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INTRODUCTION 
The investigation of the hydrology of small lakes and ponds started in 1962 as a project based on measuring the change 

in water and ice levels. \i\Tater bodies chosen for study were selected over a large area in Minnesota and in as many physio
graphic and geologic situations as possible (figure 1). Over the span of field work on the project (1962-1967) observations 
were made on 46 bodies of water. Pitcher Lake is a good example (figure 2) of the water bodies. Some water bodies were 
located in clusters to permit comparisons of fluctuations under similar weather, topographic, and glacial drift conditions. 

After the first 2 years of observations it became obvious that more precise data were needed; therefore, the water 
budget method , using the mass-transfer equation, was initiated on May 1, 1966. The objective was to learn as much as pos
sible about the regimen of small lakes and ponds, primarily those which do not have permanent surface inflow or outflow. 
Some of the important aspects were: (1) precipitation; (2) evaporation and transpiration; (3) seepage to groundwater; 
(4) nature of the groundwater around the lake or pond; (5) nature of the soil (glacial drift) around and below the lake or 
pond; (6) effect of soils of different permeability, such as the so-called gravelly red drift, the calcareous gray drift, and 
the outwash sand deposits; (7) effect of different topographic situations, such as deep valleys, hills, etc.; (8) ratio of 
evapotranspiration to precipitation; and (9) nature of the bottom deposits. Work in the study described herein was done in 
the Department of Agricultural Engineering. 

Definite conclusions could not be obtained on all of these aspects, but much data pertaining to them was accumulated 
and are presented in this report and an earlier publication. 0 

For convenient reference a complete list of abbreviations used in formulas and discussions is included below. 

Table 1. Abbreviations 

ET 
s 
p 

R 
t;H 

- eva potra nspiration 
net seepage 
prec ipitation falling directly on the water surface 
runoff 
storage change 

N 
u 

a coefficient determined experimentally for a given lake and conditions 
wind speed 

e. 
e:, 

saturation vapor pressures corresponding to the temperature of the evaporating surface 
vapor pressure of the air 

BT 
WT 
AT 
RH 
E 
T 
ASP 
WSP 
R. 

bottom temperature' 
water surface temperature 
air temperature 
relative humidity 
evaporation from the lake surface 
transpiration by water flora 
air saturation vapor pressu re 
water saturation pressure 
overflow into a stream fed by the lake 

S0 seepage outflow through the bottom 

• Manson, P. \V., G. M. Schwartz, and E. R. Allred, Some Aspects of the Hydrology of Ponds and Small Lakes, Technical Bulletin 257, 
Agricultural Experiment Station, University of Minnesota, 1968. 

ACKNOWLEDGEMENTS 

We are sincerely grateful to the many landowners who 
graciously granted permission to enter their property and, 
in several instances, gave aid when requested. Special 
thanks are due the officers of the Booster Club; to 
Clarence Harbarth , owner of the land around Mud Lake; 
to Messrs. Mueller and Jarossek and other land owners 
around Ria Lake; and to Messrs. Sunberg, Olson, and 
Pitcher, owners of the farms enclosing Pitcher Lake. 

As stated in the earlier report, n~uch of the field work 
was done by students of the Department of Agricultural 
Engineering. Those principally responsible for supervising 
the field work, in addition to the authors, were Egal 
Amiri, John Drissel, Charles Onstad, and Steven Hartley. 
Special acknowledgements are due A. R. Barton for draft-

5 

ing the figures. 

Professors C. L. Larson and R. E. Machmeier read the 
manuscript and made many suggestions for its improve
ment. 

Throughout the work, until his untimely death in Feb
ruary 1967. Alden Damning supervised the field work and 
was· respo~sible for construction and service of all me
chanical equipment. His work and contribution to the 
project was invaluable. 

George Schwartz is indebted to colleagues W: E. Par
ham, J. E. Stone, F. M. Swain, and H. E. Wnght, Jr. , 
of the Department of Geclogy, University of Minnesota, 
for many suggestions. 



SUMMARY 

The investigation of the hydrology of small bodies of 
water in Minnesota started in 1962 as a project based on 
measuring the change in water and ice levels on 46 ponds 
and lakes throughout the state. The results of 3 years of 
observation were published in 1968. The first phase of the 
project was a qualitative study where the average seepages 
of 46 small water bodies were calculated for the winter 
months, during which evaporation was assumed negligible. 
The seepage rate for the 46 water bodies averaged 0.0032 
feet per clay. 

During the second phase of the project , the primary 
objective was to determine quantitatively the contribution 
of small water bodies to the recharge of groundwater. 
Other objectives were to further investigate the regimen 
of small water bodies during the winter and summer 
months . 

Four tvpical bodies of water were selected for this 
phase on the basis of information gathered through the 
first investigations. \Vater budgets were calculated by a 
computer program from field data collected by recording 
instrumen ts. The evaporation and net seepage were cal
culated by the technique suggested by Langbein and 
others (1951), based on the quasi-mass transfer equation. 
The net seepage also was calculated from data on ice
water levels obtained between 1962 and 1967. 

The net seepages for the four water bodies as cal
cu lated by the water budget method for a 6-month period 
(except as noted) are given below: 

(Net seepage in feet/ day) 

Lake 1966 1967 

Pitcher Lake .0022 .0022 
Mud Lake .0014 (5 mo. ) .00136 (5 mo. ) 
Ria Lake .0072 (5 mo. ) .0078 
Booster Club .0024 .0021 

Average net seepage of the four bodies was 0.00333 
foot per day (1.20 feet per year). 
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Net seepages as calculated by ice-water level observa
tions on 46 water bodies are given below. 

Year 

1962-63 
1963-64 
1964-65 
1965-66 
1966-67 

Number of 
determinations 

19 
28 
28 
24 
25 

Seepage, 
fee t/day 

.0030 

.0036 

.0030 

.0037 

.0030 
Weighted average net seepage : 0.00326 foot per clay. 

The close agreement of the two above net seepage de
terminations indicates the dependability of the results. 

The work of the U.S . Geological Survey in North Da
kota (Shjeflo, 1962; Eisenlohr, 1966) was similar in meth
od to that used here. The preferred average net seepage 
given by Eisenlohr is 0.0032 foot/ day. 

The above seepage data, representing an average for 
different methods on a variety of physiographic conditions, 
indicates that 0.0033 foot per day may be accepted as an 
estimate of the rate of seepage losses to groundwater from 
small lakes and ponds. 

A seepage rate of 0.0033 foot per day or 1. 20 fee t per 
year accounts for about 12 to 20 percent of the total losses 
from the water bodies. Therefore it can be concluded that 
the regimen of shallow bodies of water is controlled pri
marily by the ratio between precipitation and evaporation. 

In the light of this later work, the fin al sentence in the 
summary of the earlier report (Manson, et al. , 1968) is re
inforced: "From the above we may reason that the way to 
conserve water for the groundwater supply is to induce 
infiltration over the surface by good soil practices rather 
than to store water in open ponds where evaporation 
causes it to be lost to the atmosphere." 



Port l 

MASS TRANSFER PROGRAM 

Method of Analysis 

The water budget provides a means for determining 
the hydrology of small bodies of water. It is based on the 
principle of conservation of mass and it states that for a 
given time inttlll:val, in a given space, the difference be
tween inflow volume and outflow volume is equal to the 
change in storage. For water bodies of free surface the 
change in storage can be expressed as 

6H = (P + R, + C + S,) - (E + T +Ro + S.) [1] 

where: 

6 H storage change, expressed as depth over 
unit area 

P precipitation directly on the lake surface 
R , runoff inflow: lateral overland flow from the 

immediate watershed or stream flow into 
the lake 

C condensation of vapor on the lake surface 
S, seepage inflow through the lake bottom 
E evaporation from the lake surface 
T transpiration by water flora 
R. overflow into a s_tream fed by the lake 
So seepage outflow through the bottom 

In order to simplify equation 1 and to reduce the 
field work for the investigation , fou r assumptions were 
made: 

1. Condensation was assumed to be zero. Although 
condensation occurs , it is very small in comparison 
with other items in the above equation and its mag
nitude will be smaller than the error introduced by 
the instrumentation used. 

2. Seepage inflow and seepage outflow were combined 
into one term of net seepage. Since the principal 
objective in this study was to estimate the net 
quantity of water lost or gained by seepage, one 
combined term of net seepage is satisfa ctory. Posi
tive values of net seepage indicate seepage outflow 
or losses, and negative values indicate seepage gain 
by the lake. 

3. Evaporation and transpiration were combined into 
a single evapotranspiration term. Transpiration by 
hydrophytes and evaporation from open water sur
faces are controlled by the same meteorologic con
ditions. U .S. Geological Survey studies (Eisenlohr, 
1966; Shjeflo, 1962) present a technique for evaluat
ing evaporation and transpiration separately. In the 
present investigation the transpiration of aquatic 
plants with an unlimited water supply was assumed 
equal to evaporation from an open water surface, 
since the water bodies for investigation were chosen 
with small amounts of emergent aquatic vegetation . 

4 . Inflow and outflow runoff were considered to be 
zero. Where water bodies were isolated within 
regional drainage areas, stream inflow and out
flow were eliminated. One exception was observed 
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at Mud Lake where outflow occurred for a short 
period in May of each year. This portion of data 
was not used in the analys is. The runoff considered 
was on ly lateral storm overland flow that reached 
the pond or lake, and which could be detected by 
the water level recording instruments on the lake. 
Runoff was seldom, but occurred occasionally dur
ing periods of intense rainfall when the soil was 
fro zen ox when antecedent moisture conditions were 
close to saturation as a result of recent rains . Thus, 
to solve the net seepage item S, the water budget 
equation can be written as 

S = P + R - 6 H - ET [2] 

where 

S net seepage 
P precipitation 
R runoff 

6 H change in storage 
ET evapotranspiration 

In the above equation, the terms P, R, and 6 H can 
be measured directly by the conventional instruments 
used in meteorological or hydrological stations. Since ET 
cannot be measured directly, other techniques were 
employed. 

A variety of techniques have been developed for de
terming the evaporation from an open water surface . 
These techniques were tested and evaluated by the United 
States Geological Survey at Lake Hafner (2) and at Lake 
Mead (11). Tested were various evaporation pans (sunken, 
floating, and class A), as well as the energy budget and 
mass transfer methods. A simultaneous solution of the 
water budget equation and the quasi-mass transfer equa
tion was first suggested by Langbein, Hains, and Culler 
(1951) and tested and evaluated by Harbeck (2) (1962). 

The water budget equation is expressed in equation 2. 

The mass transfer is expressed by the equation 

where 
N 
u 

eo 

e, 

ET= N[U(eo-e,.)] [3] 

mass transfer coefficient 
wind speed, measured at a fixed height above 
the water surface 
saturation vapor pressure corresponding to 
the temperature of the evaporating surface 
vapor pressure of the air 

In equation 3 the (eo-e,) term denotes the excess vapor 
present above the water smface, and the te1m U denotes 
the capability of the wind to transfer this excess vapor 
from its position above the water surface. Solving equa
tions 2 and 3 simultaneously, and assuming a decrease in 
the water surface level in a positive direction , 

6H = N U(eo-e,.) + S -P -R [4] 

N cannot be described simply, since it is apparentl y a 
function of many variables such as geographic conditions, 
size of lake, roughness of the surface that causes mixing of 
the excess vapor, height (with respect to the water sur-



face), the time interval at which the various measurements 
were taken, the system of units used in the calculation, and 
others . 

For the prediction of ET for future events, it is essen
tial to analyze and evaluate all variables that affect N. 
For past or present events, however, can be evaluated 
from equation 4 if the terms S, P, and R are known. As 
indicated above, composite coefficient N consists of the 
collective influence of man y variables and provides a mea
sure of the way the evaporation varies with meteorological 
factors. Usually the value of N has a non zero value, unique 
for the lake for which it is evaluated. In this study, N is 
considered constant. Horbeck (1962) has shown N to be 
constant for a given lake if the conditions under which the 
data are taken remain the same, and if there is no growth 
of aquatic vegetation that can change the roughness of the 
lake surface. Equation 3 is quasi-empirical in that the 
evaporation is linearly proportional to N, which is deter
mined experimentally but satisfies all logical conditions . 

It can be noted in equation 3 that the evaporation will 
be zero if U or (e.-e,) equal zero. For conditions where 
(U) = 0, there is no wind and no mixing of the vapor 
layer. Also, under such conditions evaporation is a product 
of the molecular diffusion only, and· has been shown by 
Marciano in Lake Hafner studies (1945) to be negligible 
even for substantial differences between air and water 
temperature. When eo < e,, the negative vapor pressure 
gradient implies that a condensation condition exists . Such 
conditions are rare, and during such periods ET is assumed 
to be zero. 

Langbein (1951) suggested that by selecting time inter
vals during which precipitation and runoff are known to 
be zero, equation 4 is reduced to 6H = N U(eo-e,) + S, 
which is recognized as the linear slope-intercept form 
where N is the slope and S is the Y intercept. From the 
above definition, N and S are unknown, while U, eo, e,, 
and 6 H are variables which can be measured and evalu
ated from field data. It should be noted that any equation 
for determining the value of ET might have been com
bined with the water budget equation. 

Reasons for selecting the mass transfer equation were: 
(1) past research indicates that the mass transfer equation 
provides best results when applied to small bodies of 
water; (2) mass transfer equations were found to yield 
excellent to good results when applied to short time in
tervals, while the energy method is suitable only for mea
surements of ET for periods of 10 days or longer; (3) the 
instrumentation necessary for data collecting for the mass 
transfer methods is less expensive and less complicated to 
run than those for other methods; and (4) the mass h·ans
fer method requires less elaborate data processing and 
analysis. 

Using the water budget and · mass transfer equation 
simultaneously provides a technique whereby the net 
seepage can be determined directly, and not as a residual 
of all other hydrological variables in the water budget 
equation. 

Several time intervals are selected during which the 
precipitation and runoff are zero. For each of these time 
.intervals 6H U (eo-e,) are evaluated and plotted on a linear 
scalene graph of 6H vs. U (eo-e,). N and S are determined 
by a linear regression of the points. The scattering of the 
points (figure 9) is due to the following effects: 
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1. Instrumental errors and data reading errors 

2. Changes in the net seepage value that occurred dur
ing the time plotted. 

The natural process of seepage suggests that such 
changes do occur but they must be rather gradual. Thus 
the determined linear regression Y - intercept is a statisti
cal average of the net seepage per time unit for the period 
plotted, and the slope N is a constant relating evaporation 
to the meteorological variables for the time period of the 
plotting. 

For the period plotted, 6H, P, and R are measured 
directly, ET is calculated from field measurements, and S 
is calculated from the average net seepage per unit time 
multiplied by the length of the plotted period. All vari
ables in the water budget equation are known and the 
water budget can now be balanced. 

EXPERIMENTAL PROCEDURE 

Selection of the Lakes and Ponds 

Practical considerations, such as number of instruments 
involved, manpower available for maintenance and pro
cessing, etc., limited to four the number of lakes for the 
second phase of the study. 

The following requirements were considered necessary 
for the selection of the body of water for detailed investi
gation: 

1. The pond or lake should be one of the bodies of 
water studied in the first phase of this investigation. 

2. It should be representative of the general area under 
investigation, relatively stable, and should maintain 
water throughout the year, even during dry years . 

3. It should be affected little by the activity of man , 
and free of inflow and surface inlets and/ or outlets . 

4. It should be accessible by road without undue dis
turbance of private land, and convenient to project 
headquarters (Agricultural Engineering Building, 
University of Minnesota, St. Paul). 

5. The drainage area should be small and subject to 
little erosive action. 

The four lakes selected after careful elimination were: 

1. Booster Club Pond (Is 1) in Isanti quadrangle, 30 
miles north of Minneapolis. This is a typical shal
low pond located in a slight depression on a nearly 
level sand plain. Is 1 is surrounded by uncultivated 

· grassland with several small ponds in the immediate 
'vicinity. Test hole observations indicated that the 
pond water level and the ground water level nearly 
coincide. The general ground water gradient in the 
area slopes slightly to the west in the direction of 
Cedar Creek. 
The graph of water level fluctuations (Manson, et al. , 
1968) of Is 1 shows the pond to be very stable. The 
total drop for 1963 was 1. 71 feet. Booster 'Club 
Pond is typical of a group of small water bodies 
located on the sand plain where the water levels 
are governed by the ground water. 

