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FIGURE 1. Shaded relief map of Crow Wing County. The topographic elevation in Crow
Wing County varies from approximately 1130 feet in the southwest corner to approximately
1480 feet in the northwest highlands. Green areas are low elevation and brown areas are
high elevation. Many lakes occur in the northern two-thirds of the county, especially in
areas with low to moderate elevation. On the eastern side of the county, lakes are found at
slightly higher elevations. Other parts of the county, especially the southwest and far north-
west, have very few lakes. The distribution of lakes in Crow Wing County largely reflects the
geologic history of the area and the sediments deposited by geologic processes.

COMPILATION SCALE 1:100 000

¢ b .
Stewart o
ewf;ke;: 1 R Py o
SR

Q S

4 s
=
Pl

94°00'
TRoosevelt

R.25W. CASS COUNTY

®: '._ g Star Lakgo
- Lakg y y r >

Clear
Duck
'—akeﬂ Kimblel__ais

Goodrich
Lake

ODOlne {//?

7D j/%xgake ’ g @

‘/\;ﬁ/g/ ==
Ossawinnamakee L ak C;m\

Cullen
Lakes

94°00 i

O
Lakg DA ’
|2
N J
TS NS,
iR L o
<
[ oo ‘

SCALE 1:200 000

HEH

— — ]

1

1 2 3 4 5 MILES

HHH

P

1 01 2 3 4 5 6 7 8 KILOMETERS

Type 1 lake

1 foot)

Type 2 lake /_\

~/
\/\

graph.

Elevation (tick mark

Type 3 lake

—/ '

Time (tick mark =5 years)

Explanation

—— Lake elevation
Lake runout elevation

tions than type 1 or type 3 lakes.

INTRODUCTION

Crow Wing County has many lakes of various sizes, and understanding the range of
water elevations and maintaining water quality are significant interests of the county
residents. The interaction of lake and ground water plays an important role in the variability
of lake water elevation over time, and in areas where ground water is flowing into a lake, poor
ground-water quality can lead to poor lake-water quality. Understanding this interaction
between ground water and surface water is important to the protection of the county’s lakes.
These lakes are present because of the geologic history, topography, and climate of this
region. Although lakes are present over much of the county (Figure 1), there are large areas
without lakes.

The water elevations in the county’s lakes depend on the geologic settings, the size of the
contributing watersheds of surface and ground water, and the connections of lakes to streams
or rivers. The water balance between the water entering and leaving the lakes determines how
the lake-water elevation will change with time. Water enters the lakes via precipitation,
surface-water inflow, and ground-water inflow; water leaves the lakes via evaporation,
surface-water outflow, and ground-water outflow. During wet periods, more water enters than
leaves the lakes and water elevations rise; during dry periods, more water leaves than enters
the lakes and water elevations decline. The water in lakes is directly connected to the ground
water in the surrounding sediments and is an expression of the water table.

GEOLOGIC SETTINGS OF LAKES

Most lakes in Crow Wing County are found in distinct geologic environments (Figure 2).
The number of lakes and their size and depth are a result of the geology and the topography.
The geologic settings of most lakes in the county are Glacial Lake Brainerd deposits and
outwash. Lakes cover about 29 percent of the surface area formerly occupied by Glacial Lake
Brainerd (the highest percentage in the county) and about 27 percent of the surface area where
outwash is present. In these two geologic settings, the lakes vary in size from small ponds to
the largest lakes in the county (some deeper than 100 feet) and are a vital part of the landscape.
Outwash was deposited by meltwater from both the Rainy lobe (Brainerd assemblage) and the
Superior lobe (Mille Lacs deposits). Brainerd assemblage outwash (bo) contains very large
lakes. Mixed outwash (mbo), Brainerd outwash reworked by Mille Lacs outwash or covered
by a veneer of Mille Lacs outwash, has slightly fewer lakes than the Brainerd outwash. Mille
Lacs outwash (mo) covers only a small area and has only small lakes associated with it.

As active Rainy lobe ice retreated to the northeast, large blocks of ice not connected to
the main ice sheet remained behind in a topographic lowland. Glacial Lake Brainerd deposits
and Brainerd assemblage outwash were deposited on top of these stagnant ice blocks. The
outwash formed the higher ground around Glacial Lake Brainerd. After the glaciers retreated
farther and Glacial Lake Brainerd drained, the stagnant ice melted leaving depressions of
various sizes that filled with water and formed the existing lakes (Plate 3, Part A). Many of
these lakes have streams (either perennial or intermittent) flowing in and out, but some lakes
are landlocked and surface water rarely flows out. Because of the low topographic gradient,
generally poor surface drainage, and the coarse-grained sediments (sand or sand and gravel)
that surround most lakes in this area, ground-water inflow and outflow in the lakes is a signifi-
cant part of the water balance. The ground-water flow, however, is not well quantified.

