HYDROLOGIC FACTORS AFFECTING LAKE-LEVEL FLUCTUATIONS

IN BIG MARINE LAKE, WASHINGTON COUNTY, MINNESOTA

by R. G. Brown

U.S. GEOLOGICAL SURVEY

Water~Resources Investigations Report 85-4176

Prepared in cooperation with the
CARNELIAN-MARINE WATERSHED DISTRICT and the

MINNESOTA DEPARTMENT OF NATURAL RESOURCES

St. Paul, Minnesota

1985



UNITED STATES DEPARTMENT OF INTERIOR
DONALD PAUL HODEL, Secretary

GEOLOGICAL SURVEY

Dallas L. Peck, Director

For additional information This report can be purchased
write to: from:

District Chief Open-~File Services Section

U.S. Geological Survey Western Distribution Branch

702 Post Office Building U.S. Geological Survey

St. Paul, MN 55101 Box 25425 Federal Center

Telephone: (612) 725-7841 Denver, CO 80225

Telephone: (303) 236-Tu476



CONTENTS

Abstract...ciceeeeescnccanas ctesesctecctsesaansaas ceseesns ctesectcasancns
Introduction......... tesesasaccsscaas cecescascssana cesecasacaas cecsaenan
BaCKEZroUNnA. . ceeiieeasacacacasasseacaascasascsacacsesasasssacsasasscs .
Purpose and SCOPE.cececcceacoans ceesetasvseaanas Ceeetccsstesatacanae
Physical setting...... cetceetctacatattaatanaas ceecsessaccacaaan ceaas
Methods of investigation......ccceeeeeces Cecrecctacatttcasatatecetraanans
HYydroge0logy . cceeeaeeeseseaeeeatacaceasasseasessacssasssaaseasacasaasascess
107 b 1 i ceerananse crececana ceaseaaaa cetecsecatssccsaanann

Water quality and geochemistry....... ceeceseccasaanas cesecaacan ceseranas
Hydrological factors affecting lake-level fluctuations......... cesacaaae
Ground- and surface-water interaction.......ccceeeeeen cececesacaasen
Historical trends......... ceevacacan cescacas teesceascascancan caesaas
ConcluSionS..ceesecescassscans cesaseaaan cesecsaae cteseteccssaasatsataannan
References cited...... ceecactecvessaesaansttsases et sastaarecassacanansenn

ILLUSTRATIONS

Figures 1-9. Maps showing:
1. Location of Big Marine Lake.....cceveeeceescavasaas cesaans
. Surface area of Big Marine Lake in 18&7, 1938 and 1983...
Location of observation wells...................... .......
Saturated thickness of glacial drift on February 1, 1984..
Water-table configuration in the drift aquifer on
February 1, 1980 ... it ieeeecrecacscnnccscssnaassanannaas
. Hydrogeologic sections of drift aquifer on August 3, 1983
and February 1, 1980 ...cciiiierceccccanncccascnnaas ceenn
Distribution of bedrock units underlying the drift
AqUIfer. ittt eitiaaatecesccasssscscasacannaanns cesesaaacas
8. Structure contours of the top of the Prairie du Chien-
Jordan aquifer..... cecssesaasan cecesccacactactcecacacanc
9. Potentiometric surface of Prairie du Chien-Jordan aquifer
on February 1, 1980 ... cieeeeetececcccancaaonnanns weseeas
10-13. Graphs showing:
10. Piper diagram of percentages of total equivalents per
liter for incident precipitation, lake water, and
ground water in September 1981 ...ciiiiiieetiecccannas .o
11. Cumulative departure from mean annual precipitation at
Maple Plain and Farmington, Minnesota; cumulative
departure from mean January discharge of Mississippi
River at St. Paul, Minnesota, and of St. Croix River
at St. Croix Falls, Wisconsin; and annual high and
low water levels at Big Marine Lake from 1965 to 1982...