2. Pitcher Lake (Ma 4) is located in the Marine quad
rangle, 20 miles northeast of St. Paul. It is a small 



lake (figure 2) in the midst of a well-developed part 
of the St. Croix Moraine, about 4 miles west of, and 
about 270 feet above, the St. Croix River. The gla
cial drift of the St. Croix Moraine has a rather large 
content of coarse material , and the fine-grained ma
terial consists of silt rather than clay. Although one 
would expect good permeability in this material the 
lake was found to be stable. 
Pitcher Lake is typical of a large group of lakes of 
various sizes in the St. Croix Moraine (figure 3). 

3. Ria Lake (LE 4) is in the Lake Elmo quadrangle, 
southeast of St. Paul, on the east bluff of the Mis
sissippi River, and on the St. Croix Moraine. The 
soil classification is similar to that of Pitcher Lake, 
but because of the decline of the topography to the 
west it was particularly interesting in the study of 
possible seepage. 

4. Mud Lake (Ga 1) is in the Gaylord quadrangle 
about 55 miles southwest of Minneapolis. This is a 
shallow body of water located in about the middle 
of a long chain of shallow lakes along the west side 
of Gaylord quadrangle. It is in the midst of a 
large area of till plain deposited by the Des Moines 
Lobe of the late Wisconsin Ice Sheet. Test holes 
show a black prairie topsoil with sandy clay below. 
This is a typical small lake of the prairie area and 
has an outlet to the east that flows only during very 
high water periods. 

Instrumentation 

To provide the necessary data the following instru-
ments were used: 

1. 'Nater level recorder 
2. Distance thermograph 
3. Three-cup totalizing anemometer connected to a 

spring-driven strip chart 
4. Recording rain gage (weighing type) 
5. H ygrotherm ograph 

The instruments, except the hygrothermograph, were 
mounted on a triangular platform (7 feet on each side) 
supported on three 2-inch diameter galvanized steel pipes 
which had been driven into the lake bottom before the 
ice breakup (figure 4). Railings connecting the 2-inch pipes 
were installed above and below the platforms and diagonal 
steel cables were installed below the railings to provide 
added stability. The construction of the platform was such 
that the elevation could be adjusted with changing lake 
level. Effort was made to keep the vertical distance be
tween the lake surface and the platform at approximately 
1 foot. 

Water Level Recorder 

The water level recorders used were Delfort number 
5-FW-l with gage height ratio on the recording charts of 
5:12 in 1966 and 10:12 in 1967. The recorder was mount-

. ed on a plywood support placed across the railings in one 
corner of the platform. The float was located in a 10-inch 
diameter sheet metal stilling well attached to the platform. 
One ¼-inch diameter outlet to the lake was located in the 
stilling well, approximately 3 feet below the water surface. 
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A short length of plastic tubing attached to this hole pro
vided damping to reduce chart pan oscillation caused by 
waves on windy days. The metal strip and the center 
weight of the recorder were protected by a 9-inch diameter 
sheet metal cylinder attached to the plywood support of 
the instrument so that the platform could be raised or 
lowered with no disturbance to the recorder. The recorder 
was adjusted when the railings were moved and a staff 
gage mounted on the railings. Permanent bench marks on 
shore were used, together with a level instrument to check 
the adjustment at every weekly visit. 

Distance Thermograph 

The water surface temperature was recorded by a dis
tance thermograph (Belfort number 5-1100) located on a 
bench on the platform (figure 4). The sensing element was 
connected to the recorder by a 10-foot capillary tube, and 
was supported by a styrofoam fl oat located under the 
cen ter of the platform to provide the element with protec
tion from direct sun light. A small trap door provided 
access to the float, which was protected and held in place 
by a wire basket attached to the platform. 

During the 1967 season additional thermographs were 
used to measure the bottom water temperature directly be
neath the platform in approximately 4 fee t of water. Dur
ing the weekly visit the thermograph adjustments were 
checked by a thermometer floating near the sensing ele
ment and by a poi:table battery-powered distance tempera
tu re indicator. 

Totalizing Anemometer 

vVind movements were measured by a three-cup total
izing anemometer (Benedix Friez model 349) located on 
one of the 2-inch supporting pipes. The standards were 
made adjustable to maintain the required cup elevation 2 
meters above the lake smface. By means of an electrical 
connection between the anemometer and a solenoid at
tached to the recording pen mechanism, an indication of 
each mile of wind was marked on a chart advanced by a 
spring-driven strip chart recorder moving at a rate of 1 
inch per hour. This provided a wind speed sensitivity 
accurate to 0.5 mile per hour. The strip chart recorder was 
located on a bench on the platform and a 12-volt bat
tery located beneath the recorder provided power. During 
the weekly visit the cup elevation above the lake surface 
was adj usted, the battery checked, and the total anemom
eter reading and time were marked on the sb·ip chart. 

Rain Gage 

Direct precipitation was measured by a Belfort num
ber 5-780 recording-weighing rain gage located in one 
corner of the platform. To avoid errors, care was taken 
not to place obstructions near the gage. As a check during 
weekly visits the total precipitation collected in the pail 
was measured by means of a standard tube and graduated 
stick. 

Hygrothermograph 

The relative humidity and air temperature were re
corded by a Benedix Friez model 594 hygrothermograph 
placed in a ventilated shelterhouse on the shore, at a place 
of undistmbed wind movement and about 25 feet above 



lake surface. During the weekly visit the instrument was 
checked by means of a thermometer and a sling psychrom

lcr. 

Evaporation Pan 

A standard class A evaporation pan was used at Pitcher 
Lake in 1966 and at project headquarters in 1967 to mea
sure evaporation for com parison with mass b·ansfer resu lts. 

Field Procedure 

:E latforms were installed and tests run immediately 
after the ice break up. ontinuous data records were col
lect <l from the beginning of May until the end of Octo
ber of 1966 and ] 967 (a few exceptions are noted later). 

The four stations were visited once a week. During 
each visit charts w re changed and instruments checked 
and ad justed. Information was record d in the field on a 
form provided and a ll charts wer marked, dated, and re
turn cl to headqua rters at I as t once a week. 

D11ring the two summers of data collection the follow
ing additi onal fl kl work was comp] tecl : 

1. Soil ancl glacia l drift samples of the area immedi
ately surround ing each wa ter body were collected 
am.I ana lyz cl . 

2. \ Vat r samples were ollectcd fo r chemical analysis. 
3. Temporary b nchmark I vations were surveyed. 
4. Detailed topographic surveys were made so that 

slag -area-capacity curves cou ld be computed. 
5. T st hole'.5 were drilled around each lake, and water 

I v ls in the holes were re ordcd at 2- to 3-week 
interva ls. 

6. Staff gages w re placed in various other water 
bod i s located in the vi inity of each lake to record 
the wat r lcv Is in th sc ponds at 2- to 3-week 
interva ls. 

During the winter months the following work was 
completed: 

l. amples of bottom sed iments were collected through 
the ice with a simpl hand-operated stationary pis
ton cor - Stlmpler. 

2. lee and water I vels of all water bodies under in
ves tiga tion were r orded at various times through
out the winter months. 

3. \ \la ter samples for chemical analysis were collected. 
-!. Bottom s climent samples w re analyzed in the 

la born tory at the Department of Agricultural En
gin · erin g, and microscopic examinations were made 
at the Department of Geology and Geophysics. 

Data Processing rind Analysis 

A comput r program wns used for analysis of the data 
and for computa tions associated with the mass-transfer 
technique. The program was written in the Fortran lan
guage and was run at th University of :t\Iinnesota Com
puter Center using a DC 6600 digital computer. 

Pitch r Lake was used as a pilot to the project at 
which site more detailed work was carried out. As data 
were retricv cl from the field th recorded values were 
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read from the charts and transferred to punch cards. The 
data was run through the computer to provide values of 
the coefficient and the net seepage S (figure 9). Once 
these values were determined, the monthly water budgets 
were evaluted. Monthly water budgets were combined to 
form a seasonal water budget. A water budget was cal
culated using pan evaporation as an estimate of evapo
transpira tion and this was compared with the results de
termined by the mass h·ansfer technique. 

E!Iort was directed toward findin g a consistent rela
tionship between net seepage va riations and any variable 
or combination of variables. Among various possibilities, 
two variables - water temperature of the lake and water 
levels in the observa tion holes arou nd the lake - were in
vestigated in some detai l. The combination of these two 
variables, although not fully satisfactory, provided an ex
planation of the net seepage variation through the season 
and on this basis it was decided to carry all computations 
on the other sites on a seasonal basis. 

All the data were used in various ways to make a com
prehensive inves tigation of: (1) the complete, complex en
vironment of the ponds and lakes; (2) the man y hydrologic 
aspects and conditions concerning the water body; and 
(3) the relationship betv.reen the environment and the 
hydrologic regimen of the water bodies. 

COMPUTATIONAL METHODS AND 
DISCUSSIONS 

Determination of N and S 

The bulk of the computations necessary to determine 
the water budget of the four water bodies utilizing the 
mass-b·ansfer technique was devoted to evaluation of the 
mass-b·ansfer coefficient, N, and the net seepage, S. These 
were computed by means of equation 4 as outlined in 
"Method of Analysis." 

The data was read and listed at 2-hour increments. 
Bottom temperature (BT), water surface temperature (WT), 
and air temperature (AT) were read to the nearest degree 
Fahrenheit; relative humidity (RH) to the nearest percent; 
and wind speed (U) to the nearest 0.5 mile per hour. This 
data for the whole month was transferred to punch cards 
with negative values punched for increments of missing 
data. The computer was instructed to ignore the negative 
va lues. 

Time intervals, periods without precipitation or runoff 
used in the mass-transfer technique, were related to cal
culate a pair of values of N and S. These intervals were 
generall y 1 to 2 days in length, although some were as 
long as 6 clays, and they numbered from seven intervals 
to as high as 25 intervals per month. To avoid errors, 
time intervals were chosen such that: (1) the times of 
weekly chart change were not included in any interval, 
(2) the beginning and ending water surface elevation of 
each interval were accurately defined and easily read on 
the chart, (3) an occurrence of wind-induced surges or 
oscillations was not indicated by the recorder chart near 
the beginning and ending elevation, and (4) the instru
ments appeared to be working properly. By selecting in
tervals during which both high and low evapob"anspi
ra tion rates were obviously occurring, a wide range of 



U (e,,-e,,) values was obtained and the regression line was 
better defined. In light of these restrictions it can be 
appreciated that an abundance of calculation intervals was 
not always available. This problem was particularly 
troublesome during months of abnormally high rainfall 
such as June 1967. The hour, date, and the surface water 
levels at the beginning and the ending of each time inter
val were transferred to punch cards. The entire monthly 
data was read into the computer. The computer procedure 
included the following steps: 

1. The water surface temperature and the air tempera
ture were converted to corresponding saturated va
por pressure. 

2. The complete monthly data and calculated values of 
water- and air-saturated vapor pressure were print
ed, along with the data and hour for each 2-hour 
increment. 

3. Monthly averages were computed and printed for 
each variable. 

4. Data for one time interval (date, hour, and water 
surface elevation) were read into the computer. 
For this time interval, values of U (e.-e,.) were cal
culated for each 2-hour increment (e,. is the product 
of air-saturated vapor pressure and relative humidi
ty). Whenever U (eo-e .. ) was negative, indicating a 
reverse gradient and perhaps some condensation, 
the program was written to convert the value to 
zero. The values of U (e.-e,) were summed · and 
printed out along with 6 H value computed by 
difference of water surface level at the beginning 
and encl of the time interval. 

5. The values of 6H and the sum of U (eo-e,.) were 
converted to a common unit of time (24 hours). This 
presented one plotting point for the month . 

6. Averages of each variable were calculated for the 
time interval. 

7. Steps 4, 5, and 6 were repeated for all time inter
vals of the month. 

8. Best-Rt time through all the time-interval points for 
the month was calculated by linear regression analy
sis . The line was defined by the Y-intercept and 
slope, which were calculated and printed out as net 
seepage, S, in feet per day and the mass-transfer 
coefficient, N, respectively. These values provided 
the monthly solution of equation 4. 

9. The results of the linear regression were subjected 
to a statistical analysis . Standard error of estimate, 
standard error of S and N, and the confidence limits 
of 95 per cent levels of S and N were calculated. 
The percent of standard errors was based on Y-bar, 
i.e., the average 24-hour change in stage. The con
fidence limits were calculated bv means of t-test, the 
values of which were read into the computer. 

This completed the calculation for 1 month. Detailed 
print-out of data and results for each step throughout the 
calculations helped to eliminate errors. 

The question arises as to why the mass-transfer analy
sis was conducted for consecutive periods approximating 
30 clays in length . Principally, this approach was used so 
that variations of S and N, if any, during the measurement 
season could be detected. By means of this procedure six 
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determinations were made possible (May-October). Shorter 
calcu lation periods could have been used; however, it 
would have been difficult to secure ample plotting points 
to accurately define a line within such short periods, and 
numerous S and determinations seemed unwarranted 
since it was fe lt that six determinations were sufficient to 
detect significant variation in the parameters. 

The computerized technique of this research made pos
sible the use of the 2-hour increment. To our knowledge 
no past investigators concerned with pothole hydrology re
search used a digital computer system. Thus the volumi
nous, tedious calculations as a result of the 2-hour incre
ment were impractical in their investigations. Depending 
upon the project emphasis and conditions, the length of 
the calculation increment used by past investigators usually 
varied from 6 to 24 hours, but even longer times were 
occasionally used. The values of the basic data used for 
these long calculation increments were usually averages 
estimated by graphical inspection of the recorder charts. 
The 2-hour increment is advantageous in that errors re
sulting from graphical estimates are eliminated. Also, be
cause the relationship between temperature and vapor 
pressure is curvilinear, the small calculation increment 
provides better accuracy through the temperature-vapor 
pressure conversion. In addition to the above advantages, 
the use of a 2-hour increment facilitated the selection of 
calculation intervals and made possible more efficient use 
of the available data. 

It is well to note that the value of N depends on the 
calculation increment length. As a resu lt of the mass-trans
fer technique, the magnitude of N must decrease with 
the use of increasingly smaller time increments. Also, cog
nizance is given to the fact that the mass-transfer co
efficient must have units to make equation 4 dimension
ally correct. 

Upon completion of the monthly computer runs, di
agrams similar to figure 9 were drawn. The points of the 
first run of each month were subject to considerable scat
ter. A band of points indicating a good correlation was al
ways evident on the first run, but the large deviations of 
a few points generally distorted the linear regression from 
the true relationship. The computer output of each inter
val was scanned and inspected for errors or any probable 
cause for any point to deviate from the band of good 
points. Often the poor points were the result of card 
punching errors, mistakes in reading the water level chart, 
starting calculation intervals too near a period of rainfall 
(precipitation sti ll falling but not sufficient to be detected 
by the rain gage or water level recorder) , etc. Also, after 
some experience it became evident that questionable points 
often resulted from data taken during periods of very high 
or low winds. It was felt that errors during periods of 
low wind were primarily the result of anemometer friction. 
Thus, low wind speeds were probably recorded as zero 
even though air movement was occurring. The cause of 
errors during periods of high winds was not so evident, 
although it is possible that the anemometers did not func
tion completely accurately under these conditions. Also, it 
is probable that the mass-transfer equation does not pro
vide valid results under extreme conditions such as for 
average wind speed near 25 to 35 miles per hour. In addi
tion to these situations, poor points often resulted from 
intervals in which a small (near zero) eo-e,. gradient oc
curred, along with moderately strong winds. 



In any case, the necessary corrections were made, some 
of the questionable intervals were eliminated, other 
changes and adjustments were made, and the monthly 
data with the new combination of intervals were re-run. 
The linear regression of the second run generally fit the 
band of good points rather well. 

As stated in an earlier section, the point scatter seen 
in figures 9, 10, 16, 20, and 25 is due, in part, to errors 
in the data. Primarily, errors in the data resulted from the 
instruments ; however, human error involved in reading 
the data from the charts and a variety of other possibilities 
added to the problem. Attempts were made to keep eaors 
in e .. and e. to a minimum because data errors of 2°F. 
produced inaccuracies in U (e.-e.) near 25 percent, de
pending upon the season and the particular combination 
of rrors involved. 