The Garrison till deposits are also the geologic setting of many lakes that formed after
stagnant ice blocks melted. About 24 percent of the surface area dominated by Garrison till
deposits is covered by lakes. The topography has much more relief than the areas where
Glacial Lake Brainerd deposits or outwash occur. The lakes in Garrison till deposits are

FIGURE 3. Lake types in Crow Wing County
illustrated by hydrographs. The surface eleva-
tion of lake water varies with time in all lakes.
The lake elevation is plotted versus time to
create a chart called a hydrograph. There are
three basic lake types: type 1 lakes are domi-
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FIGURE 2. Geologic settings of lakes. This map, modified from the surfi-
cial geology map on Plate 3, Part A, shows that lakes occur in specific
geologic settings and not in others. Most of the lakes in Crow Wing County
are found in Glacial Lake Brainerd deposits (where they form 29 percent of
the surface area), outwash (where they form 27 percent of the surface area)
and Garrison till deposits (where they form 24 percent of the surface area).
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above the shoreline of Glacial Lake Aitkin Il where they form 17 percent of
the surface area. The Nelson Lake till below the Glacial Lake Aitkin 11 shore-
line has only a few lakes. No lakes occur in the lacustrine deposits of Glacial
Lake Aitkin 11. Very few lakes occur in the South Long Lake till highlands in
the northern and southern parts of the county. Many of the lakes in the
disturbed lands near Crosby are old iron ore mining pits, not natural lakes.

nated by surface-water inflow and outflow and
typically have a large ratio of contributing
surface watershed area to lake area; type 2
lakes are dominated by ground-water inflow
and outflow and occur in a landlocked basin
with a generally small ratio of contributing
surface watershed area to lake area. Type 3
lakes are intermediate to the first two condi-
tions. Each lake type has a distinctive hydro-

The water elevation in type 1 lakes
changes relatively little over time; it generally
stays just above the runout elevation. Type 2
lakes (in a landlocked basin) do not receive
enough water to rise high enough to form a
surface-water runout. The water elevation in
type 2 lakes generally varies less than a foot in
any given year but may vary by a few feet over
a 5- to 10-year cycle. (Some landlocked lakes in
Minnesota have even longer cycles that may
extend 50 years to 100 years from their low to
high elevation.) Changes in water elevation in
type 3 lakes are similar to that of type 2 lakes;
there is a relatively small variation in a particu-
lar year but a larger multiyear variation. The
primary difference between type 2 and type 3
lakes is that type 3 lakes will rise high enough to
allow surface-water outflow for an extended
period. Type 2 lakes may have a much greater
difference between their low and high eleva-

[ ] Mixed outwash (mbo, mi)

0 Oobe

Disturbed land (dI).

typically somewhat smaller and shallower than in the previous geologic settings, but some
lakes are large and deep. The Garrison till deposits are somewhat finer grained than the
Glacial Lake Brainerd deposits and much finer grained than the outwash; consequently,
ground water moves more slowly through the till, which limits the ground-water inflow and
outflow of lakes. Perennial streams connect many of these lakes. This suggests that these
lakes have continuous inflow and outflow of surface water. However, little long-term hydro-
logic data are available to confirm this assumption.

The Aitkin assemblage sediments are the geologic setting of fewer lakes than the settings
previously described. They were deposited at a lower elevation, and stagnant ice deposits,
which are responsible for many lakes in other geologic settings, apparently were not present
in Glacial Lake Aitkin 11 (the second and final episode of Glacial Lake Aitkin). Lakes cover
about 17 percent of the surface area dominated by Nelson Lake till, where it is topographi-
cally above the Glacial Lake Aitkin Il shoreline (atl). Nelson Lake till that lies below the
Glacial Lake Aitkin 11 shoreline (atw) is the setting for very few lakes (about 4 percent of the
land area). The area mapped as agl (Glacial Lake Aitkin Il deposits) is flat and has virtually
no lakes or streams. Artificial drainage ditches (streams that appear as straight lines on the
map) were excavated to better drain the area.