[« U&= w
. .

iii

o oW

(Vo]

10
{2
13

14

17

20



ILLUSTRATIONS

10-13. Graphs showing:--Continued

12, Cumulative departure from mean annual precipitation at
Maple Plain and Farmington, Minnesota, from 1931 to
1982...... ceeessccasessstssereeerenares ceetesscsssans .o

13. Cumulative departure from mean January discharge of
Mississippi River at St. Paul, Minnesota, and of
St. Croix River at St. Croix Falls, Wisconsin, from
1917 £0 1982 . ceeeeeeereccnnnnnns teeeseennnn eeeees ceenes

TABLE

Table 1. Water-quality characteristics of incident precipitation,
lake water, and ground water in September 1981......cccevves

CONVERSION FACTORS

Page

21

21

16

For the convenience of readers who may prefer to use the metric
(International System) units, rather than the inch-pound units used in this

report, values may be converted by using the following factors:

Multiply Inch-Pound Unit By To Obtain Metric Unit
inch (in.) 25.40 millimeter (mm)

foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer (km)

acre 0.4047 hectare (ha)

iv



HYDROLOGIC FACTORS AFFECTING LAKE-LEVEL FLUCTUATIONS

IN BIG MARINE LAKE, WASHINGTON COUNTY, MINNESOTA

By R. G. Brown

ABSTRACT

A study by the U.S. Geological Survey from 1981 through 1984, in
cooperation with the Carnelian-Marine Watershed District and the Minnesota
Department of Natural Resources, investigated the causes of large lake-level
fluctuations at Big Marine Lake. Historic records document that Big Marine
Lake has changed substantially in surface area during the period 1847 through
1983; the maximum lake-surface area was 2,300 acres in 1847, and the minimum
lake-surface area was 890 acres in 1938. A change in lake level of about 11
feet caused these changes in surface area. Serious flooding of lake-shore
properties has occurred in recent years because residential development
commonly took place during periods of relatively low-lake level during the
1950's and 1960's.

Evaporation from the lake was estimated to be approximately equal to
incident precipitation on the lake surface on an annual basis. Big Marine
Lake does not have a surface-water inlet, and the outlet from the lake is at an
elevation well above the stage at which lake-shore property is flooded.
Hydrogeologic and geochemical data collected during the study show that (1)
fluctuation of water levels at Big Marine Lake is controlled primarily by
ground-water discharge to and seepage from the lake, (2) water in the drift
aquifer and water in the lake are chemically similar, and (3) changes in the
potentiometric surface of the bedrock aquifer have minor effects on changes in
lake level.

Long-term trends in cumulative departure from mean annual precipitation
suggest that recharge to the drift aquifer in the area has been increasing
since the 1940's. The increase in precipitation and recharge corresponds to
the observed rise in lake level since 1965 when regular lake-level measurements
began. Fluctuations in lake level in the future will depend on changes in
recharge to the drift and bedrock aquifers, which is directly related to
changes in long-term precipitation patterns.

INTRODUCTION
Ba round

Problems associated with lake-~level fluctuations are unavoidable in
Minnesota and throughout the nation as residential and recreational development
along lake shores increases. Increases in lake level after development have
caused flooding of lake-shore properties because development of residential



property commonly took place during periods of low lake levels (Minnesota
Department of Natural Resources, 1972).

Big Marine Lake, located in northern Washington County, Minnesota (fig. 1),
is a closed-basin lake that is subject to large fluctuations of lake level.

Records of Big Marine Lake document substantial changes in surface area
and elevation during the period 1847 through 1972 (Minnesota Department of
Natural Resources, 1972). The maximum surface area and elevation was docu-
mented in the original Government Land Office Survey plot made in 1847 in which
the surface area was approximately 2,300 acres and the elevation was about 944
feet above sea level (fig. 2). The minimum lake-surface area and elevation
occurred in 1938 (less than 890 acres and about 933 feet above sea level). A
1983 survey showed the surface area to be approximately 1,900 acres and the
elevation about 942 feet above sea level. Other periods of high lake-level
elevation were recorded in the mid 1920's, early 1950's, and mid 1970's. The
difference between the maximum and minimum lake-level elevation is about 11
feet.

Purpose and Scope

This report presents the results of a study to define the interaction of
Big Marine Lake and the ground-water system and how that interaction, coupled
with precipitation trends, relates to fluctuations in lake levels. The study
was undertaken by the U.S. Geological Survey, in cooperation with the
Carnelian-Marine Watershed District and the Minnesota Department of Natural
Resources, from 1981 through 1984 to (1) describe the hydrogeologic setting of
Big Marine Lake and (2) investigate the probable causes of lake-level
fluctuations based on climatic and hydrogeologic characteristics of the lake.

The scope of the study is not restricted to Big Marine Lake but rather to
closed-basin lakes in general. Results from the study may be applicable to
other lakes that are in similar hydrogeologic settings and that are subject to
similar lake-level fluctuations.