Perhaps most of the point scatter ath·ibuted to data 
errors resulted more from errors in 6H rather than 
U (e .. -e,). The change in stage, 6H, was calcu lated from 
the two water surface elevations read directly from the 
chart. The water level recorder chart was only scaled to 
a hundredth of a foot; by interpolation, however, the ele
vations were read to the nearest thousandth. This proce
dure probably introduced some human error. Furthermore, 
evidence occas ionally was found of water surface elevation 
errors ranging from 2 to 3 thousandths of a foot, caused 
by fri ction within the water level recorder. Because the 
posi tion of each plotting point depended directly upon the 
si ngle determination of 6 H evaluated in this manner, it 
is conceivable that some point deviation may have re
su lt cl. 

Calculation of Monthly Water Budgets 

After completion of the final monthly run to evaluate 
and N, the program using the monthly data was run 

once more. lly means of arbitrary intervals read into the 
computer the (e .. -e .. ) was calculated and summed over 
very 2-hour incr ment ontaining avai lable data. This 

sum was adjusted to the monthly average U (e.-e.), so as 
to correct for those increments without data. The adjusted 
monthly sum of U (e.- .) and the previously determined 
mass-h·ansfer coefficient ( ) for the month were used in 
equation 3 to alculate the evapotranspiration for the 
month . 

The n t seepage, as evaluated by the mass-h·ansfer 
technique in fee t per day, was multiplied by the number 
of days in the month to obtain the n t seepage for the 
month. The rearrang ment of the water-budget equation 
( quation 2) becomes 

ET + S = P + R + 6 H [5] 

ET and S represent factors causing water removal from the 
water body. 

The total monthly precipitation was obtained by mea
su ring , ith mechanical dividers and adding each individu
al rninfall re orded on the rain gage chart. Individual 
measurements were made, rather than using the weekly 
sums, to r duce error caused by evaporation from the 
rain gage collection bucket, and by chart paper eiq>ansions 
an l contractions due to humidity changes. This method 
rcclu cl the error of precipitation measurement by nearly 

pcrc nt during the 1966 season. Measurements were 
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made in inches and converted to provide the total month
ly precipitation in feet. 

Rain gage recordings, accurate to five hundredths of an 
inch, were used to assist in the calculation of the possible 
monthly runoff. Individual rainfall amounts previously 
measured were compared to the indicated water level in
crease on the water stage recorder chart. This served an 
additional need for the individual rainfall determinations. 
If the water level increase was greater than the measured 
precipitation, the difference was measured as runoff result
ing from the particular storm. The sum of the individual 
determinations provided the total mont11ly runoff in feet. 
Generally, the number of determinations was small, occur
ring at times of frequent or relatively intensive rainfall. 
After some experience the charts were merely scanned, 
and the required runoff checks made at only those times 
when runoff was suspected. Runoff seldom occurred and 
was not an important factor in the project. 

The monthly change in stage, 6 H, was determined di
rectly, in feet, from the water level recorder chart which 
was checked against staff gage readings. With the determi
nation of 6 H , all the items of the monthly water budget 
were available. As no term was obtained as a residual, it 
was expected that the budget given by equation 5 would 
fa il to balance. The amoun t by which the budget failed 
to balance is the residual error and the monthly error was 
calculated both in fee t and percent. The error is positive 
if ET+ S > P + R + 6 H and negative if the opposite re
sult occurred. The percent of error was based on the sum 
of the right-hand side items (P + R + 6 H) of equation 5. 
This was used because the determination of each item was 
made by direct measurement, whereas the determination 
of ET and S relied on theoretical considerations; thus it is 
probable that the right-hand side sum is more accurate. 

Calculation of Seasonal Water Budget 

At the end of the measurement season (normally 6 
months) and following the determination of the final 
monthly points for each month , the seasonal N and S were 
evaluated. The 24-hour change in stage and the U (e.-e,) 
product of every selected final plotting point for all months 
of the season were put on punch cards. A Fortran program 
consisting primarily of the linear regression and satistical 
analysis statemen ts of the principal program was written. 
The program read in these points, calculated the linear 
regression coefficients (N and S), and completed the same 
statistical analysis as that of the monthly runs. 

The seasonal evapotranspiration was calculated from 
equation 2, using the seasonal mass-transfer coeffi cient and 
the seasonal sum of U (e.-e,), which was the sum of the 
adj usted monthly products. The seasonal average net seep
age obtained from the linear regression was multiplied by 
the total number of days during the measurement season 
to provide the seasonal total seepage. The seasonal values 
of P, R, and 6 H were obtained by summing the monthly 
quantities . Again equation 5 was used to check the water 
balance and calculate the residual error. 

Using the previously evaluated monthly budgets, a 
seasonal water budget was also calculated to provide a 
comparison. Thus, this seasonal budget was calculated with 
the use of the monthly determinations of N and S, where· 
as the previous solution was based on the seasonal N and 
S. The sums of all the monthly determinations of ET, S, 
P, R, and 6 H were used in equation 5 to check the bal-



ance of this water budget and calculate the residual error. 

Seasonal Water Budget by Pan Evaporation 

Pan evaporation data at various locations in Minnesota 
are available from the U.S. Weather Bureau. Since these 
data are readily available, it seemed desirable to compute 
the water balance obtained by using pan evaporation as 
an estimate of ET and to calculate the net seepage as a 
residual from equation 5. This value was then compared 
with the water budget obtained by the more complicated 
and expensive mass-transfer method used in this study. 
Presumably, if the water budget obtained by means of pan 
evaporation data compares favorably with the mass-trans
fer water budget, it would be feasible to calculate the ap
proximate water balance of any body of water subject to 
similar characteristics and to the conditions of equation 5, 
with relatively little expense or labor. 

Unfortunately, pan evaporation data are collected at 
relatively few U.S. Weather Bureau stations. The data used 
to calculate the water budget of the four water bodies 
were collected at Waseca, Minnesota, nearly 80 miles 
south-southwest of St. Paul. The amount of pan evapora
tion for each month was obtained from the U.S . Weather 
Bureau monthly publication, Climatological Data. Data 
were not collected at Waseca during the latter part of 
October 1§66; thus an estimate was used. A pan coefficient 
of 70 percent was used to convert the monthly pan evapo
ration to the estimated lake or pothole evaporation. This 
quantity (ET) plus the previously determined monthly 
amounts of P, R, and .6H were used in equation 5 to cal
culate the net seepage as a residual. Unfortunately, the 
net seepage, calculated as a residual, also absorbs any 
errors that may exist. This water budget was calculated 
each month and compared with the monthly budget ob
tained by using the mass-transfer technique. At the end 
of the measurement season the monthly items were 
summed and the seasonal budget calculated. 

Concern· about the validity of applying pan evaporation 
data, collected at such a distance from the study areas, to 
the hydrology of the pothole initiated an effort to obtain 
pan evaporation at a site closer to the potholes. In late 
June 1967 an evaporation pan and related equipment were 
installed near project headquarters. The data collected 
from this pan during July and August 1967 were com
pared with that collected at Waseca for the same months. 
This provided some indication of the possible error in
volved in the use of the Waseca data, but this proved to 
be small. 

Pitcher Lake, Marine Quadrangle':' 

General Description 

Pitcher Lake has an area of about 8 acres and is lo-
cated in sections 15 and 16, T. 31 N. , R. 20 W. It is in 
the midst of a group of lakes, ponds, and marshes which 
are mainly ice block pits, in a well developed part of the 

0 Earlier investigations on Pitcher Lake are described on pages 41 
and 42 of Technical Bulletin 257 (Agricultural Experiment Sta-
tion, University of Minnesota, 1968 ) . 
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St. Croix Moraine (figures 2 and 3). The St. Croix River 
has eroded a deep valley 4 miles to the east and 270 feet 
lower in elevation. The normal elevation of Pitcher Lake 
is 961.5 feet and ranged from 957.9 to 962.4 during the 
period Mai·ch 27, 1964, to October 30, 1967. The banks 
are relatively steep and calculations indicate that the water 
surface area varied only 4 percent during 1966 and 1967. 
The drainage area is estimated to be .approximately 25 
acres and there is no permanent inlet or outlet. Runoff or 
overland flow is slight except a small amount along a 
drainageway from the west near the south end. 

The lake is partly fringed by oak and other b·ees and 
shrubs, beyond which are cultivated fields and pastures. 
Aquatic vegetation in the lake is sparse. 

Soil Investigations 

At the start of the detailed investigation 18 test holes 
were made on land at various sites around the lake. Dur
ing the winters of 1965-66 and 1966-67 a series of 15 
holes were made through the ice to examine the bottom 
sediments. 

Steep banks and a road grade along the east side in
terferred with a uniform dish·ibution of land holes but a 
reasonable arrangement was possible, as shown in figure 5. 
·with the exception of holes 1 to 3, the material encount
ered was generally similar and the detail of each log is 
considered unnecessary for this description. 

Table 2. List of land holes, depths, and distance to Pitcher Lake when 
drilled 

Distance Distance 
Depth/ from lake/ Depth/ from lake/ 

Hole no. feet feet Hole no. feet feet 

Pl 5 137 PlO 9.0 125 
P2 6.2 412 Pll 5.3 10 
P3 6.8 512 P12 4.3 10 
P4 6.1 600 P13 10.4 30 
P5 4.4 400 P14 4.8 12 
P6 4.3 17 P15 15.6 45 
P7 4.5 9 P16 5.2 17 
PB 5.8 20 P17 10.2 35 
pg 8.5 70 PlB 7.5 25 

Table 3. Textural analyses of soil samples from Pitcher Lake and ad
jacent land 

Sample Sample depth/ 
Clay number feet Gravel Sand Silt 

Land holes 
Pl-3 3.4- 4.7 0.0 20.72 57.93 21.35 
Pl-4 4.7- 5.0 0.93 28.53 51.40 19.14 
Pl-5 5.0- 7.3 22.81 58.35 12.61 6.23 

P3-1 0.0- 2.5 1.17 42.14 48.75 7.96 
P3-2 3.8- 5.0 5.94 40.82 37.78 15.45 
P3-3 5.0- 6.5 7.35 42.52 37.04 13.09 
P3-4 6.5- 6.8 0.0 17.26 60.43 22.31 
P3-1 7.0- 8.2 0.0 14.38 61.21 24.41 

P5-1 0.0- 3.0 12.43 60.21 17.48 9.88 
P5-2 3.0- 4.4 10.37 73.37 9.39 6.87 



Table 3 (continued). Textural analyses of soil samples from Pitcher Lake 
and adjacent land 

Sample Sample depth/ 
number feet Gravel Sand Silt Clay 

P9-l 0.7- 1.8 4.69 40.03 23.35 31.93 
P9-2 1.8- 2.3 8.60 47.60 28.30 15.50 
P9-3 2.3- 3.5 1.98 20.15 52.16 25 .70 
P9-4 3.5- 3.9 1.19 69.91 18.94 9.96 
P9-5 3.9- 4.7 0.0 28.41 59.66 11.93 
P9-6 4.7- 5.5 1.97 83 .43 7.70 6.90 

Pl0-1 0.5- 2.5 9.42 70.40 15.63 4.55 
Pl0-2 2.5- 3.2 0.0 14.05 46.69 39.26 
Pl0-3 3.8- 5.1 7.16 75.78 11.44 5.62 
Pl0-4 5.1- 5.3 0.70 28.78 50.34 20.18 
Pl0-5 5.3- 7.3 11.01 67.43 13 .84 7.72 

Pl2-l 1.0- 2.0 6.66 54.74 28.30 10.31 
Pl2-2 2.0- 4.3 15.66 63.71 12.17 8.46 

Pl5 -l 0.0- 7.8 8.88 48.01 26.46 16.65 
Pl5-2 7.8-12.0 11.47 70.47 10.20 7.86 
Pl5-3 12.0-12.5 7.80 80.90 4.65 6.70 
Pl5-4 12.5-14.3 10.14 59.54 18.54 11.80 

Pl7-l 1.5- 4.0 5.88 50.40 32.32 ll.40 
Pl7-2 4.0- 9.2 10.29 48.13 25.68 15.90 

Pl 8-l 1.2- 2.0 0.18 10.66 44.38 44.78 
Pl8-2 2.2- 4.6 9.52 57.46 20.37 12.65 
Pl8-3 4.6- 7.45 1.03 32.09 47.68 19.20 

Bottom holes 

*P9b 15.0-15.6 30.33 52.96 12.75 3.96 
Pl0b 4.5- 5.8 0.0 55.34 39.20 5.46 

*PlOb 6.5- 7.0 7.33 70.03 5.88 16.76 
Pllb 5.3- 8.8 0.0 34.51 54.61 10.88 

*Pllb 8.8- 9.8 4.20 56.33 36.93 2.54 
*Pl2b 8.3- 8.8 10.41 80.59 8.10 0.90 
*Pl3b 15.5-16.0 2.41 42.52 34.77 20.30 
''P l4b 37.5-38.2 3.60 74.88 13.77 7.75 
Pl5b 28.0-30.0 1.51 46.49 30.09 21.91 
Plb 14.0-15.0 0.20 60.20 32.49 7.11 

'' Plb 18.0-18.5 12.29 78.24 7.37 2.10 

P2b 10.4-14.0 0.0 49.89 47.12 2.99 
0 P2b 15.0-15.5 6.89 73.44 18.54 1.13 

'' P3b 14.0-16.5 11.02 78.87 8.86 1.25 
*P3b 17.5-18.0 12.14 75.68 10.41 1.77 
''P4b 4.7- 6.4 4.31 75.56 17.23 2.90 

P5b ll.2-11.7 2.00 44.10 52.04 1.86 
'' P6b 16.9-17 .4 8.98 71.69 2.77 16.56 
*P6b 18.0-18.5 3.01 40.94 30.18 25.87 

P7b 5.0- 8.2 0.93 62.16 34.51 2.40 
'' P7b 9.5-10.0 17.44 65.18 2.49 14.89 

P8b 18.0-18.5 0.0 9.82 58.46 31.72 
P8b 21.2-22.1 0.0 8.18 74.93 16.89 

'''P9b 12.7-15.0 3.35 58.06 31.50 7.09 
Soil profile near Pitcher Lake: 

20.53 60.02 10.86 8.60 

* Designates bottom sample believed to be glacial drift. 

The typical material of holes 4 ~o 18 is brown to gray, 
sandy, pebbly, si lty till with interbedded layers of sand or 
silty clay in some holes. Boulders are common at the sur-
face and pebbles, cobbles, or boulders frequently inter-
fered with the auger. 

Hole Pl5 - Located near the north end on the east 
side, 45 feet from the water, is a typical 
example as shown by the following log. 
At times this hole was dry at 8.3 feet 
below lake level. 
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Feet 
0.0- 7.8 

7.8-12.0 

12.0-12.5 
12.5-14.3 

Gray to brown, sandy, pebbly drift with 
silty layers 
Brown, silty sand grades downward to 
coarse, gravelly sand 
Reddish brown sand with pebbles 
Reddish brown sandy, si lty clay 

On the township road just north of Pitcher Lake a bank 
about 12 feet high furnishes a representative exposure of 
the red, brownish drift. A channel sample of about 50 
pounds was taken from top to bottom. Two samples were 
quartered from this material and subjected to textural 
analysis (table 3). The average of the two is shown in 
table 3. As a check, a mixed sample from hole 15 to a 
depth of 14.3 feet also provided a good section of glacial 
drift and this gave similar results (table 3). 

Glacial drift was subject to much sorting by melt water 
during transportation and deposition , and as a result there 
is a wide range in its textural composition. Of the 18 test 
holes on land around the lake a total of 36 samples from 
10 of the holes were analyzed for textural classification, 
and the range was great. Thus gravel ranged in percent 
from O to 22.8, sand from 10.6 to 80, silt from 4.5 to 66, 
and clay from 4.5 to 44.8 (table 3). 

Holes 1, 2, and 3 are along a low drainageway in the 
midst of cultivated fields, which rise westward from near 
the south end of the lake. The land slopes from south, 
west, and north and drains down to the lake. The holes 
have a gray, very sitly clay overlying a thin layer of peat 
in hole 3 and a gray, silty clay with sand and pebbles near 
the bottom. There is little doubt that the silty clay over
lying the peat has been washed in from the fields. 

Observations of the water level were made at con
venient intervals in all holes, mainly during the period of 
open water in the lake. The elevations of the water sur
faces were recorded and the distance above or below lake 
level tabulated as shown in table 4. 