The topographically high areas north of Whitefish Lake and south of the Mississippi
River are mostly underlain by South Long Lake till deposits. The South Long Lake till on
which drumlins were formed occurs in the southern part of the county and has very few lakes
(less than 1 percent of the surface area). The South Long Lake till that does not have drumlins
(mostly north of Whitefish Lake) has a few more lakes, but they are all very small and only
cover about 7 percent of the surface area. The high elevation, smooth surface, and relatively
high permeability of the till explain why so few lakes are associated with these deposits.

INTERACTION BETWEEN LAKE AND GROUND WATER

All lakes in Crow Wing County are connected to ground water, but the specific interac-
tion between lake and ground water depends on the geology, topography, and volume of
surface-water inflow and outflow associated with the lake. Those conditions contributed to
the identification of three basic lake types (Figure 3):

Type 1 lakes are dominated by surface-water inflow and outflow resulting from a
large ratio of contributing surface watershed area to lake area.

Type 2 lakes are dominated by ground water and occur in a landlocked basin
typically having a small ratio of contributing surface watershed area to lake area.
Type 3 lakes are intermediate to types 1 and 2.

The water elevations in type 1 lakes fluctuate rapidly because of short-term weather
patterns, but the average water levels do not vary much from year to year. The water eleva-
tions in type 2 lakes vary much more than in type 1 lakes. They are low during extended dry
periods, when evaporation is high and precipitation is low, and high during wet periods, when
precipitation is high and evaporation is generally low. In addition, water elevations in type 2
lakes change slowly over time as ground-water levels change in response to climatic changes.
The water elevations in type 3 lakes drop below their runout elevations during extended dry
periods and respond like type 2 lakes. During extended wetter than normal periods, water
elevations in type 3 lakes rise up to or just above their runout elevations and the lakes respond
like type 1 lakes.

The ratio of contributing watershed area to lake area is an important indicator of how a
lake’s water elevation will change over time. All surface watersheds have been mapped in
Crow Wing County (Minnesota Department of Natural Resources, 2007a), and many lakes
have water-elevation data (Minnesota Department of Natural Resources, 2007b). Many lakes

[ ] Alluvium or terrace sediments (al, It, ut)
[ ] Lacustrine sediments (Id, als, ml, bl)

Associated with the Aitkin assemblage.
[] Glacial lake Aitkin Il deposits (agl)

[ ] Nelson lake wave-washed till deposits (atw)
[ Nelson Lake till deposits (atl)

Associated with the Mille Lacs deposits.
[ ] Outwash associated with Mille Lacs deposits (mo)

[] Garrison till deposits (mc, mt)

Most lakes in Aitkin assemblage sediments are found in Nelson Lake till
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have water-elevation data beginning in 1989; some elevation data extend back to the 1930s.

Ross Lake (Figure 4) and Clark Lake (Figure 5) are type 1 lakes dominated by surface-
water flow. Ross Lake is located in Garrison till deposits and Clark Lake is located in Glacial
Lake Brainerd deposits. Both lakes have relatively large ratios of contributing surface water-
shed areas to lake areas: 19:1 for Ross Lake and 42:1 for Clark Lake. As a result, they usually
receive sufficient surface-water inputs to maintain their water elevations above their runouts.
During the period of record since 1984, the water elevation on Ross Lake has fallen below its
runout elevation on several occasions during the late summer despite a relatively large water-
shed to lake area ratio. This indicates that the combined surface and ground water entering the
lake is insufficient to offset evaporation losses.

Horseshoe Lake (Figure 6) is a type 2 lake, a landlocked basin with a small ratio of
contributing surface watershed area to lake area (2.6:1). It is located in Brainerd assemblage
outwash, which is relatively coarse, and is dominated by ground-water inflow and outflow.
The yearly water-elevation fluctuation is generally very small, from 0.5 foot to 1 foot. The
multiyear water-elevation fluctuations, which are controlled by long-term climatic changes,
are much larger, from 2 feet to 3 feet.

Lake Hubert (Figure 7) is a type 3 lake, representing an intermediate condition in which
the water elevation is sometimes above and sometimes below the runout elevation. It has a
relatively small 3.4:1 ratio of contributing surface watershed area to lake area. The lake is
located between Brainerd assemblage outwash on the north and west and Glacial Lake Brain-
erd deposits on the south and east. During extended wet periods, the surface- and ground-
water inputs raise and maintain the water elevation above its runout elevation. During
extended dry conditions, the lake’s water elevation is consistently below its runout elevation.