Physical Setting

The present surface elevation of Big Marine Lake is about 942 feet above
mean sea level. This is about 270 feet above the St. Croix River, which is
about 4 miles east of the lake. Local relief generally is less than 100 feet,
ranging from 930 to 1,030 feet above sea level. The lake was formed as an ice-
block or kettle lake in the St. Croix moraine. The St. Croix moraine is a
large, northeast- to southwest-trending moraine that forms the surface-water
divide between the St. Croix and Mississippi Rivers (Lindholm and others,
1979) .

During the study, the lake-surface area was approximately 1,900 acres and
the elevation was 942 feet above sea level. Lake volume was approximately
16,000 acre-feet. Maximum depth was 59 feet and the average depth was 8 feet.
The watershed is about 6,014 acres in size. Big Marine Lake has no inlet
streams and outflow occurs only when the lake-surface elevation exceeds 942
feet above sea level (Minnesota Department of Natural Resources, 1972).







































potentiometric surface is for February 1, 1984, but is typical of the potentio-
metric surface of the Prairie du Chien-Jordan aquifer throughout the study.

A ground-water divide occurs under the lake and to the southwest of the
lake. The steep gradient east of the lake results from the large head change
as water flows from the area of the lake and discharges near the St. Croix
River. Water in the Prairie du Chien-Jordan aquifer also flows to the north-
west, away from the lake.

The regional ground-water divide in the potentiometric surface of the
Prairie du Chien-Jordan aquifer is approximately 5 miles southwest of the lake
(Schoenberg, 1984). The potentiometric surface in the Prairie du Chien-Jordan
aquifer in the area of the lake rose more than 5 feet between 1971 and 1980,
probably as a result of long-term climatic trends (Schoenberg, 1984). This
rise in the potentiometric surface relative to a rise in the water table in the
drift aquifer would decrease downward flow from the drift aquifer to the
Prairie du Chien-Jordan aquifer and, in turn, decrease seepage from the lake
and affect lake level.

WATER QUALITY AND GEOCHEMISTRY

Water-quality characteristics of lake water and ground water determined
from one set of samples collected in September 1981 are listed in table 1.
Water-quality characteristics of lake water are based on a sample obtained at
15 feet below lake surface. Water-quality characteristics of ground water are
based on samples taken from three wells completed in the drift aquifer and
three wells completed in the Prairie du Chien-Jordan aquifer. A Piper diagram
(fig. 10) shows the cation and anion composition of lake water and ground water
based on data from table 1. Lake water and ground water are calcium bicar-
bonate type based on the classification diagram for anion and cation facies by
Back (1966).

The environmental isotopes of oxygen (5180) deuterium (0°H), and tritium
(63 H) so were analyzed in lake water and ground water (table 1). = The values
f‘org O and 0°H in table 1 are the isotope ratios of oxygen-18( 8O)/oxygen—
16(100) and deuterium (H)/protium(1H), respectively. The isotope ratios are
expressed in delta units (0 ) as to the difference relative to an arbitrary
standard known as Standard Mean Ocean Water (SMOW) which results in a negative
value for the isotope ratios. Tritium is ex%ressed in tritium units (TU) of
which one TU is equivalent of 1 tritium atom (°H) in 10 atoms of hydrogen.

The isotope content of a substance changes as a result of isotopic
fractionation, which includes evaporation, condensation, freezing, melting,
chemical reactions, or biological processes (Freeze and Cherry, 1979). The
isotope content of water in shallow aquifers (drift and Prairie du Chien-Jordan
aquifers) is determined by the isotopic composition of the precipitation
available for recharge to the aquifer and on the amount of evaporation that
occurs before the water moves below the upper soil zone. Once the water moves
below the upper soil zone, the 180 and °H concentrations become characteristic
of water in the shallow aquifer.