The relation of the water level of four typical holes to 
the lake level on the same dates is shown by the graph of 
figure 6. The most strikin g feature is the wide fluctuation 
of the level in the holes as compared with the moderate 
fluctuation of the lake level. The general rise and fa ll in 
the lake and holes usually occurs at the same time in re
sponse to weather conditions, primarily precipitation and 
evaporation. The lake level remains relatively stable dur
ing the winter months when precipitation and evaporation 
are not effective because of an ice cover. In contrast the 
levels in the holes drop during the dry autumn and win
ter months. In some cases the water level in the holes 
is below the level of the bottom of the lake (figure 7). The 
glacial drift of the area is sandy, as has been shown above; 
the water in the holes, therefore, moves downward much 
more freely than that in the lake. vVhatever configuration 
the groundwater table has, the gradient must be sharply 
downward to the St. Croix River on the east. A normal 
water elevation for Pitcher Lake is about 961.5, that of the 
St. Croix River about 665, and the distance between the 
two slightly over 3.5 miles . 

The data for holes 0, 1, 2, and 3 (figure 7) show a sig
nificant relation to the lake, particularly during the dry 
periods . These holes, as noted above, are situated along 
a drainageway. As shown by table 4, holes 2 and 3 always 



Table 4. A comparison of water surface elevation in Pitcher Lake to water levels in surrounding observation wells 

Water level in observation well* 
Date Pl P2 P3 P7 PS pg PIO Pll Pl2 Pl3 Pl4 Pl5 PIG Pl7 Pl8 

10-26-65 6.38 4.87 -2.10 Dry 
11-2-65 0.84 6.10 7.32 - 2.87 0.24 2.06 Dry 
11-9-65 - 0.87 - 6.96 - 3.95 Dry 
11-11 -65 0.86 5.53 6.52 -0.60 - 2.67 0.94 1.47 -0.53 -0.3.2 - 4.41 -0.81 -6.95 - 0.54 - 3.94 Dry 
3-17-66 - 0.96 6.38 - 0.20 -0.23 0.59 1.48 0.17 0.12 2.02 0.84 - 4.15 - 0.26 - 1.24 2.98 
4-26-66 0.00 5.28 5.62 -0.15 -0.23 0.84 2.68 0.09 0.02 1.46 0.01 5.15 0.21 1.79 0.32 
5-19-66 1.14 4.90 5.90 - 0.04 0.08 1.34 2.60 0.19 0.02 1.38 0.01 5.55 -0.13 - 4.84 1.02 
6-14-66 2.05 3.58 - 0.33 - 0.19 0.24 2.34 0.37 0.08 - 0.72 -0.58 - 4.52 - 0.59 -4.70 - 0.41 
6-28-66 - 2.46 3.90 -0.34 0.39 - 0.78 2.26 -0.61 -0.40 -2.16 - 0.68 -5.09 - 0.78 ~;Y 0.16 
7-20-66 -2.59 - 0.60 -0.77 - 1.26 0.47 - 0.38 - 1.01 - 3.41 - 1.62 - 5.39 -0.99 0.18 
7-28-66 - 3.21 3.75 1.70 - 0.92 - 0.17 -1.16 .1.44 - 0.77 -1.30 - 3.56 -1.68 ~;Y - 1.23 
8-1-66 -3.27 4.21 4.55 -0.85 - 1.06 - 2.08 - 2.01 -0.08 - 1.85 -3.71 - 1.88 - 0.87 0.61 
8-10-66 - 2.85 3.75 5.40 - 1.28 -2.87 - 4.26 - 1.92 - 0.60 - 1.74 - 5.24 - 2.32 -1.13 0.43 
8-12-66 - 2.95 3.66 4.07 - 1.29 - 2.82 -3.54 - 1.61 - 0.70 1.75 - 4.85 -2.26 - 1.16 0.03 
9-1-66 -2.81 3.26 4.51 - 1.50 - 2.57 - 3.88 - 1.72 - 0.60 -2.17 -4.42 - 2.45 - 1.29 - 0.32 
9-16-66 - 2.76 3.00 4.32 - 1.13 -2.53 - 4.08 - 1.98 - 0.43 - 2.06 - 4.44 - 2.36 - 1.21 0.63 
10-17-66 - 1.60 2.50 3.90 - 0.48 - 0.57 -4.51 - 1.81 -0.21 - 0.76 - 4.62 -1.89 - 0.71 1.32 
11-5-66 -2.12 2.87 3.89 - 0.92 Dry - 4.29 - 1.59 - 0.52 -0.64 -4.35 - 1.99 -1.02 1.27 
1-13-67 2.54 3.88 - 2.89 -2.47 - 5.10 - 1.44 - 0.75 - 0.32 2.55 - 0.29 1.79 
3-20-67 - 1.32 5.31 3.80 - 2.97 - 2.64 - 4.98 -1.35 -0.53 0.62 - 0.93 - 0.30 1.51 
4-19-67 0.35 6.58 7.06 -2.88 - 2.53 - 2.28 3.86 0.17 0.92 3.42 -0.11 - 4.51 -0.35 -4.23 0.00 
5-9-67 -0.47 6.33 6.71 - 2.50 -2.80 0.73 3.74 - 0.02 0.79 2.10 - 0.24 -4.84 - 0.19 - 4.37 - 0.09 
5-30-67 - 2.00 4.75 5.98 - 2.63 - 3.10 - 0.04 2.99 -0.38 0.73 1.83 - 0.48 - 4.51 - 0.45 Dry - 0.51 
6-23-67 - 0.60 6.83 7.26 -2.11 - 1.91 1.65 4.53 0.33 0.83 3.44 -0.51 - 4.00 -0.58 Dry 1.34 
7-11 -67 - 2.22 5.61 6.69 - 2.46 - 2.27 0.70 3.65 - 0.53 0.54 1.43 - 1.11 -4.74 - 1.00 Dry 0.15 
7-28-67 -2.89 4.42 5.73 - 2.99 Dry - 0.88 2.16 -0.70 0.04 -0.30 - 1.80 - 5.82 - 1.51 - 3.39 0.28 
8-31-67 - 3.1.9 3.49 3.49 -3.35 Dry - 3.68 0.17 - 0.58 - 0.17 - 3.31 -2.08 -7.00 -1.53 Dry Dry 
9-25-67 -3.13 Dry 2.97 - 3.37 Dry - 3.61 0.17 - 0.76 0.04 Dry - 2.01 Dry - 1.61 Dry Dry 

* A minus sign preceding a stage reading indicates the water level in the observation well to be at a lower elevation than the water surface of the lake. 
Differences are given in feet. 

showed water levels above lake level but hole 1, which is 
at the end of the drainageway and near the lake, has a 
water level below lake level except when submerged by 
water in the lake. As a check on test hole 1, another hole 
was excavated on August 31, 1967, halfway between hole 
1 and the lake at that date. This was about 70 feet from 
the lake. On October 30, the water level in the latter hole 
was 5.59 feet below lake level and doubtless represented a 
stable relation (figure 6) . This indicates that the water in 
the drainageway does not flow into the lake (except at 
high water), but seeps into the ground. The drift appears 
sufficiently permeable so as to allow the water to seep 
downward before it reaches the lake. 

Preliminary test holes through the ice in 1964 and 1965 
showed that the water was 5 feet deep except in the 
deeper parts and that a thick (over 20 feet) deposit of 
peat and muck existed in the middle of the lake. Accord
ingly in January 1966 a systematic set of 15 test holes was 
put down through the ice (figure 5). A peat sampler was 
used until inorganic matter prevented further progress. A 
soil auger was then used to obtain samples until it was 
considered that glacial deposits had been encountered. To 
show the contrast between the sediments in the bottom of 
the lake and the soil and glacial drift around the lake, the 
log of one of these holes is given below. 

Hole Pl4b - 150 feet south and 100 feet east of P3b, 
December 29, 1966 

Feet 

0.0- 7.5 Ice and water 
7.5- 8.8 Mud 
8.8-21.9 Peat, grades from coarse, fibrous peat to 
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dark-brown peat with some silt and sand at 
21.2-21.6 feet 

21.9-35.5 Auger samples. Dark to light-brown peat 
35.5-36. l Black, silty muck mixed with peat 
36.1-38.2 Reddish-brown sand plus pebbles; glacial 

drift 

The bottom sediments were of particular interest, and 
are characterized by peat deposits that range from a foot 
or less in thickness near shore to the maximum in hole 
Pl4b of 28 feet. In some holes there is some interlayering 
of sand and peat, but generally peat grades abruptly to 
sand or silt. In a few holes a zone of black muck was 
found. 

A total of thirteen samples from the bottom sediments 
were subjected to textural analysis in the laboratory (table 
3). The results emphasize the sorting action of sedimenta
tion in nature as the clay content ranges from a low of 
1.13 to a maximum of 33.5 percent, silt from 7.5 to 90 
percent, and sand from 7.9 to 85.5 percent. Of the 24 
samples, 9 are believed to be from sediments deposited in 
the lake and 15 are from glacial drift below the lake 
deposits. 

Table 5. General averages of lake and glacial deposits, Pitcher Lake 

Gravel Sand Silt Clay 

Lake sed iments Trace 34.3 52.7 12.9 

Glacial deposits below 
lake sediments 8.7 65.2 16.2 9.6 

Glacial drift N.E. of lake 20.5 60.0 10.9 8.6 

Glacial drift, Hole Pl5 9.5 64.6 15.0 10.8 



There is a concentration of silt and lesser clay in the 
lake sediments, and a lack of gravel (table 5). It seems 
probable that the concentration of fine-grained sediments 
was responsible for ponding of water in the depression in 
the early stages of the lake after the melting of the glacial 
ice. This in turn permitted aquatic vegetation, pollen, etc., 
to accumulate and form muck (gyttja) and peat. Thus, 
although shallow, the lake has persisted for the very long 
time needed to accumulate peat and muck to a maximum 
thickness of 28 feet. 

Lakes and Ponds Near Pitcher Lake 

Figure 3, adapted from the U.S. Geological Survey, 
Marine Quadrangle Map, shows nine other bodies of water 
within less than a mile of Pitcher Lake, and more than a 
score of lakes and ponds within a radius of 2 miles. With 
this situation in mind it seemed desirable to have informa
tion on the regimen of some of these bodies . Accordingly, 
six bodies of water near Pitcher were selected for gaging 
the surface levels beginning in early April 1966, and three 
others were added later and continued to November 1, 
1967. They are listed by arbitrary numbers, inasmuch as 
the ponds do not have recognized names. It should be 
noted that these bodies range widely in the elevation of 
the water surface. 

The details of the staff gage readings are too volumi
nous to report here, but the more pertinent information 
is shown by graphs (figure 8), and in table 6. Figure 8 
compares the changes in water levels of Pitcher and its six 
associated bodies for 1966 and nine bodies in 1967. The 
graphs are remarkably similar for all except numbers 3 and 
7.• Table 6 shows the difference between the high levels 
in the spring and the low in December. In 1966 Pitcher 
Lake and ponds 1, 2, and 5 had the same general range 

~ in water levels, but numbers 3 and 4 had a greater range; 
the graph (figure 8) shows that there was heavy inflow dur
ing the spring thaw. These are small ponds in the midst of 
cultivated fields and pastures, and there is little to impede 
the runoff. The decline in water level in pond number 3 
in 1966 was somewhat greater than the others, probably 
because it is small and an organic sediment seal is prac
tically absent. Number 4 is known to have been cultivated 
during drought periods. Pond number 7 is located in a 
steep, wooded depression near the township road and is 
evidently subject to a heavy inflow during the spring. The 
graph (figure 8) for 1967 shows a similar fluctuation in 
water levels in both numbers 3 and 7 with the sharp 
spring rise a prominent feature. Figure 8 shows a small 
change in all bodies during the winter months, but the 
spring thaw, precipitation, and evaporation largely control 
the water levels of the ponds and lakes. Seepage to 
groundwater is, at best, a minor factor. 

Table 6. High and low levels of Pitcher Lake and associated lakes and 
ponds 

1966 

Pond Date High Elev. Date Low Elev. Difference 

Pitcher Lake 4/ 5 962.44 12/ 14 960.59 - 1.85 
No. 1 4/ 5 942.27 12/ 14 940.15 - 2.12 

2 4/ 5 931.06 12/14 929.10 - 1.96 
3 4/ 5 966.42 12/ 14 958.48 -2.94 
4 4/ 5 971.47 12/ 14 968.50 - 2.97 
5 4/ 5 962.49 12/ 14 960.78 - 1.71 
6 Long Lake 4/ 26 930.29 12/ 14 928.90 -1.39 
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Table 6 (continued). High and low levels of Pitcher Lake and associated 
lakes and ponds 

1967 

Pond Date High Elev. Date Low Elev. Difference 

Pitcher Lake 4/ 26 961.67 8/ 31 960.90 - .77 
No. 1 4/ 26 941.17 8/ 31 940.36 - .81 

2 4/ 26 ~29.89 8/ 31 929.01 - .88 
3 4/ 26 961.01 8/ 31 951.61 - 1.40 
4 4/ 26 969.11 8/ 31 968.03 - 1.08 
5 4/ 26 961.66 8/ 31 960.84 - .82 
6 Long Lake 4/ 26 930.37 8/ 31 929.52 - .87 
7 4/ 26 922.73 8/ 31 921.38 - 1.35 
8 West Boot 4/ 26 914.00 8/ 31 913.50 .50 
9 East Boot 4/ 26 909.56 8/ 31 909.17 - .49 

Particularly good data were obtained for the ice an <l 
water levels (except for numbers 7 and 9) from November 
5 to December 14, 1966. Pond numbe1· 7 had a high loss 
compared to the others, and number 9 had a slight gain . 
The range in ice level reduction for 39 days was from 
0.105 to 0.21 foot, and 0.07 to 0.24 for the water level, 
with the averages 0.14 and 0.15, respectively. Calculatiom 
based on ice levels indicated a loss per clay of .0036 foot. 
Similar calculations for water levels under ice indicated a 
seepage loss of .0040 foot per day. 

Monthly Water Budgets 

The mass-transfer coefficients, net seepage, standard 
errors and the confidence limits for Pitcher Lake are re
corded in table 7 on a monthly basis for the 1966 and 
1967 measurement seasons. Variation from month to month 
is shown to exist in the mass-transfer coefficient and the 
net seepage rate. Because the standard errors fluctuate 
only about 5 percent, the results seem satisfactory. 

From a study of tables 7 and 8 it is apparent that in 
many cases the monthly net seepage rate did not differ 
from zero by a statistically significant amount, as deter
mined by the "t" test. Any large confidence limits at the 
95 percent level can doubtless be attributed to the lack 
of sufficient plotting points during the monthly periods. 
For some of the months the statistical analysis was con
ducted with only 5 or 6 degrees of freedom (June and 
July 1966). In these situations large values of "t" were 
involved and consequently large confidence limits resulte . 
The results for July and August 1967, where each month 
had nearly 20 degrees of freedom, show small confidence 
limits. Confidence limits for the mass-transfer coefficient 
are also somewhat large in some cases, although the range 
is better than that of the net seepage rate. 

Table 8 is the summary of the Pitcher Lake monthly 
water budgets for the 1966 and 1967 measurement se, -
sons. Each hydrologic item is listed for each month. One 
striking observation is that the net seepage is small when 
compared with the evapotranspiration losses. Table 8 also 
shows the small amount of runoff that the Pitcher Lake 
drainage area delivered to the depression. The effects of 
the abnormally high rainfall for June 1967 are shown in 
table 8 by the occurrence of both the largest runoff ente_·
ing the pothole measured during the project and the 
unusual increase in storage. 

The residual error of the monthly water budgets ranges 
from -15.6 percent to +13.7 percent, although 60 percent 
of the budgets balanced within approximately 5 percent. 



Table 7. Monthly calculations for coefficient (N) and net seepage rates (S) for Pitcher Lake with statistical analysis values for N and s 

1966 1967 
May June July Aug. Sept. Oct. May June July Aug. Sept. Oct. 

Coefficient (N) .00114 .00111 .00112 .00116 .00122 .00119 .00107 .00096 .00114 .00104 .00097 .IJ0103 
Net seepage 
(S) (ft./day) .0009 .0018 .0028 .0025 .0023 
Standard error 

.0017 .0014 .0016 .0029 .0024 .0039 .0023 

of estimate (%) 4.8 3.6 4.2 5.5 3.3 
Standard error 

3.7 2.2 5.2 2.9 6.6 8.7 7.3 

of S (%) 5.3 6.3 9.4 6.4 3.8 3.9 2.2 5.9 3.0 4.7 4.9 5.8 
95% confidence 
limit for S .0021 .0032 .0047 .0028 .0014 .0008 .0007 .0021 .0013 .0016 .0015 .0012 
Standard error 
of N (%) 0.4 0.4 0.7 0.5 0.3 0.6 0.2 0.4 0.2 0.3 0.4 0.7 
95% confidence 
limit for N .00015 .00019 .00034 .00020 .00012 .00013 .00005 .00015 .00008 .00012 .0012 .00016 

Table 8. The hydrologic items of the Pitcher Lake monthly water budgets and the calculated residual error 

1966 

May June July Aug. Sept. 

