannemann and Weaver, 1999). Although small in
comparison to the amount of water in storage in the Great
Lakes, ground water directly and indirectly contributes
about 80 percent of the water flowing from the watershed
into Lake Michigan. Onthe basisof these data, it isevident
that ground water is an important component of the hydro-
logic budget for the Great Lakes Region.

A relatively small amount of ground water flows directly
to the Great Lakes

TheGreat Lakesarein topographically low settingsthat,
under natural flow conditions, causes them to function as
discharge areas or “sinks’ for the ground-water-flow sys-
tem. Most ground water that discharges directly into the
lakesisbelieved to take place near the shore (Grannemann
and Weaver, 1999). Of all the Great L akes, Lake Michigan
has the largest amount of direct ground-water discharge
(2,700 ft3/s) because it has more sand and gravel aquifers
near the shore than any of the other Great Lakes (Grann-
emann and Weaver, 1999). Althoughthisisarelatively low
inflow compared to the total streamflow into the lake from
land areas (41,200 ft¥/s) (Croley and Hunter, 1994), it is
nearly equal to the amount of water diverted from Lake
Michigan through the Chicago Ship and Sanitary Canal
(Oberg and Schmidt, 1996).

Ground water keeps streams flowing during periods of
low surface runoff

In most instances, the flow of a stream includes both a
surface-water runoff component and aground-water inflow
component. Thefraction of total streamflow that originated
from ground water must be known to analyze and under-
stand the interaction between surface water and ground
water in the stream. Holtschlag and Nicholas (1998) used a
method called “hydrograph separation” to estimate the
amount of ground water in the total streamflow that dis-
chargesto the Great Lakes. They call thisquantity of water
“indirect ground-water discharge” to thelakes. Prior tothis
study, indirect ground-water discharge was not explicitly
considered in estimates of Great L akes Basin water supply.
Instead, it wasincorporated into the streamflow component
of the supply. Surface runoff is a short-term component of
flow that results from precipitation moving overland to a
stream without percolating into an aquifer. Ground-water
discharge is along-term, persistent component that results
from that part of precipitation that infiltrates into the sail,
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percolates into an aquifer, and then flows to a stream.

Although Holtschlag and Nicholas(1998) used datafrom
195 streamgaging stationsin the watershed for their analy-
sis, the combined drainage areas to these stations covered
only 13.6 percent of the total drainage area of the Great
LakesBasin. Theseresultswereextended totheentirebasin
by assuming that the average ground-water component of
streamflow estimated for the ungaged streams is about the
sameasthat estimated for gaged streamsinthebasin. Using
this approach Holtschlag and Nicholas estimated that the
average ground-water component of streamflow ranges
from 48 percent for Lake Erie to 79 percent for Lake
Michigan (fig. 11).

Ground water, wetlands, and stream ecology
Ground water and wetlands

“Similar to streams and lakes, wetlands can receive
ground-water inflow, recharge groundwater, ordoboth.”
—Winter and others, 1998

Wetlands, once perceived as worthless land, are now
recognized as a necessary component of avital landscape
(Hunt, 1996). They are often considered the“ kidneysof the
landscape’ because of their rolein mitigating and filtering
the effects of human activity on water resources in the
watershed. Wetland functions have been shown to include
storm and floodwater retention, shoreline protection, and
water-quality improvement. Wetlands also provide wild-
life habitat. More than one-third of endangered speciesin
the United States are associated with wetlands even though
wetlands comprise less than five percent of the landscape.
V ast areas of wetland acreage—morethan 50 percent inthe
United States, and more than 95 percent in some statesthat
border the Great L akes—havebeen destroyed, modified, or
converted to other uses since presettlement time. Although
the effects of these losses are beginning to be understood,
more study is needed to improve our knowledge about the
role of these important wetland systems.

Wetland hydrology iswidely recognized as the primary
effect on wetland ecology, development, and persistence.
An understanding of the hydrology is essential to identify
and quantify wetland functions and processes. For ex-
ample, ground-water flow has been shown to be important
for the physical and chemical environment of other aquatic
systems because the amount of dissolved solids carried by
ground water istypically much higher than that carried by
surface water. Thus, ground water can have a profound
effect on the acid susceptibility and nutrient status of the
wetland (Hunt and others, 1997). It is widely recognized
that linkages between water-budget components and wet-
lands are not well known, due, in large part, to poor
understanding of how ground water flows into and out of
wetlands.



Whileproblemsassociated withignoring groundwater in
water-budget analyses are well known (Winter, 1981),
traditional hydrologic analyses have had limited successin
showing thelinkage of ground water to physical and chemi-
cal hydrology of wetlands. Previous work on ground water
in wetlands has often relied on methods used in aquifer-
scale studies, such as widely spaced sample intervals and
aquifer tests. Recently, non-traditiona investigations of
wetlands have shown substantial complexity within wet-
land hydrologic systems (Harvey and Nuttle, 1995; Hunt
and others, 1996). Moreover, this research is showing that
ground water has profound effects on the physical and
chemical environment of awetland (Hunt and others, 1999).