Surface-water elevations and ground-water elevations can be very similar over the same
period of time as shown in Figure 8, which compares the Lake Edward hydrograph and the
hydrograph of monitoring well 18000 (a Department of Natural Resources water-table well
about 2 miles west of the lake). Both the lake and the monitoring well are located in Glacial
Lake Brainerd deposits. Monitoring well 18000 is downgradient from Lake Edward, so its
ground-water elevation is slightly lower than the lake’s surface-water elevation. Only one
small, perennial stream flows into Lake Edward, so the lake’s surface-water elevation is prob-
ably controlled by ground-water levels. The two hydrographs are very similar: they generally
rise and fall together and have about the same 3-foot range. Water elevations on both hydro-
graphs are low in dry years and high in wet years. Lake Edward is a type 3 lake with a small
ratio (2.1:1) of contributing surface watershed area to lake area. It has a surface-water outflow
during extended wet periods, but the water elevation drops below its runout elevation during
dry periods.

Water elevations in Clark Lake (type 1) and Lake Hubert (type 3) demonstrate that a
surface watershed can change between extended wet and dry periods. During wet periods, the
water elevation in Lake Hubert is above its runout elevation, so its watershed contributes to
Clark Lake (Figure 9). During dry periods, the water elevation in Lake Hubert drops below its
runout elevation, so surface water does not flow to Clark Lake; this change reduces the effec-
tive ratio of contributing surface watershed area to lake area for Clark Lake. Even in dry
periods, however, the ratio of Clark Lake’s surface watershed area to lake area only drops to
28:1. This is still a relatively high ratio, so the lake remains dominated by surface-water
inflow. Other lakes might be more affected by extended dry periods if the ratio of contributing
surface watershed area to lake area changes more dramatically.

The flow direction of ground water often differs from the flow of surface water in a
surface watershed. One example of the difference between surface-water flow and ground-
water flow is illustrated by Lake Hubert. This difference is described more fully in the next
section.
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FIGURE 8. Comparison of the hydrographs of Lake Edward and a nearby water-table monitoring well to 1970-2006 precipi-
tation. The hydrographs of Lake Edward and DNR water-table monitoring well 18000 from 1970 to 2007 are shown in Figure
8a. A chart of the annual precipitation at Brainerd is shown in Figure 8b. Lake Edward is a type 3 intermediate lake with a small
ratio (2.1:1) of contributing surface watershed area to lake area. Lake Edward exhibits a multiyear cycle in response to long-

term climatic trends. Following the droughts of 1976 and 1987-1988, several years of greater precipitation were required for the
surface-water elevation to rise above the runout elevation. Monitoring well 18000 is completed in the water-table aquifer about
2 miles downgradient from Lake Edward, so its water elevation is slightly below the lake-surface elevation; it measures long-

term fluctuation in the shallow ground-water system. The two hydrographs have a very similar shape: they generally rise and
fall together and have about the same 3-foot range. Water elevations on both hydrographs are low during extended dry periods

and high during wet periods.

STABLE ISOTOPE ANALYSIS OF GROUND WATER
AND LAKE WATER

As shown in the section above, the interactions between lake and ground water are com-
plex. The stable isotopes of hydrogen and oxygen are an additional tool that can be used to
examine the relationship between lake and ground water. These stable isotopes can help deter-
mine whether ground water was recharged directly from precipitation, lake water, or a
mixture of the two. For this project, stable isotopes of hydrogen and oxygen were analyzed for
27 ground-water samples from wells and 33 lake-water samples from 21 lakes.

Common hydrogen has only one proton, and its stable isotope, deuterium (hydrogen-2 or
2H), has one proton and one neutron. Because of this difference, deuterium weighs approxi-
mately twice as much as hydrogen. Oxygen-16 (**O) contains 8 protons and 8 neutrons, and
its stable isotope, oxygen-18 (*¥0), contains 8 protons and 10 neutrons; thus, oxygen-18
weighs slightly more than oxygen-16. This weight difference causes the stable isotopes of
hydrogen and oxygen to fractionate or separate during evaporation (Ekman and Alexander,
2002). The lighter isotopes will evaporate more easily than the heavier isotopes. Because lake
water is well connected to the atmosphere, evaporation causes significant fractionation of the
stable isotopes of hydrogen and oxygen, and lake water contains more of the heavier isotopes
than are found in precipitation. Ground water is more isolated from the atmosphere, however,
so negligible fractionation occurs.

Figure 10 is a plot of the stable isotopes of hydrogen and oxygen in sampled ground
water and sampled lake water. The value on the x-axis represents the ratio of oxygen-18 to
oxygen-16 in the sample divided by the same ratio in a standard. The value on the y-axis
represents the ratio of deuterium to hydrogen in the sample divided by the same ratio in a
standard. Values to the left on the x-axis or to the bottom on the y-axis indicate relatively more
of the lighter isotope, while values to the right or to the top indicate more of the heavier
isotope.