Net seepage (S) .024 .055 .088 .079 .069 
Evapotranspiration (ET) .442 .449 .541 .430 .321 
Precipitation (P) .148 .258 .262 .237 .190 
Runoff (R) .027 .004 .004 
Change in 
storage (6 H) -.272 - .273 - .300 - .281 - .242 
ET +S .466 .504 .629 .509 .390 
P + R + L:; H .420 .531 .589 .522 .436 
Residual error +.046 -.027 +.040 -.013 -.046 
Residu al error (%) + 11.0 -5.1 +6.8 - 2.5 -10.6 

Note: All quantities recorded in feet except percent residual error. 

Although some of the residual errors are rather large, the 
results are reasonably good considering instrument prob
lems, the nature of the complex natural processes investi
gated, and the short plotting periods involved. 

Because the confidence limits were somewhat large for 
the net seepage (S) and mass-transfer coefficient (N), and 
for the range of residual errors, it was decided to cal
culate the water budget for a longer period of time; thus, 
the seasonal approach was utilized. It was also expected 
that over the longer period the errors and discrepancies 
would tend to minimize and that the water budget would 
be more accurate or representative of the true conditions, 
and balance with smaller residual error. For these reasons 
a seasonal approach was used for Booster Pond, Mud Lake, 
and Ria Lake. 

Seasonal Water Budgets 

Even though the mass-transfer coefficient has been 
found to be constant by most other researchers conducting 
studies on small open bodies of water, various attempts 
were made to define a consistent relationship between the 
N variation shown in table 7 and some logical param
eters such as time of the measurement season, pothole sur
face elevation, condition and growth of the surrounding 
timber and vegetation, and wind direction. Since no trend 
or correlation could be established and the variation 
seemed random, the N value is considered to be a constant. 
The monthly variations are assumed to have been caused 
by the larger influence of data errors over the short month-

1967 

Oct. May June July Aug. Sept. Oct. 

.053 .042 .049 .089 .074 .119 .071 

.189 .480 .371 .473 .440 .275 .21 7 

.191 .108 .666 .108 .202 .059 .142 

.010 .056 

- .086 - .351 +.313 -.451 -.292 -.353 - .136 
.242 .522 .420 .562 .514 .392 .288 
.287 .459 .409 .559 .494 .412 .278 

- .045 +.063 +.011 +.003 +.020 -.020 +.010 
-15.6 +13.7 +2.7 + 0.5 +4.0 - 4.8 + 3.6 
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ly periods, and by errors due to the many unknown vari
ables and relationships affecting the complex natural proc
esses described by the mass-transfer and water-budget 
equations. 

The linear regression of all the final monthly plotting 
points throughout the season is the best means available 
to estimate the constant N for the lake over a longer cal
culation period. This evaluation is believed to be the best 
method of determining the true N value for the lake and 
is subject to the least am0tmt of error. This analysis is not 
possible if significant net seepage rate variation exists, 
since the variation is, in part, the cause of the plotting 
point scatter in the mass-transfer diagram. If the band 
of plotting points for an entire season is too wide as a 
result of net seepage variation, the accuracy of the seasonal 
linear regression determinations is questionable. In an ex
treme situation a reliable calibration is difficult or im
possible. 

In accordance with an earlier discussion, little concern 
was given to this problem on the monthly basis because 
the time period was too short for any significant net seep
age variation to occur. However, this situation was 
changed with the use of a seasonal period. Table 7 shows 
that the net seepage variation followed a consistent pat
tern throughout the measurement season. 'With these re
sults in mind, attention was given to the possible effect 
that this variation might have on the seasonal linear regres
sion determinations. The concern was dismissed after a 
visual inspection of all the final monthly points plotted on 



a single mass-transfer diagram showed that. the point scat
ter was remarkably small, indicating the results would be 
little affected by any changes in the seepage rate (figures 
9 and 10). 

The results of the seasonal mass-transfer determinations 
and the corresponding water budgets for 1966 and 1967 
are shown for Pitcher Lake in tables 9 and 10. Because 
of the unusually high rainfall and abnormal meteorological 
conditions that occurred in June 1967 there is a possibility 
that some unnatural results may have been obtained. One 
example is the unusually low monthly N, .00096 (table 7), 
obtained in June. Although the type and extent of this 
distortion is largely unknown, it is reasonable to assume 
that it did occur. 

Table 9. The hydrologic items and residual errors of the 1966 and 1967 
Pitcher Lake seasonal water budgets, as determined by means of the 
seasonal S and N values, and a statistical analysis of these determi
nations 

May-Oct. May-Oct. 
1966 1967 

S (ft / day) * .0022 .0022 
N .00114 . 00109 
Standard error of estimate (%) 6.9 9.1 
Standard error of net seepage (%) 2.5 2.5 

95% confidence limits for S .0009 .0007 

Standard error of coefficient N (%) 0.2 0.2 

95% confidence limits for N .00001 . 00005 

Net seepage (ft.) .398 .405 

Evapotranspiration (ft.) 2.357 2.205 

Precipitation (ft.) 1.286 1.285 

Runoff (ft.) . 045 .056 

Decrease in storage (ft.) 1.454 1.270 

ET+ S (ft.) 2.755 2.610 

P + R + £,H (ft.) 2.785 2.611 

Residual error - .030 -.001 

Residual error (%) -1.1 - .04 

Net seepage as percent of 
total water loss 14.3 15.5 

• Even though the net seepage rate (.0022 ft. / day) was determined to 
be the sa me for both years, the yearly seasonal seepage (ft.) from May 
to October differs slightly because a period of 181 days was used in 
1966 and 184 days in 1967. 

Observe that the determined values of N, .00114 and 
.00109, for the respective years (table 9) are nearly identi
cal (the slope of the seasonal linear regression line agreed 
within 0.5 percent for both years). This is significant be
cause it demonstrates the constant nature of N, confirm
ing this basic assumption of the mass transfer method. The 
small variation that exists is probably due to errors in the 
data. The standard error of estimate for 1966 and 1967 is 
small, which seems to confirm that the point scatter (re
gardless of its origin) did not significantly affect the linear 
regression on the seasonal basis. However, the values of 
6.9 percent and 9.1 percent are somewhat larger than the 
general monthly standard errors of estimate, indicating 
that the seasonal net seepage variation was greater and 
has slightly more affect on the seasonal linear regressions 
than that of the monthly periods. 

The following results of the 1966 analysis (table 9) are 
of special importance: 

1. Based on P + R + L';H, 14.3 percent of the water 

18 

removed from Pitcher Lake was due to net seepage. 
2. The net seepage differed from zero by a statistically 

significant amount. The 95 percent confidence limits 
of S and N were small. 

3. The residual error was remarkably low. 
4. The water loss due to evapotransipration was near

ly six times the net seepage loss. 
5. The runoff item, i.e., amount of water entering the 

pothole as overland flow or in small distinguishable 
drainage channels, was essentially insignificant. 

The following results of the 1967 analysis also should 
be noted: 

1. The water loss due to net seepage was 15.5 percent. 
2. The net seepage rate was the same as that in 1966, 

i.e. , 0.002 foot per day. 
3. The 95 percent confidence limits of S and N were 

nearly the same as those of 1966, and the net seep
age rate again differed significantly from zero. 

4. The residual error was near zero, as in 1966. 
5. The characteristics of the water budget given in 

items 4 and 5 of the 1966 discussion also were true 
in 1967 . 

Note that the surface runoff during 1967 was still in
significant, even though the abnormally high rainfall in 
June undoubtedly created conditions highly conducive to 
surface inflow . 

The seasonal water budgets obtained by summing the 
individual monthly budgets of the respective years are 
shown in table 10. The results compare favorably with the 
seasonal budgets given above (table 9) . 

Other methods employed to calculate the seasonal wa
ter budgets of Pitcher Lake are given below: 

1. The seasonal N as determined from the seasonal 
linear regression was used to calculate corrected 
monthly net seepage rates by the use of equation 4 
and the average values of £,H and U (e.-e") of the 
final plotting points for each month . The N and this 
corrected net seepage rate were used to calculate 
the monthly water budgets, which in turn were 
summed to provide the seasonal water budgets. 

2. The arithmetic average of the monthly mass-transfer 
coefficients was used in the method described in (1). 

Table 10. The hydrologic items and residual errors of the 1966 and 1967 
Pitcher Lake seasonal water budgets as determined by means of the 
monthly S and N values 

May-Oct. May-Oct. 
1966 1967 

Net seepage (ft.) .368 .442 
Evapotranspiration (ft.) 2.372 ,2.256 
ET+ S (ft.) 2.740 2.698 
P + R + £, H (ft.) (see table 8) 2.785 2.611 
Residual error (ft.) - .045 +.087 
Residual error (%) -1.6 +3.3 
Net seepage as percent of 16.9 

the total water loss 13.2 

3. The seasonal N was again used to calculate cor
rected monthly net seepage rates by the use of 



equation 4 and the average values of 6H and 
U (e.,-e,) for all available 2-hour increments within 
each month. These values were used to calculate 
the seasonal budget according to the procedure 
given in (1). 

The seasonal water budgets obtained by the use of such 
methods were found to agree reasonably well with the re
sults provided by the method used in this study. This is 
presented in detail in earlier sections, and is believed to 
be the most logical and accurate approach to provide the 
best determination of pothole hydrologic characteristics. 
The water loss for Pitcher Lake due to net seepage cal
culated by various auxiliary methods, including the three 
listed above, ranged from 12.8 percent to 14.3 percent in 
1966 and from 7.5 percent to 13.8 percent in 1967. 

Seasonal Water Budget by Pan Evaporation 

The results obtained by the pan evaporation method 
(table 11) are in remarkable agreement with the results 
of the seasonal water budgets for Pitcher Lake obtained 
through use of the mass-transfer technique. The deter
mined seasonal net seepage rate in 1966 differed by only 
.003 ft. / day. The 1967 data cannot be compared, since the 
pan evaporation aata for October is unavailable. However 
the data for 5 months shows reasonable agreement. Al
though the net seepage was calculated as a residual and 
is affected by errors in all the other items, the excellent 
agreement of these data with the mass-transfer results is 
remarkable. 

The results of the monthly water budgets, as deter
mined with the use of pan evaporation data, are not nearly 
as similar to the monthly mass-transfer determinations as 
are the seasonal comparisons. Discrepancies often ~xist be
tween the calculated ET and the estimate of pothole 
evaporation from the pan data. Also, the large residual 
errors that exist ·in some cases sugges t that long-term 
water budgets are necessary if good agreement is to be 
obtained. 

The estimated Pitcher Lake evaporation for the months 
of July and August 1967, calculated from the pan evapora-. 
tion data collected near project headquarters, is reasonably 
similar (within 0.3 inch) to that estimate obtained through 
use of the \ Vaseca data of the U.S. Weather Bureau. Al
though the comparison is available for only 2 months, it 
seems to indicate the acceptability of the Waseca data for 
these calculations, even though Waseca is about 80 miles 
south of Pitcher Lake. 

Net Seepage Variation Investigations 

Various attempts were made to define a consistent re
lationship between the monthly net seepage rate variation, 
shown in table 7, and other variables or multiple corre
lation of variables . The deviation of the plotting points 
from the linear regression lines is the one indicator of the 
net seepage variation which was principally investigated. 
Since the plotting point scatter is assumed chiefly to be due 
to variation of the net seepage rate, the deviations of the 
points from the average line is a measure of the net 
seepage change. These deviations were calculated in a 
variety of ways and the majority of the work centered 
upon determining a relationship between these deviations 
and various independent parameters. 

The·variation (table 7) resulting from the 1966 monthly 
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analysis immediately suggested a water temperature cor
relation. Accordingly, the bottom temperature recorder 
was installed in 1967. It was felt that net seepage rate 
variations might be caused by water viscosity changes re
sulting from water temperature fluctuations near the bot
tom of the lake. Average bottom temperature (BT) were 
used to define a relationship between BT and water sur
face temperature (WT) so that it was possible to convert 

Table 11. Seasonal water budgets determined through use of U.S. Weath
er Bureau pan evaporation data 

May-Oct. May-Sept.• 
1966 1967 

Evaporation (ft.) 2.326 2.119 
P + R + L', H (ft.) 2.785 2.333 
Net seepage (ft.) .459 .214 
Net seepage (ft. / day) .0025 .0014 
Net seepage as percent of 

total water loss 16.5 9.2 

* Pan evaporation not determined in October 1967 because of unfavor
able conditions. 

the 1966 water surface temperahu-es to bottom tempera
tures. Numerous relationships between BT and the net 
seepage variation were investigated without significant 
success. 

An attempt was made to define an independent corre
lation between the net seepage rate, the water levels in 
the lake, and adjacent land test holes. Different ways of 
using test hole water level data were tried in con junction 
with the various ways of calculating net seepage variations, 
but no conclusive correlation was discovered. 

Following unsuccessful trials, using other parameters, 
the investigation moved toward multiple correlation trials 
using the test hole water levA!s and the bottom tempera
tures as the independent variables. After many such b·ials 
using the data in various methods a consistent correlation 
was found between the deviation of the monthly average 
6H (of the final plotting points used for the month) from 
the seasonal linear regression line, and the product of a 
test hole water level "index" and the water fluidity (inverse 
of viscosity). The test hole water level "index" is the aver
age depth, below lake level, of the water level in five test 
holes near the edge of the lake at the end of each month. 
The deviation of 6H from the regression line is the mea
sure of the change in the net seepage rate. A single plot 
containing the above determination for each month of 
1966 and 1967 resulted in a linear relationship with rela
tively small point scatter. This is the best estimate of a net 
seepage variation relationship revealed. More data are 
necessary before a reliable correlation can be determined. 

Winter Data 

Due to the nature of the problem in this research, little 
has been said concerning the water budget and, conse
quently, the amount of net seepage during the months of 
ice cover. Assuming that evapotranspiration is essentially 
zero during the period of ice cover, it is obvious from 
equation 2 that any water loss during this period must 
result only from net seepage. Accordingly, since the pre
cipitation usually fa lls as snow, and the runoff is zero, the 
change in stage, 6H, is a measure of the net seepage. 



To investigate this possibility, ice and water level data 
were collected during the winter months. The data for 
three winters are available for Pitcher Lake and from the 
auxiliary potholes during the winter of 1966-1967. Gen
erally speaking, the data are too limited and improperly 
spaced in time to provide sufficient information, largely be
cause of the severe winter environment and lack of time. 
Other problems were the relatively unknown effects on 
the water levels of the weight of the snow above the ice, 
the thickness and sag of the ice covei', winter ice and sleet 
storms, melt-water available to the lake by sublimation, 
and the reversed direction of the thermal gradient which 
influences the movement of capillary water and water va
por below and around the lake. However, the data are 
interesting and adequate to define the general conditions. 
Winter water-level changes involved both increases and 
decreases. A steady water level decline was not apparent 
in any of the potholes during the winter season. The long
term winter change in most of the bodies of water, as de
termined from this data, was near zero . For a period of 
39 days the average ice sag of 7 potholes was .0036 foot 
per day, and for Pitcher Lake the loss for periods of 31, 
35, and 44 days for the winters of 1964-65, 1965-66, and 
1966-67 ranged from .0020 to .0027 foot per day; this 
is remarkably close to the .0022 of the .mass transfer 
method. 

MODIFIED PROCEDURE FOR BOOSTER 
CLUB POND, AND MUD AND RIA LAKES 

The particular methods of utilizing the mass-transfer 
technique used in this study were first tried with the data 
from Pitcher Lake; consequently this trial served as the 
pilot study for the four bodies of water which are the 
subject of this report. During this early work many prob
lems and unforseeable complications were solved and in
sight was gained regarding the limitations and working 
characteristics of the method. The analysis was very com
plete and many different approaches were used to fully 
test the procedures and determine the most accurate com
putational operation. 

Because of insufficient time, personnel, and funds the 
computational procedure used to determine the water 
budget of Booster Pond, Ria Lake, and Mud Lake was 
not as rigorous or extensive as that conducted on the data 
for Pitcher Lake. After reviewing the results from Pitcher 
Lake, and after some initial experimenting with the ab
breviated computational procedure, it became obvious that 
the accuracy of results obtained in this manner were satis
factory if a seasonal approach was used. On this basis the 
calculation of monthly water budgets was eliminated in 
favor of the seasonal budgets, normally May to October. 