Ground water provides refuge for aquatic organisms

Ground-water discharge to streams may help provide
important habitat for aquatic organisms, including fish. In
addition, because ground-water temperatures are nearly
constant throughout theyear, stream reacheswithrelatively
large amounts of ground-water discharge can provide ref-
uge to organisms from heat in summer and from cold in
winter. For example, some stream reaches in the region
remain unfrozen even though air temperatures are well
below 32° Fahrenheit. Other possiblebenefitstothesurvival
of aquatic organisms related to ground-water discharge to
streamsincludeincreasing concentrationsof dissolved oxy-
gen; adding small amounts of nutrientsthat are essential to
the health of organisms; providing cold pockets of water in
summer; and maintaining streamflow during dry periods.

Summary and conclusions

Ground water is a major natura resource in the Great
L akesRegionbecauseitindirectly contributesmorethan 50
percent of the stream discharge to the Great Lakes. In
addition, ground water is the source of drinking water for
millions of people in the region, is an important source of
supply for agriculture and many industries, and provides a
relatively uniform supply of water in some ecologicaly
sensitive areas to sustain plant and animal species. There-
fore, to improve our understanding of water-resources
issuesin the Great Lakes Region, it isimportant to have a
better understanding of the role that ground water playsin
the overal hydrologic system of the lakes.
The main ground-water resources issues in the Great
L akesRegion arerelated totheamount of ground water, the
interaction of ground water and surface water, changesin
ground-water quality asdevel opment expands, and ecosys-
tem health related to quantity and quality of water.

« |ssues related to the amount of ground water

Although the amount of water inthe Great L akes Region
isvadt, issuesrelated to relatively small quantities of water
are being raised more and more often. For example, even
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though the amount of ground water pumped intheregionis
small compared tothetotal amount of water present, ground
water isan important source of public-water supply aswell
asanimportant source of supply for industrial, agricultural,
and domestic needs. Less clearly understood, however, is
therel ation between the amount of streamflow discharging
to the Great Lakes and the large portion of that flow that
originates as ground water. The implications of this under-
standing for water- and land-use practicesand, inturn, their
effects on water quantity and quality, have not been fully
incorporated into a policy framework. To help include
information about the implications of the role that ground
water playsin addressing regional water issues, a compre-
hensive analysis of indirect ground-water discharge to the
Great Lakesis needed.

Direct ground-water discharge to the Great Lakesis not
alargefactor in water-budget analysesfor the Great L akes.
Locally, however, direct ground-water discharge to the
Great Lakes may be important, even though the rates and
placesof discharge are not well known. A long-term evalu-
ation of direct ground-water discharge to the Great Lakes
would hel p placethishydrol ogic processin proper perspec-
tive. Near-shore areas with high rates of direct ground-
water discharge may provide valuable habitat for aguatic
organisms.

« Issues related to the interaction of ground water and
surface water

Withdrawal of ground water removesthat water fromthe
watershed whenitisconsumptively used or whenthereturn
flow is discharged to another drainage basin. Under these
circumstances, pumping ground water constitutes a diver-
sion of Great Lakes water. Alternatively, ground-water
withdrawal could have the opposite effect of diverting
ground-water flow intothewatershed by alteringtheground-
water divides. In particular, aswithdrawal s associated with
urban expansionincrease, moreaccuratedataontheamount
and effects of ground-water use need to be collected. Data
on the amounts of ground water pumped both within the
watershed and outside, but near the watershed boundaries
needs to be collected and evaluated for potential diversion
of water to or from the Great Lakes. It is currently thought
that both irrigation and ground-water withdrawal s near the
watershed boundaries congtitute relatively small amounts
of water; however, both rapidly changing farming practices
and rapidly expanding urban communitiescould alter these
amountsin arelatively short timeframe, especially during
drought periods. At present, the effects of ground-water
withdrawals have been quantified in detail at only a few
urban locations.

In addition to quantifying the amount of water pumped
out of aquifers, it is also important to improve our know!-
edge of the amount of water that is recharging them.
Ground-water recharge rates estimated in earlier studies



cover only a small part of the Great Lakes Region. A
comprehensive study of ground-water recharge rates for
the entire watershed is needed to more completely deter-
mine the role of ground water in the hydrologic budget of
the Great Lakes.

« Issues related to changes in ground-water quality as
development expands

Ground-water quality isasimportant asquantity for most
water uses. As ground-water development proceeds, the
possibility of alteringthequality of ground water increases.
The quality of ground water can be atered when water
levelsaredrawn below thelayer that confinestheaquifer or
by inducing water of lesser quality into an aquifer. Many
local studies of these problems have been conducted, but
few regional-scale analyses of changes in ground-water
quality asaresult of ground-water development have been
done.

« Issues related to ecosystem health and quantity and
quality of ground water

Ground water is essential to maintain wetlands and to
provide healthy habitat for other aguatic systems. Wetland
hydrology iswidely recognized astheprimary influenceon
wetland ecology, development, and persistence, and infor-
mation about hydrology is essential to understanding and
guantifying wetland functionsand processes. Studiesof the
role of ground water in selected wetlands in a range of
physiographic settings throughout the Great L akes water-
shed are needed to more fully understand the role of
wetlandsin the Great Lakes Region.
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