15



== == == - 09t 0 9°2 08* St 9° € € (3933 GiLl) hi-9 °"ON T1oM
- we* LE= Leg- o9t 2° € 82 05° st 81 6h (3333 96) L1-g ‘ON TToM
€1 Lzt LE- £ g- ogt 0 9" € 0"t Ll 6°2 ot (3933 0Gl) 9-9 'ON TT3M
ta9Jbe uepdop
~uaiyy np ITJITRJI]
843 uT pa3eOOT STTOM
-- -- - - 0zt 0" w € [ 4 % 89 he (3233 08) OE-Q °ON TToM
LA et 84~ 9° L= 89 86 Lz on* S'9 ANt gl (393 99) £2-Q ‘ON TT3M
-- - - -- L9 61 a4 9°€ [AR] 0°S €l (3933 f) Li-Q °"ON TToM
taagymbe 3374p BU3
uy paj3eooT STTOM
69 2L 0 LE- L E- L6 [ARE sz 6° L 68 1 | %4 9o JunE
aeT MOT3q 3333
Gl 3e ‘dajem axel
(tonep (os N o (% (19 (e
Awp.ﬂﬁﬁ AmN Am ,Q AO Q se se se se se se se
MTITII) 0q %V omm: omwmb 1/8m) 1/8u) 1/3m) 1/8u)  1/3w) 1/8w)  1/8m)
ITITIL wo PIATOSS TP POATOSE TP Aytuty PAATOS POATOS  PBATOS DIATOS  PBATOS DIATOS
ot3ey mt30ud/ 9{-uadixo/ -eX TV -s1p -sTp S TP ~-sTp -sTp -S1p
N TJI3IN3Q g1 -usdixg ‘ajeyng ‘um Tpog ‘un s ‘fumts ‘apTua ‘o 911S
-se304 -3uFey  -o0TU) -T®

[*pouTe3qo oTdmwes ou S33BOIPUT USep Y]

1861 Joqmoldag UT JOjeAM punoJd pue
‘t1oqen oxer ‘uorqelrdroauad QUOPTOUT JO SOTISTJIOJORIRRd LAjrTenb-usajem-—+| S1qel

16



CATIONS ANIONS
PERCENTAGE OF REACTING VALUES

EXPLANATION

B11
& Lake water \0 Prairie du Chien-Jordan well number 11
©D11 Drift well number 11

©®D23 Drift well number 23 ® i
©D30 Drift well number 30 B|14 Pralrle du Chien—-Jordan well number 14

B6—e® Prairie du Chien—Jordan well number 6

Figure 10.--Piper dilagram of percentages of total equivalents per liter
for incident precipitation, lake water, and ground water in
September 1981
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The isotope content in lake, drift, and Prairie du Chien~Jordan water was
compared using the ratio of 0180/ 02H. The ratio of §180/ 02H for precipita-
tion partially evaporated is greater than the ratio for normal precipitation.
The close similarity between 0180/ 02H ratios for lake and drift water
suggests that these waters mix while the large difference between ratios for
lake and Prairie du Chien-Jordan water suggests that these waters do not mix.

The tritium content in the hydrological cycle is the result of natural and
man-made sources (Freeze and Cherry, 1979). Tritium is naturally produced in
the earth's atmosphere by interaction of cosmic-ray-produced neutrons with
nitrogen. Large quantities of man-made tritium entered the hydrologic cycle as
the result of large-scale atmospheric testing of thermonuclear bombs between
1952 and 1969. It had been estimated that tritium content in precipitation
prior to thermonuclear testing was 5 to 20 TU. Tritium content in ground water
prior to testing is established to be 4 to 5 TU because the half-life of
tritium is 12.3 years.

If a sample of lake or ground water from a location in the northern
hemisphere contains tritium at concentration levels well above 5 to 20 TU, then
it is evident that the water, or at least a large percentage of the water,
originally entered the lake or ground following the onset of thermonuclear
testing in 1952. The tritium content of lake and drift water reflects post-
1952 tritium concentrations (table 1) and suggests that these waters are of
similar age. Tritium content of Prairie du Chien-Jordan water is very low and
represents water that originated prior to 1952. The similarity in tritium
content of the lake and drift water suggest that these waters mix while the
large difference in tritium content between lake and Prairie du Chien-Jordan
water suggests that these waters do not mix and that movement of water from the
drift to the Prairie du Chien-Jordan is slow, based on the 12.3-year half-life
of tritium.