The most significant procedural changes were as fol
lows: 

1. Only periods of instrument failure or rainfall were 
eliminated from the data used for calculation inter
vals. No selection of the data was based on times 
of high winds, low winds, large temperature changes 
within short time spans, etc. Consequently, in most 
cases many more points within a 30-day time period 
were avai lable. 
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2. Only one computer analysis was made for each 
month. At this time the grouping of points, defining 
the general slope of the linear regression line, was 
selected for use in determining the seasonal linear 
regression line. This procedure eliminated the time
consuming process of reviewing the data in an effort 
to determine the cause for some points to deviate 
markedly from the best-flt line, and perhaps make 
the necessary corrections for a re-run of the data. 

Because the points in the monthly groupings were not 
selected as accurately as in the Pitcher Lake analysis, 
more computer runs were necessary when these points 
were used to determine an accurate and suitable seasonal 
linear regression line. However, this usually did not involve 
more than two or three runs before the line passed accu
rately through the evident seasonal grouping which, it 
was fe lt, best determined the coefficient, N, and the net 
seepage, S. Basically the other computations were carried 
out in the same manner as that for Pitcher Lake. 

The water budgets shown in the following sections 
were determined in the above manner. The data indicates 
that the abbreviated method provides acceptable results 
and is desirable, in that less time and expense is entailed 
to achieve suitable results. 

Booster Club Pond/' Isanti Quadrangle 

General Description 

Booster Club Pond has an area of about 7.5 acres 
(figure 11) and is located in the SWJiSE¼ sec. 4, T. 
33 N., R. 23 W., Anoka County, about 25 miles north of 
Minneapolis. It lies in the Anoka Sand Plain, a large allu
vial plain that covers parts of several counties. The san y 
deposit ranges in thickness from a few feet to about 70 
feet, and is judged from available data to be about 60 
feet thick in the vicinity of Booster Pond. The topography 
is gently undulating with low, rounded, higher areas 
probably all wind-blown (figure 12). Differences in eleva
tion of 20 feet are uncommon near Booster Pond except 
for the small valley of Cedar Creek a mile to the north
west. The many small ponds surrounding Booster Pond 
have no surface outlets but drain underground west a cl 
north to Cedar Creek and south to small creeks and lakes 
at the head of Crooked Brook drainage. These creeks drain 
westward to the Rum and Mississippi Rivers, but to the 
east about 2 miles, the headwaters of the Sunrise River 
drain eastward to the St. Croix River. Test holes over an 
area of several square miles showed that the ground water 
level is rarely over 20 feet beneath the surface; creek, lake, 
and pond surfaces are normally expressions of the ground 
water surface (figure 33). 

Soil Investigations 

The predominance of sand in the surflcial material of 
the Isanti Quadrangle is evident from the textural soil 
analyses of table 12. Also of importance is the size of the 
sand grains, which has a bearing on the permeability of 

0 Earlier investigations on Booster Club Pond are described on 
pages 32 and 33 of Technical Bulletin 257 ( Agricultural Experi· 
ment Station, University of Minnesota, 1968). 



Table 12. Textural analysis of samples, Anoka Sand Plain 

Sample 
no. Depth in feet Gravel Clay Silt Sand 

Land samples 
B3-3 4.0 0 6.1 6.8 87.1 
B3-4 5.0 0 7.1 2.5 90.4 
B3-5 5.5 0 6.6 29.5 63.9 
B3-7 8.0 0 2.0 1.9 96.1 

B4-4 6.5 0 4.0 21.6 74 .4 

B8-2 1.5- 4.6 0 4.0 4.5 91.5 

B9-2 2.2- 3.1 0 4.0 4.3 91.7 
B9-3 3.1· 4.2 0 12.0 52.0 36.0 

Bl0-1 1.6- 5.0 0 4.0 5.6 90.4 
Bl0-2 5.0- 6.3 0 22.4 39.5 38.1 
Bl0-3 6.3- 8.5 2.0 1.3 96.7 

Bl3-l 0.7- 2.6 0 1.5 9.2 89.3 
Bl3-2 2.6- 5.9 0 4.0 5.5 90.5 
Bl3-3 5.9- 7.5 0 2.0 3.7 94.3 
Bl3-4 7.5- 8.0 0 0.8 1.3 97.9 

Bl4-l 0.5-12.7 0 1.6 2.6 95.8 

T34-23W 0 · 7.0 0 1.5 1.8 96.7 

Bottom samples 
B8b 18 -19 
B8b 22 -22.5 1.0 5.4 93.6 
B8b 26.0-26.5 0.4 4.8 94.8 

BlOb 13.0-14.0 2.5 13.6 83.9 

187° 3.0- 5.5 5.3 2.5 92.2 

• See Technical Bulletin 257 (Agricultural Experiment Station, University of Minnesota, 1968), p. 32. 

Table 13. Sieve analysis in percent of sand samples from test holes at Booster Pond 

Mesh 83-3 83-4 83-7 88-2 89-2 810-1 810-3 813-1 
20 0.75 0.05 0.01 0.46 0.81 0.04 0.74 0.16 
40 2.53 1.13 0.31 5.50 3.12 0.51 10.25 3.64 
60 15.21 39.03 8.36 29.29 17.05 13.16 50.48 16.12 

140 50.28 42.97 77.26 55.81 63.38 75.90 36.12 65.32 
200 18.16 9.72 9.63 6.34 11.09 6.35 1.47 9.47 
270 10.44 4.58 3.41 2.31 3.70 2.97 0.83 4.01 

-270 2.63 2.52 1.02 0.29 0.85 1.07 0.11 1.28 

813-2 813-3 813-4 814-1 Average Special• 
20 0.31 0.23 0.41 0.49 0.4 0.10 
40 7.35 3.07 1.14 7.11 3.6 4.38 
60 29.68 23.53 25.15 35.81 24.7 29.23 

140 50.06 61.24 68.51 51.31 57.5 55.77 
200 8.50 7.92 3.41 3.87 7.5 3.98 
270 3.27 3.20 1.15 1.41 5.4 1.70 

-270 0.83 0.81 0.18 0.00 0.9 0.53 

83-5 84-4 89-3 810-2 Average 
20 0.11 0.01 0.72 0.00 0.2 
40 0.58 0.38 1.30 0.41 0.7 
60 8.65 3.55 13.76 2.80 7.2 

140 38.74 32.52 56.92 46.37 43.6 
200 25.86 24.28 11.07 22.53 2.1.0 
270 17.28 21.30 11.00 21.92 17.8 

-270 8.78 17.96 5.23 5.97 9.5 

= Special sample was taken at the east quarter-corner of sec. 27, T. 34 N. , R. 23 W., about 3 miles east of Booster Pond. 
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the sand. With this in mind, 16 samples from the test holes 
were subjected to standard sieve analysis with the results 
shown in table 13. 

In some test holes thin layers of silty sand were en
countered as indicated in the sieve analysis of numbers 
B3-5, B4-4, B9-3, and Bl0-2. These may be considered 
representative of the silty sand, and the other 12 samples 
of the sand of widespread deposits of the Anoka Sand 
Plain. The average of the 12 sand samples is probably of 
the right order of magnitude, as is the average of the four 
silty sands, although in that case greater range could 
probably be obtained by widespread sampling. As a check 
a special hole was located about 3 miles east of Booster 
Pond on the east side of sec. 27, T. 34 N., R. 33 W ., and 
gave the results shown on table 13. It is similar to the 
average of the 12 sand samples from the immediate area 
of Booster Pond. 

The nomenclature used by the U.S. Geological Survey 
leads to designation of most of the sand of the samples in 
table 13 as medium and fine-grained. Specifically the 
average classifies in percentage as 24.7 medium sand, 57.5 
fine sand, 7.5 as very fine sand, and 6.3 as silt and 
clay, with only 4 percent classified as coarse sand. The 
effective size, as that term is used in ground water studies, 
is approximately .0025 inch or .0635 millimeter and the 
uniformity coefficien t is 3.2. The data of table 13 were 
plotted as shown in figure 13, which is essentially similar 
to the class A curve shown on page 83 in "Ground Water 
and Wells" (1966) and is typical of a fine uniform sand 
that yields limited quantities of water. Silt and silty sand 
have an extremely low transmissibility for water and are 
partly responsible for ponds and lakes in the area. 

The highly sandy soil in the Booster Pond area, as 
shown by 16 test holes, provided an excellent opportunity 
to observe the ground water level where it is closely re
lated to open water surfaces. Observations on the level of 
Booster Pond which began in 1962 showed that the level 
fluctuates only moderately, since the pervious soil does not 
permit surface water run-in; however, there is no doubt 
that groundwater movement occurs both in and out of 
the pond. Observations at intervals from December 12, 
1962, to October 30, 1967, show that at Booster Pond the 
minimum water surface elevation of 908.6 fee t above sea 
level occurred on October 28, 1964, after an extremely dry 
summer and autumn. The maximum elevation of 911.9 
feet occurred on March 31, 1966, after a heavy snow melt. 
A normal level is considered to be between 910 and 911. 

The sandy soil , when dry or below the water table, is 
unstable, making it necessary to install conduit pipe 
casings in test holes. The holes ranged from 8 feet to 150 
feet from the water's edge, and the depth to water level 
ranged to 9.5 feet. The topsoil consists mainly of sand 
plus small amounts of organic matter and is not over 1 
foot thick, except on low ground near the pond. The sand 
below the soil horizon is brown and grades downward to 
yellow and then gray in most holes. Iron oxide has ob
viously been deposited by the fluchiating ground water. 
In a few holes layers of fine silt or silty sand occur, of 
which hole 9 is a good example. 

Hole B9 - Halfway (95 feet) between Booster Pond 
and the southeast pond (figure 12), Octo
ber 28, 1965 
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Feet 
0 -2.2 

2.2-3.l 

3.1-4.2 

4.2-5.l 

Sandy topsoil grading from black to brown, 
contains willow roots. Sample B9-l 
Light gray to tan-colored sand. Limonite at 3 
feet. Sample B9-2. Water level as dug at 2.93 
feet 
Very fine-grained, gray silt and brown sand. 
Relatively dry. Sample B9-3 
Gray to yellow-brown sand. Sample B9-4. 
The textural classification of samples B9-2 
and B9-3 is shown in table 13. 

Textural analyses were made of many samples from 
the holes on land and a lesser number from holes in the 
bottom of the pond (table 12). Twelve samples from 7 
holes on land averaged 92.6 percent sand, 4.1 percent silt, 
and 3.2 percent clay. Four samples of silty sand averaged 
53.1 percent sand, 35.6 percent si lt, and 11.2 percent clay. 

In addition to the test holes on shore, 10 test holes 
were made through the ice to determine the nature of the 
bottom sediments (figure 11). In each case the holes were 
sunk through peat and muck to sand which was believed 
to represent the material on which the pond started to 
deposit sediment. The bottom of the pond has a layer 
of peat throughout, which ranges in thickness from abou t 
three-fourths of a foot near shore to a maximum of 21 
feet in a restricted area near the center of the pond 
(table 14). The peat is commonly black or brown in color, 
highly fibrous in the upper layers, and grades to mucky 
peat at depth. In most holes the organic deposits grade 
sharply to sand although some interbedding was found . 
Locally wood fibers were encountered at or near the bot
tom of the peat and in one hole the auger was stopped 
by a wood mat. A textural analysis of three samples (table 
12) of the bottom sand shows that two samples from 18 
to 22.5 feet in hole 8 averaged 0.7 percent clay, 5.1 per
cent silt, and 94.2 percent sand. A sample from 13 to 14 
feet in hole 10 gave 2.5, 13.6, and 83.9 percent, respec
tively. 

In general the material penetrated by the ten holes in 
the bottom sediments was similar except for the thickness 
of the peat (table 14) and muck deposits; therefore, the 
log of only one hole is given as an example. 

Hole B8b - 400 feet east of the west shore of Booster 
Pond. Elevation of ice surface at 911.07 . 
December 21, 1966 

Feet 
0 - 4.0 
4.0- 7.0 
7.0-10.0 

10.0-16.0 
16.0-21.8 
21.8-23.2 

23.2-25.5 
25.5-26.5 

Ice and water 
Brown peat 
Brown peat, woody and fibrous 
Black peat, apparently pure 
Black to brown peat, partly fibrous 
Mixed dense silty and fibrous peat; core 
sampler would not penetrate further, auger 
used beyond 
Dark peat with muck and sand at 25 feet 
Sand and wood fragments 

A microscopic examination of samples from several 
holes showed that those from near the bottom that contain 
sand are generally free of diatom skeletons unless organic 
matter is present. This indicates that the nearly pure gray 
sand encountered at the bottom of most holes is the ma
terial on which the first lake sediments were deposited. 



Table 14. Depths of holes and thickness of peat, Booster Pond 

Thickness of peat 
Hole no. Depth in feet in feet 

Blb 4.1 0.75 
82b 22.8 20.0 
83b 5.3 1.0 
84b 5.4 1.0 
85b 5.7 0.75 
86b 11.5 10.0 
B7b 19.0 17.0 
B8b 22.5 21.0 
B9b 15.0 13.0 
Bl0b 10.0 9.0 

The thick peat of holes 2, 6, 7, 8, and 9 occurs in a 
small area, probably not over 200 feet in diameter, near 
the center of the pond. It is estimated that lowest eleva
tion of pond-deposited sediments is 885 in hole B8b. 

,vater Levels 

The elevations of the water surfaces (piezometric sur
faces) in sixteen tes t holes were observed at irregular 
intervals from October 21, 1965, to the encl of fie ld work 
in autumn of 1967. Holes 5, 6, and 7 are somewhat closer 
to North Pond (no. 1) than to Booster Pond, and holes 8 
and 9 are midway between Booster and the southwest (no. 
2) and southeast (no . 3) ponds, respectively. Table 15 
shows the relation for all observations of the water sur
faces in the holes to that of Booster Pond. Although the 
water levels of the holes are usually below that of the 
pond, except for hole 16, the flu ctuations throughout the 
year are remarkably similar, as shown by three typical 
holes in figure 14. Observations of September 9, 1966, 
showed that the water levels in 15 holes were below the 
surface level of Booster Pond from 0.23 to 1.13 feet. 

Previous work indicated that the groundwater gradient 
in the area was to the west and northwest toward Cedar 
Creek (figure 33). Therefore holes 11 to 15 located on the 
west side of Booster Pond have water levels usually below 
Booster Pond surface level , with the greatest difference 
occurring during the dry summer and autumn of 1966. A 
series of seven holes (nos. 1-7) between Booster Pond and 
the north pond (figures 11 and 12) had water levels essen
tially at Booster levels during moist periods but as much 
as a foot below during dry periods. It appears that the 
groundwater level declines slightly more rapidly than 
Booster Pond level, suggesting that the pond is partly 
sealed by the thick deposit of organic matter in it. This 
allows the groundwater to move in the direction of the 
gradient somewhat faster than it is replenished from the 
pond. 

A study of all available data on the fluctuation of the 
water levels in the holes and comparing this with the 
flu ctuation of the level of Booster Pond shows that water 
level changes are greater in the holes (figure 14 and table 
15). In this connection it should be remembered that the 
voids in the sand do not exceed 25 percent so it takes only 
one-fourth as much water to raise the level in the sand as 
compared with the open water of the pond. Rainfall is 
not necessarily effective in changing the level in the holes, 
because small precipitation is stored in the upper layer of 
this soil, but a heavy rain rather promptly changes the 
water level in shallow holes. In October 1966 rainfall of 3 
inches within less than a week resulted in a change in 
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hole 6 from elevation 910.41 to 911.19 feet, a rise of over 
9 inches. The water level in the hole prior to the rain was 
at on lv 3.08 feet but in holes where the water level was 
at a ciepth of 10 to 12 feet the rise was negligible. As 
shown bv table 15, the water levels in the holes are com
monl y b~low Booster Pond excep t in hole 16. This hole 
is located about 100 feet east of, and 7 feet above, the 
pond level, and between a low spot and Booster Pond 
($gu re 11). During the spring snow melt, water accumu
lates temporarily in th e depression and serves to maintain 
the level in hole 16 somewhat above pond level. 