Regional background precipitation values for the stable isotopes of hydrogen and oxygen
generally plot along a trend called the meteoric water line (Figure 10). The stable isotope
values of water samples from lakes and ground water in Crow Wing County plot on a slightly
lower slope than the meteoric water line, which indicates some evaporation. This evaporative
trend crosses the meteoric water line at the average value for precipitation in the county. The
slope of the evaporative trend and the location where it meets the meteoric water line depend
on the local climate (primarily the average temperature and humidity) (Kendall and Doctor,
2003). Stable-isotope values of lake- and ground-water samples collected for the Otter Tail
Regional Hydrogeologic Assessment plot on the same evaporative trend as the Crow Wing
data (Ekman and Alexander, 2002).

The ground-water samples that plot on the evaporative trend line away from the meteoric
water line have undergone some evaporative fractionation, which means that part of this
ground water was recharged from lake water. Ground-water samples that were recharged
directly from precipitation will plot on the meteoric water line at the intersection with the
evaporative trend. Most of the Crow Wing County ground-water samples plot near the left
side of the graph where the evaporative trend meets the meteoric water line. The ground-water
samples that plot where the two meet represent water that percolated into the ground after
rainfall without fractionating.

Figure 10 shows that some lake-water samples are more fractionated than other lake-
water samples. Water in type 1 lakes, which have large watersheds and are dominated by
surface-water inflow, will be less fractionated than water in lakes with a smaller watershed
and smaller component of surface water inflow. Water samples from Whitefish Lake (with a
32:1 ratio of contributing surface watershed area to lake area) were the least fractionated of
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FIGURE 11. Location of wells 1
through 5 (from Figure 10) sampled
for the stable isotopes of oxygen and
hydrogen. Geologic settings and
water-table elevation contours from
Figure 2 are also shown for reference.
Stable isotope samples from wells 1
through 4 all indicate that lake water is
directly recharging the ground water.
Water from Pelican Lake is flowing out
of the lake and recharging the ground
water near well 1. Near Lake Hubert,
ground water is flowing from east of the
lake (near well 5) into Lake Hubert (see
inset). Some lake water flows out of
Lake Hubert to the west and south,
recharging the ground water that was
sampled in wells 2, 3, and 4.

any lake-water samples because the lake is a reservoir on the Pine River with a large upstream
watershed. Samples from lakes on the right side of the graph are much more fractionated than
the Whitefish sample. During the dry year they were sampled, with little surface water enter-
ing or leaving, these lakes were hydrologically similar to a landlocked basin. During these
conditions, evaporation is a dominant factor affecting the lake water balance resulting in lake
water that is more fractionated.

In Crow Wing County, ground water recharged directly from precipitation and ground
water recharged via a lake form a continuum. Ground water is constantly flowing into lakes if
the ground-water elevation is higher than the lake-water elevation. Where lake-water eleva-
tion is greater than ground-water elevation, outflow of lake water into a ground-water aquifer
may be occurring. Because of the large number of lakes in the county and the mingling of
ground water and surface water, the flow path of the water cannot be determined from the
isotope data alone.

The four ground-water samples on the far right of the stable isotope graph (Figure 10) are
isotopically almost indistinguishable from samples drawn from a nearby lake. Their similar
isotopic signatures imply that the ground water in these wells was directly recharged from the
nearby lake water. Figure 11 shows their location and adjacent lakes. Well 1, just east of
Pelican Lake, is completed in the BTNZ2 aquifer, which is covered by a thin layer of sandy
clay. Both the stable isotope data and the water-table elevation contours indicate that the aqui-
fer is recharged from the lake. The other three ground-water samples with strong evaporative
fractionation are from wells 2, 3, and 4 on the west and south boundaries of Lake Hubert. The
isotopic signatures of these well samples strongly suggest that lake water is recharging ground
water by flowing west and south from the lake. The sample from well 5, a shallow sand-point
well on the east side of Lake Hubert, plots on the meteoric water line and clearly was
recharged directly from precipitation. This is strong evidence that ground water is flowing
into Lake Hubert from the east, and Lake Hubert water is recharging ground water on the west
and south sides of the lake.

In Crow Wing County, ground-water flow paths are complex and cannot be determined
by either hydrologic data or isotopes alone. The mingling of ground water and surface water
is most clearly seen by the continuum of values of stable isotope samples along the evapora-
tive trend. A particle of water may take a complex path through the watershed, part on the
surface and part in the subsurface.
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