HYDROLOGICAL FACTORS AFFECTING LAKE-LEVEL FLUCTUATIONS

Ground- and Surface-Water Interaction

Interaction between ground and surface water controls the level of Big
Marine Lake. Ground water from the drift aquifer enters on the west side of
the lake and water from the lake discharges into the drift on the east side of
the lake. Winter (1976) found that the height of the water table on the
downslope side of the lake, relative to lake level, influences lake level to a
greater extent than the height of the water table on the upslope side of the
lake. Changes in height of the water table downslope of the lake will greatly
influence the amount of seepage into and from the lake. A rise in the water
table can limit discharge of water from the lake to the drift to the extent
that a stagnation point occurs and seepage stops when vectors of flow are equal
in opposite directions and therefore cancel. If a stagnation point occurs, a
ground-water divide forms that blocks leakage from the lake. The effects of a
stagnation point are intermittent with changes in height of the water table.

18



As precipitation enters the drift and causes the water table to rise,
seepage into the lake from the drift increases as a result of an increased head
gradient between the drift and lake. As the water table on the downslope side
of the lake increases to the extent that a stagnation point occurs at an
elevation higher than the lake surface, then there is no discharge from the
lake to the drift. The lake level then will rise as a result of increased
seepage to the lake and reduced discharge from the lake. As the stagnation-
point head decreases in time, discharge from the lake increases.

The interaction between the lake and ground water also is evident from the
limited geochemical data collected in September 1981. As stated in the section
on geochemistry, the lake, drift, and Prairie du Chien-Jordan water have
similar cation and anion compositions, but the environmental-isotope data
suggest that the drift and lake water mix while the lake and Prairie du Chien-
Jordan water do not. The lake and drift water also have similar tritium
levels, suggesting that the waters of both are of similar age while the Prairie
du Chien-Jordan water is older. Results of the geochemical data coincide with
the theory that ground- and surface-water interaction in and around Big Marine
Lake is primarily between the lake and the drift.

Historical Trends

Historical trends in the level of Big Marine Lake (1965-82) are similar to
trends observed in regional precipitation and baseflow of the major rivers
(fig. 11). The weather stations used to determine regional precipitation
patterns are located in Maple Plain, Minnesota (approximately 60 miles west of
Big Marine Lake), and in Farmington, Minnesota (approximately 40 miles south of
the lake). The historical trend in baseflow was derived from mean January
discharges of the St. Croix River at St. Croix Falls, Wisconsin (about 15 miles
northeast of the lake), and of the Mississippi River at St. Paul, Minnesota
(about 25 miles southwest of the lake). Mean January discharge generally
reflects baseflow, which is primarily the result of ground-water discharge to
these rivers. A positive slope with time in the cumulative departure from mean
discharge reflects an increase in the amount of ground-water discharge. This
increase probably indicates a rise in ground-water levels and in ground-water
discharge to the rivers. The rise in ground-water levels would, in turn, be the
result of the increase in precipitation during 1965-82.

Long-term trends in precipitation (1931-82) and mean January discharge
(1917-82) both show a general decline from beginning of record through 1940 and
a general increase from about 1940-82 (figures 12 and 13). Records from the
Minnesota Department of Natural Resources (1972) show the water level at Big
Marine Lake to be very low during the late 1930's and early 1940's and
generally to be rising since the early 1940's. This pattern corresponds to the
long-term trends in precipitation and discharge of the rivers. The data on
long-term precipitation suggest that lake levels in the late 1970's and early
1980's may be similar to lake levels in the early 1900's, because points of
zero departure from mean annual precipitation occurred sometime prior to 1931
and in the late 1970's and early 1980's.

19
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CUMULATIVE DEPARTURE FROM MEAN
ANNUAL PRECIPITATION, IN PERCENT
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Figure 12.--Cumulative departure from mean annual precipitation at
Mapie Plain and Farmington, Minnesota, from 1917-82
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Figure 13.--Cumulative departure from mean January discharge of
Misslissippl River at St. Paul, Minnesota and of St. Crolx
River at St. Croix Failis, Wisconsin, from 1931-82
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CONCLUSIONS

Fluctuations in the level of Big Marine Lake are controlled primarily by
fluctuations in the water table in the drift aquifer that surrounds the lake.
Long-term trends in cumulative departure from mean annual precipitation show
that recharge to the drift and bedrock aquifers has been increasing since the
1940's, which corresponds to observed increases in lake level since 1965.
Geochemical data suggest that water in the drift and in the lake are chemically
similar, probably as a result of these waters mixing regularly. Changes in lake
level in the future will depend on changes in recharge to the drift, which is
directly related to precipitation. Changes in recharge in respect to
cumulative departure from mean annual precipitation is the key element in
understanding water-level fluctuations at Big Marine Lake.
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