Ponds and Creek near Booster Pond 

There are seven small, shallow ponds ranging from 
200 feet to about a mile from Booster Pond, together with 
Ceda r Creek located about a mile to the northwest. These 
surface water bodies are significant in the regimen of 
Booster Pond and in ground water conditions in the area. 
Accordin glv, gages were placed in the seven ponds in April 
1966 and surface water and ice levels observed until 
autumn of 1967 (figure 15). Observations of the ground 
water level over a large area had been made in 1963, and 
later these showed the ground water level to be at 
shallow depth in the sand plain (figure 33). The ground 
water level, as well as the su rface water level in the 
Booster area, is controlkcl by a rather sharp gradient 
toward Cedar Creek, which is at approximately elevation 
894 beneath a bridge on U.S. Highway 65, about a m ile 
to the northwest. The relative eleva tions of the water sur
faces of the ponds are shown by the data for three typical 
series of observations for the years 1966 and 1967 (table 
16). 

These data show a general gradient of the piezometric 
surface from east to west and northwest. As shown in 
table 16, Booster Pond is slightly below the ponds to 
the south and a little above the pond to the north . It 
should be emphasized, however, that the water surface re
lations change somewhat with weather conditions . There 
was a prominent difference between the ponds in July 
1966, when Booster Pond showed a modest rise in re
sponse to 3.59 inches of precipitation between June 27 and 
July 11, and ponds 2 to 7, which showed a more pro
nounced rise. The two ponds are along a paved road and 
it is believed that water draining off the pavement caused 
the additional rise. A similar situation was shown by a 
combination of heavy snow melt and rain in April 1967. 
Pond 7 showed a great spring rise and a more rapid drop 
than the others . This difference resulted from the fact that 
it is a small pond located in a meadow next to a paved 
road. Its highest levels were 2 to 3 feet above Booster 
Pond, which is only 800 fee t to the west. 

Seasonal "Vater Budget 

In many respects Booster Pond (7.6 acres) was ideal 
for working out a water budget. It is situated in an area 
that has been disturbed little in recent years except for 
planting of small evergreens at a distance of 100 fee t or 
more around the shore. The sanely soil completely isolated 
it from surface inflow, as far as could be determined. 
There is a limited growth of trees, so relatively free-flow 
of air occurred over the water surface. 

The instruments on the platform in the pond and the 
hygrothermugraph on land worked well (with minor ex-



Table 15. A comparison of water surface elevations in Booster Pond to water levels in surrounding observation wells 

Water level in observation wells* 

Date Bl B2 B3 B4 B5 BG B7 B8 B9 BIO Bll B12 B13 B14 B15 BIG 

10-21-65 0.09 - 0.13 - 0.20 - 0.20 -- -- - 1.09 -0.33 - 0.60 - 0.17 
10-31-65 -- -- -- -- 0.26 0.26 
11-5-65 -0.23 0.9 - 0.22 - 0.20 0.6 - - - 0.49 0.21 0.3 0.17 - 0.16 - 0.47 - 0.62 - 0.58 - 0.75 0.76 
3-31-66 -- 0.4 - 0.27 -- -0.43 0.16 -- 0.14 0.64 - 0.14 -- - 0.74 -0.92 - 1.00 -- 0.07 
4-21-66 0.12 - 0.8 - 0.41 -0.47 - 0.25 0.07 -- - 0.04 0.22 0.14 -- -0.36 - 0.79 - 1.13 - 1.06 0.35 
5-12-66 -0.9 -0.14 - 0.12 - 0.28 - 0.14 -0.36 -- 0.5 0.21 0.13 -- - 0.29 - 0.56 - 0.78 - 0.87 0.60 
5-31-66 - 0.16 - 0.34 - 0.17 - 0.35 -0.20 - 0.11 -0.21 0.18 - 0.46 - 0.9 -- - 0.22 - 0.51 - 0.72 - 0.86 0.65 
6-8-66 - 0.8 - 0.33 - 0.20 ~ 0.41 - 1.29 - 0.08 - 0.22 - 0.04 - 0.33 0.6 0.2 - 0.40 - 0.70 - 0.81 - 0.90 0.47 
6-23-66 0.9 -0.39 - 0.13 - 0.39 - 0.41 -0.44 - 0.53 0.15 - 1.05 -0.06 - 0.1 -- - 0.57 - 0.76 - 0.84 0.40 
7-25-66 -- - 0.22 - 0.16 -- - 0.36 - 0.55 - 0.42 0.14 -1.13 - 0.1 -- - 0.54 - 0.53 -0.62 - 0.79 
8-1-66 0.12 - 0.21 - 0.21 - 0.28 - 0.43 - 0.03 - 0.49 0.24 - 0.55 - 0.06 - 0.09 -0.49 - 0.54 - 0.59 - 0.82 0.48 
8-15-66 0.04 - 0.32 - 0.25 - 0.28 - 0.25 - 0.21 - 0.35 0.30 -- 0.02 - 0.16 - 0.51 - 0.54 - 0.73 - 0.92 0.30 
9-7-66 - 0.23 - 0.40 - 0.51 -0.65 -0.38 - 0.41 -0.32 0.14 - 0.43 - 0.33 - 0.48 - 0.78 - 0.81 - 1.08 - 1.12 0.46 
9-19-66 - 0.13 - 0.58 - 0.68 - 0.62 - 0.58 - 0.52 - 0.47 - 0.15 - 0.75 - 0.14 - 0.32 -0.84 - 0.93 - 1.07 - 1.08 0.20 
10-11-66 - 0.25 - 0.57 - 0.61 --0.64 - 0.55 -0.67 - 0.37 - 0.09 - 0.72 - 0.20 - 0.09 - 0.84 - 0.90 - 0.98 - 0.99 0.25 
10-17-66 - 0.07 - 0.39 - 0.52 -0.71 -0.32 - 0.07 - 0.39 -- -- -- - 0.14 - 0.80 - 0.90 - 1.08 -1.23 
12-21-66 - 0.38 - 0.82 - 0.90 - 1.03 - 0.89 - 0.92 - 0.95 - 0.18 - 1.01 - 0.15 - 0.29 - 1.21 - 1.24 - 1.43 - 1.56 - 0.28 
4-18-67 0.04 - 0.23 - 0.39 - 0.52 - 0.22 - 0.22 - 0.26 -- 0.11 0.46 - 0.15 - 0.77 - 0.87 - 1.07 - 1.20 1.04 
5-2-67 0.17 - 0.16 - 0.08 -0.15 - 0.03 - 0.12 - 0.05 0.47 0.24 0.31 - 2.0 - 0.44 - 0.53 -0.68 -0.83 0.91 

l-0 5-29-67 0.19 - 0.20 - 0.Dl - 0.03 - 0.14 - 0.37 - 0.25 0.39 - 0.50 0.27 - 0.04 - 0.34 -0.37 -·0.44 - 0.59 0.91 
""" 6-20-67 0.02 -0.05 -0.03 - 0.15 0.20 0.13 - 0.28 0.29 - 0.69 1.48 -0.27 - 0.39 - 0.42 - 0.70 - 0.77 1.21 

7-10-67 - 0.16 - 0.11 0.09 0.09 0.09 -0.41 - 0.21 0.42 - 0.54 0.39 - 0.31 - 0.24 - 0.22 - 0.29 -0.37 0.97 
8-4-67 - 0.14 - 0.07 - 0.05 -0.15 - 0.07 - 0.14 - 0.31 0.13 - 0.31 0.25 - 0.09 - 0.29 - 0.29 - 0.29 - 0.43 0.71 
8-28-67 0.21 0.18 0.10 0.08 0.44 0.39 -0.01 0.45 0.69 0.48 0.20 - 0.15 - 0.17 - 0.36 - 0.44 0.87 
9-18-67 - 0.23 - 0.16 -0.29 - 0.30 - 0.30 - 0.45 - 0.30 0.01 - 0.43 Dry 0.16 - 0.16 - 0.57 - 0.66 -0.79 0.45 
10-17-67 - 0.37 - 0.32 -0.46 - 0.42 - 0.48 -0.53 - 0.37 - 0.13 -0.44 0.05 - 0.10 - 0.68 -0.70 - 0.82 - 0.95 0.29 
11-1 -67 - 0.53 -0.28 - 0.52 -0.53 -0.50 - 0.55 -0.41 -0.20 - 0.62 - 0.11 - 0.14 - 0.74 - 0.76 - 0.88 - 1.01 0.41 

'' A minus sign preceding a stage reading indicates that the water level in the observation well is at a lower elevation than the water surface in the lake. 

Table 16. Water surface elevations of Booster and associated ponds 

April 21, 1966 Aug. 4, 1967 Nov. 1, 1967 

No. 6 Pond, 3100 feet east of Booster 914.07 913.26 912.59 
No. 7 Pond, 800 feet east of Booster 914.69 912.24 911.86 
No. 3 Pond, 190 feet southeast 912.14 911.38 910.71 
No. 2 Pond, 190 feet south of Booster 912.03 910.85 910.43 
Booster Club Pond 911.84 910.98 910.72 
No. 1 Pond, 200 feet north of Booster 911.71 910.85 910.45 
No. 4 Pond, ¾ mile west 907.47 906.70 906.30 
No. 5 Pond, .1 mile west 907.60 907.3.7 906.52 
Cedar Creek, 1 mile northwest 894 



ceptions) throughout the 1966 and 1967 seasons. The re
sults of the computer analysis of the data are given in 
table 17 and the 1967 net seepage determination is shown 
by figure 16. The net seepage per day of 0.0024 foot for 
1966 and 0.0021 foot for 1967 are similar to results ob
tained at Pitcher Lake, although soil conditions differ 
considerably. Except for a fairly wide difference in the 
percent residual error, the various items in the budget are 
all in good accordance (table 17). 

Table 17. Booster Pond hydrologic items and residual errors of the 1966 
and 1967 seasonal water budgets* 

S (ft. per day) 
N 
Standard error of estimate (%) 
Standard error of seepage (%) 
95% confidence limits for S 
Standard error of coefficient N (%) 
95% confidence limit for N 
Net seepage (ft.) 
Evapotranspiration (ft.) 
Precipitation (ft.) 
Runoff (ft.) 
Decrease in storage (ft.) 
ET+ S (ft.) 
P + R + t:, H (ft.) 
Residual error 
Residual error (%) 
Net seepage as percent 
of total water loss 

1966 1967 
.0024 
.00080 

10.0 
5.2 

.0009 
0.4 

.00006 

.442 
2.231 
1.604 

.140 

.578 
2.673 
2.322 

+ .350 
15.2 

19.0% 

.0021 
. 00076 

7.3 
2.1 

.0003 
0.2 

.00002 

.386 
2.044 
1.612 

.053 

. 575 
2.430 
2.240 

- 1.90 
8.5 

17.2% 

• Determined by means of the S and N values and statistical analysis. 

The water loss due to net seepage was approximately 
18 percent of the total water loss. This is approximately 
0.4 foot during the time span of one measurement season 
(6 months). It appears as though the organic deposits be
neath the water surface have some sealing effect; otherwise 
the net seepage would be greater. 

It should be noted that there is excellent agreement 
between the 1966 and 1967 net seepage determinations. 
This also is true of the mass-transfer coefficient, N, deter
mination. This agreement is considered to be an indication 
of the mass-transfer technique acceptability in determining 
the water budget of small water bodies. 

The following results of Booster Lake are of interest: 

1. The mass-transfer coefficient, N, is rather low. 
2. The standard error estimate for both years is low. 
3. The 95 percent confidence limits for N and S are 

acceptable. 
4. The indicated runoff measured in 1966 seems high. 

This was caused by one large storm late in June. 
(Actually this was probably rapid seepage in the 
near-surface sand.) 

5. Rainfall during both years was above normal. 
6. The decrease in storage during both measurement 

seasons was low, probably because of above-normal 
rainfall. 

7. The residual error was plus and higher than that of 
any obtained from the results of the other sites. 

8. The evapotranspiration losses were nearly six times 
the losses due to net seepage. The seepage from 
Booster Pond is believed to be somewhat impeded 
by organic matter and silt. 
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Winter Data 

The attempt to obtain an adequate idea of the net 
seepage by observations on the ice and water levels dur
ing the winters from 1962 to 1967 led to variable results 
because of winter thaws and rains, and probably in part 
from ground water in-flow. Widely varying losses to 
ground water occurred durin g the winters of 1963-64, 
1964-65, and 1966-67. Gains of 0.0026 foot per day were 
measured during the winters of 1962-63 and 0.0037 foot 
per day in 1965-66. Similar gains were observed at other 
bodies of water in the area. It thus seems that the net 
seepage of 0.0024 foot per day, determined by the water 
budget method for the summer of 1966, and 0.0021 foot 
per day for 1967 are reliable and characteristic of normal 
conditions . 

As previously noted, a series of auxiliary ponds ranging 
in distance from a few hundred feet to a mile from Booster 
were gaged from the spring of 1966 to October 1967 
(figure 15). Of these, four furnished good results for 
analysis while the others were nearly dry during the 
winter or a complete water level record was unavailable 
for various reasons.- The four gave losses (feet per day) of 
0.0029, 0.0031, 0.0023, and 0.0032 . 

The water surface levels in other small lakes in the 
Isanti Quadrangle, as noted in a later section of this re
port, ranged widely from lake to lake and year to year but 
averaged .0027 foot per day, excluding the winter of 1965-
66, when all lakes showed a gain. Available information 
indicates that the variable results derived from ice level 
measurements in this area are in part a result of the move
ment of water in and out from ground water to the ponds 
and lakes, a natural result of the highly permeable soil. 

Mud Lake, Gaylord Quadrangle ':' 

General Description 

Mud Lake has an area of about 33 acres and is located 
in the SW¼ sec. 33, T . 113 N., R. 28 W ., Sibley County, 
5 miles north of the village of Gaylord. This is in typical 
prairie country with sparse groves of trees, some of which 
are natural while others were planted (fi gure 17). The 
general elevation is 1,000 feet above sea level and most 
of the immediate area ranges within 10 feet of that eleva
tion. Mud Lake lies near the headwaters of High Island 
Creek, and at its highest stages drains eastward by a 
small tributary of that creek. 

Geologically, the lake lies in the midst of a large area 
of ground moraine deposited by the Des Moines Lobe of 
the late Wisconsin Glacier. The drift (till) deposited by 
this glacier. was referred to in earlier times as Wisconsin 
Gray Drift or Young Gray Drift but in later years as 
Mankato Drift. As indicated by the older name, the drift 
has a prevalent gray color, and is generally clayey and 
calcareous in composition with limestone pebbles a charac
teristic feature. Test holes around Mud Lake reveal a sur
prising amount of sand that was probably deposited as 

0 Earlier investigations on Mud Lake are described on pages 23 and 
24 of Technical Bulletin 257 ( Agricultural Experiment Station, 
University of Minnesota, 1968) . 



outwash when the glacial ice front was located temporarily 
near Brownton and Glencoe, about 10 miles to the north. 

Although larger than a pothole according to the clas
sification of the Conservation Department, this shallow 
lake seemed ideal for the purpose of the project. This was 
particularly true because information indicated it to be a 
relatively stable body which did not dry up in periods of 
deficient precipitation. A minor problem resulted when un
usually high water resulted in some outflow during May. 
The fluctuations of the water surface levels for 1966 and 
1967 are combined with those of Ria Lake on figure 24. 

Soil Investigations 

To determine the character of the soil, 14 test holes 
were located around the lake at distances of from 10 to 
180 feet from the shore (figure 18) and during ice cover, 
12 holes were excavated in the bottom of the lake. 

Many samples were collected for laboratory study and 
a few were subjected to textural analysis (table 18). Al
though on casual inspection much of the material re
covered from the holes seemed to be a limy, silty clay, 
textural analysis revealed a considerable content of sand 
in most samples . The textural classification of six typical 
samples shows a range in percent clay of 10.24 to 24.64, 
si lt 11.65 to 35.77, sand 42.05 to 64.30, and gravel 0.74 
to 26.03. A field log of a typical hole is given below. 

Hole Ml - East end and 80 feet from the lake. June 
9, 1966 

Feet 
0 -2.4 
2.4-2.8 
2.8-3.2 
3.2-4.3 

4.3-6.2 

6.2-8.5 

Black top soil 
Black clay 
Layer of brown sand. Sample Ml-1 
Black to gray to yellow sandy, silty clay. 
Sample Ml-2 
Gray to yellow, limy, silty clay. Limestone 
pebbles. Sample Ml-3 
Gray, sandy clay, somewhat limonitic. Water 
level at 6 feet after 5 hours 

At the time the test holes were made on land, water 
was reached in all but numbers 3, 8, and 13 where rocks 

interferred. These were 63, 75, and 20 feet, respectively, 
from the lake edge. In the spring of 1967 holes 8 and 13 
had water but hole 3 continued dry. Periodic observations 
of water levels were made from the time of excavation of 
the holes in June 1966 to the end of field work in the 
autumn of 1967. The difference in elevation of the water 
surface in the holes compared to that of the lake at the 
same date is shown in table 19 and the elevation of the 
lake and water levels in four holes is shown on figure 19. 
Hole 3 was always dry even though its bottom was 0.92 
foot below normal lake level. Several holes were dry from 
late summer through the winter, while water levels in 
others were above lake level at times when moisture wa5 
abundant and below in dry periods. Holes 2, 7, and 11 
as drilled were located 33, 31, and 80 feet, respective!) , 
from the edge of the lake, but the water levels were 
below lake level except in the wettest periods. Hole 8 on 
the north side, about midway on the lake, was dry as 
drilled at 7.8 feet below lake level and only 52 feet from 
the lake edge. The hole remained dry throughout the sum
mer, autumn, and winter of 1966 but received water 
probably from drainage over the adjacent field, and ros~ 
above lake level as read on June 22, 1967, but sank to 
2.05 feet below lake level by July 12, and 5.15 feet on 
August 22. 

The irregular occurrence and fluctuations of the water 
level in the land around the lake suggests that water seeps 
into the lake during wet periods . It is also known that 
during wet periods a small surface flow enters from a road 
culvert on the south side; the water level in the ground 
around the lake is not controlled by the lake since it tends 
to sink below lake level except in wet periods. Hole 7, 
although only 40 feet from the water's edge on May 31, 
1967, had a water level 1.8 feet below lake level and 
later became dry at 3 feet below lake level. Accordingly, 
an auger hole (number 13) was put down 20 feet frorn 
the lake edge at a point which had been flooded a month 
earlier. The material from the hole was mainly a gray, 
sticky, si lty clay with numerous limestone pebbles. Near 
the surface the material was moist but not wet, and down
ward became dry enough to be somewhat crumbly. Water 
was not encountered at 8.3 feet where the hole was 

Table 18. Textural analysis in percent of samples from test holes at Mud lake, Gaylord Quadrangle 

Hole and Depth 
no. in feet Gravel Sand Silt Clay 

land holes 

M2-1 1.6- 5.0 7.34 46.80 24.18 21.68 
M2-2 5.0- 6.9 8.62 48.50 26.20 16.66 
M6-l 2.3-11 .0 3.70 48.80 22.86 24.64 
M6-2 11.0-11.6 26.03 67.33 3.95 2.69 
M8-l 2.5-14.1 20.52 42.05 18.96 18.47 
Ml0-1 6.0- 6.6 13.81 64.30 11.65 10.24 
Ml0-2 6.6- 7.4 0.74 49.67 35.77 13.82 

Bottom holes 
G3-b 20.5-21.5 10.39 13.16 53 .38 23 .07 
G4-b 11.3-12.3 25.95 43.24 18.10 12.71 
G6-b 22 -23 0.0 23.87 63.63 12.50 
G8b 6 -7 5.89 90.14 0 3.97 
G9b 17.7-20.7 0.0 9.56 57.32 33.12 
Gl0b 12.4-14.4 0.69 58.44 26.37 14.50 
Gllb 12.2-18.2 0.04 30.52 50.86 18.22 
Gl2b 16.5-20.5 0.0 18.38 54.07 27.55 
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stopped. June was a period of heavy rainfall, dming which 
the water level in hole 13 reached a point 0.68 foot below 
lake level and remained nearly constant until July 12 and 
then declined to 1.72 feet below lake level by August l. 
This verified that seepage from the lake did not raise the 
ground water level a few feet away from its shore. There 
was very little vegetation providing evapob·anspiration to 
explain the level in the hole, and it is evident that the 
glacial soil around the lake is more permeable than the 
lake sediments. 

On August 29, 1967, hole 14 was excavated 10 feet 
from hole 13 and toward the lake, where lake water had 
covered the surface in early summer. The water level in 
the hole was 1.07 feet below lake level on October 5, and 
did not rise to lake level from that date to the final check 
on November 2, 1967. 

The 12 holes drilled through the ice to investigate the 
bottom sediments enco1mtered peat immediately below 
the water. The peat was typically highly fibrous in the 
upper part and graded downward to silty or mucky peat 
(gyttja). At depth, most holes went from black muck to 
gray, sandy silt or, less commonly, to silty sand. Several 
holes contained a silty peat or a gray silt with abundant 
small snail shells. The silty, clay-like material of five sam
ples averaged about 21 percent clay, 51 percent silt, and 
28 percent sand. Three samples of sandy glacial sedi
ments yielded about 13 percent clay, 24 percent silt, 49 
percent sand, and 14 percent gravel. The range in com
position is considerable and the above percentages are 
considered to be representative and not an average. The 
thickness of lake sediments ranged from 3.6 to 21.4 feet. 
In most holes it was thought that glacial sediments were 
reached below the lake sediments but in hole G9b the 
presence of snail shells showed that the black clay at 17.5 
feet was a water-laid sediment. The original bottom of the 
lake was not higher than elevation 971, as compared with 
the deepest part of the lake now at about elevation 987. 
A typical field log of bottom sediments serves to show the 
general nature of the material. 

Field log of hole G6b - Located in the lake 1,200 feet 
west of the east shore, De
cember 19, 1966 

Feet 
0 - 3.6 
3.6- 6.6 

Ice and water 
Sample of watery peat, mainly from the 
lower part 

6.6- 9.6 Dark, fibrous peat, finer grained at 9 feet, 
silty 

9.6-12.6 Peat turns to silty muck with shells from 
12 to 12.6 feet 

12.6-23.0 Black, silty muck, small shells at 17.6 feet 
and at 20 to 21 feet 

23.0-25.0 Dark-gray, clay-like silt 
Sample at 24 to 25 feet has 12.5 percent 
clay, 64.6 percent silt, and 23.9 percent 
sand 

The argillaceous silt which is the most abundant sedi
ment at depth was doubtless carried into the depression at 
an early date and served to reduce seepage to start the 
lake. It is of interest that this deposit is normally light gray 
in color. Several holes contained snail shells; others were 
notably devoid of carbonaceous material. This indicates 
that the lake existed for a considerable time before vege
tation became established. In view of the above facts, and 
experience elsewhere, it is probable that the lake has 
existed more or less continuously since the retreat of the 
glacier over 14,000 years ago. 

Seasonal Water Budget 

In spite of difficulties, results were reasonably good, as 
shown by table 20. The number of points shown on figure 
20 shows the 1967 data used for the seasonal linear re
gression determination of the coefficient N and the net 
seepage S. 

Reference to table 20 shows a very good correlation of 
results for the two seasons. The net seepage per day was 
0.0014 in 1966 and 1967. For example, runoff (water en
tering by surface flow) was lacking in 1966 but definitely 

Table 19. A comparison of water surface levels of Mud Lake to water levels in surrounding observation wells 

- Water level in observation wells• -

Date Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Hole 8 Ho le 9 Hole 10 Hole 11 Hole 12 

6-16-66 0.69 -0.05 3.09 0.73 3.19 -1.71 1.13 4.32 - 0.47 - 2.03 
7-13-66 0.20 - 0.70 3.01 0.31 2.54 - 2.91 - 0.74 2.88 - 1.82 0.56 
7-22-66 0.10 - 1.35 2.50 0.22 2.09 - 2.81 - 1.72 2.04 - 1.99 0.15 
8-2-66 0.0 -1.63 1.84 0.11 1.46 -3.01 Dry Dry - 2.78 - 0.49 
8-29-66 0.08 - 1.20 1.39 0.56 1.54 Dry Dry Dry -2.01 -1.20 
9-13-66 - 0.01 - 1.40 0.57 -018 0.97 Dry Dry Dry - 2.75 - 1.31 
10-19-66 0.24 -0.13 Dry 0.93 Dry Dry - 0.98 Dry - 1.63 - 2.22 
12-19-66 - 0.44 0.35 Dry -0.98 -2.08 
5-1-67 1.44 1.32 3.41 1.53 2.96 1.50 - 2.79 3.18 5.77 1.52 2.88 
5-31-67 - 0.02 -0.37 2.21 0.13 1.72 -1.80 -0.89 1.94 4.21 - 0.36 2.54 
6-22-67 3.43 - 0.59 5.04 1.40 4.69 0.01 1.64 2.20 4.09 1.23 3.55 
7-12-67 2.14 - 0.45 5.51 0.98 3.70 - 0.37 - 2.05 1.61 4.17 0.34 2.90 
8-1-67 1.29 -1.54 2.51 0.46 2.07 -2.54 Dry Dry Dry -1.27 1.78 
8-22-67 0.36 - 0.04 1.86 0.09 1.55 - 3.07 -5.08 Dry 1.36 - 1.71 -0.58 
10-5-67 - 0.16 - 1.66 - 0.25 -0.77 - 2.24+ - 5.37+ Dry Dry - 2.92 - 1.28 
10-12-67 - 0.14 -0.60 + 0.63 + 0.07 - 0.06 Dry Dry Dry Dry -1.92 - 1.66 
11-2-67 -0.40+ - 0.57 + 0.24 - 0.16 -0.23 Dry Dry Dry Dry - 1.91 -2.11 

• A minus sign preceding a stage reading indicates that the water level in the observation well is at a lower elevation than the water surface in the lake. 
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Table 20. The Mud Lake hydrologic items and residual errors for 1966 
and 1967 seasonal water budgets* 

1966 (5 mo.) 1967 (5 mo.) 

S (ft. / day) .0014 .0014 
N .00072 .00064 
Standard error of estimate (%) 9.3 7.8 
Sta ndard error of seepage (%) 5.3 3.4 
95% confidence limits for S .0009 .0006 
Sta nd ard error of coefficients N (%) 0.3 0.2 
95% confidence limits for N (%) .00005 .00003 

Net seepage (ft.) .214 .214 
Evapotranspiration (ft.) 1.816 
Precipitation (ft.) 1.430 1.508 
Runoff (ft.) 0.0 .160 
Decrease in sto ra ge (ft.) .459 .409 
ET+ S (ft.) 2.024 
P + R + £, H (ft.) 1.889 2.077 
Residual error .047 
Residual error (%) 2.2 
Net seepage as percent of 
total water loss 11 .3 10.3 

* Determined by means of the S and N values and a statistical analysis 
of these determinations. Blanks in the table are the result of limited 
data. 

present for a short time in 1967. Observations at the site 
indicated that this came from the pavement and ditch 
along the highway on the south side of the lake, mainly 
during heavy rains from July 7 to 9. Mud Lake had the 
lowest net seepage rate (0.0014 foot per day) of the four 
bodies studied. It is significant that the same rate was de
termined each year. The low rate is not surprising because 
the body of water is located in the silt and clay prairie 
region of the Mankato Drift. The seepage was approxi
mately 10 percent of the total seasonal water loss . 

Other results of the analysis are of special importance. 

1. The mass-transfer coefficient, N, is low. 

2. The acceptable (below 10 percent) standard error of 
estimate for S and N indicates a reasonable point 
scatter. 

3. The 95 percent confidence limits for N are very 
small. 

!. The 95 percent confidence limits for S are somewhat 
high, but the net seepage still differed from zero by 
a statistically significant amount. Perhaps if the 
analysis would have been conducted by means of 
the detailed method such as used for Pitcher Lake 
these limits would have been reduced. 

5. The rainfall during both measurement seasons was 
above normal. 

6. The high rainfall produced a relatively large amount 
of runoff in 1967. Also, this is the probable cause 
for the low evapotranspiration and decrease in stor
age during the five seasons of gage measurements. It 
seems reasonable to expect that both items would be 
larger under normal meteorological conditions. 

7. Considering the fifth statement above, the evapo
transpiration losses were still roughly 8 to 10 times 
larger than the net seepage loss during the same 
time period (five months). 

8. The residual error was remarkably low. 
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Winter Data 

Unfortunately data from limited observations during 
the winters of 1962 to 1966 do not provide an adequate 
idea of the seepage based on ice levels. However, during 
the winter of 1966-67 observations were made as follows : 
October 27, elevation of water surface, 992.21; Decembe1 
3, elevation 992.15 or 0.0016 foot loss per day. This corre
sponds nicely with the loss indicated by the mass transfe1 
method. At least 5 years of winter observations would bE 
des irable to verify this result. 

Ria Lake, Lake Elmo Quadrangle':' 

General Description 

Ria Lake, about 11 acres in area, is located in thE 
NW)..'. sec. 30, T. 28 N., R. 21 W., about a mile east of 
Tewport. The bluffs of the Mississippi River rise sharply 

east of Newport where the river terrace is near elevatior 
750 and the high point of a ridge west of Ria Lake is jus': 
over 1,050. The surface declines eastward to Ria Lake to 
a normal level of about 950. Figure 21 shows the shape 
of the lake and the nature of the surrounding landscape. 

The area is within the St. Croix Moraine just east ot 
where it has been breached by the Mississippi River 
Northeast of the lake is a low drainageway from higher 
land a mile or more away. Across the highway at the 
south end is the head of a small valley which extend ; 
toward the river. There is no visible surface connection be
tween this valley and the lake, but as will be explained 
later, there is a probability that underground seepage doe~ 
move in that direction. orth, south, and east of Ria Lake 
over an area of about 3 square miles are scores of small ice 
block pits, and directly east, less than one-half mile, i ; 
Lone Lake with an elevation about 50 feet higher than 
Ria Lake. 

Soil Investigations 

At Ria Lake considerable information was available re
garding the drift around the lake and the bottom sedi
ments as a result of investigations from 1962 to 1965. Fiv-~ 
test holes on land and two in the lake, together with 1 

study of appropriate samples, gave a preliminary idea f 
the situation and indicated where holes of a more systf'
matic investigation should be located around the lake. 
Moreover, it was realized that the shape of the lake, with a 
narrow northeast bay, required more than the usual distri
bution of bottom holes (figure 22). Thirteen holes were 
excavated on land and eventually conduit pipes with filte1 s 
were installed in many-of the holes because of caving of 
wet sand. Altogether, 18 holes were sunk in the lake, 
taking advantage of the ice cover (figure 22). 

The thirteen test holes on land were located around 
the lake in a manner which it was thought would give an 
adequate idea of the regional glacial drift, as well as in
formation concerning the water levels near the lake. The 
drift below the soil zone was mainly . brown to reddisl -

0 Earlier investigations on Ria Lake are described on pages 27 and 
28 of Technical Bulletin 257 (Agricultural Experiment Station, 
University of Minnesota, 1968). 



brown in color, and the texture ranged rather widely from 
sandy, silty clay to sand or sand and gravel. A total of 
eleven samples subjected to textural analysis show such a 
wide range that an average is not meaningful. The details 
are given in table 21, and from this it may be seen that 
clay ranges from 5.9 to 26 percent, silt from 9.5 to 65 
percent, sand from 17.9 to 70.6 percent, and gravel from 
O to 15 percent. It is worthy of note that the silt content 
always exceeds the clay content, as is to be expected in 
glacial sediments of the St. Croix Moraine. 

Table 21. Textural analyses (in percent) of typical samples from test 
holes at Ria Lake 

Sample Depth 
number in feet Gravel Sand Silt Clay 

Land holes 
Rl -1,2,3 2.5· 9.7 7.30 61.99 18.98 11 .73 
R3-l ,2,3 2.0-13.6 5.35 49.72 30.40 14.53 
R5-l 1.0· 5.0 0.0 70.5 22.96 9.27 
R7-3 4.0· 7.0 9.95 62.15 18.66 9.24 
R9·2 3.0· 6.0 1.01 25.33 47.15 26.51 
Rl0-4 7.9· 9.0 8.02 53 .28 26.48 12.22 
RlD-5 9.0-10.0 0.80 17.93 64.97 16.30 
Rl0-6 10.0-10.7 57.5 27.5 15.0 
Rl-64 o. 2.0 14 70.6 9.5 5.9 
Rl-64 2.0· 4.0 Tr. 24.7 44.6 30.7 
R3-64 O· 8.0 15 48.4 16.7 19.9 

Bottom holes 
RlOb 4.2· 4.7 0 57.5 27.5 15.0 
Rllb 3.0· 4.2 10.2 51.1 27.5 11.2 
Rl4b 13.8-19.5 0 26.3 53.1 20.6 
Rl4b 25.5-26.0 0 11.9 73 .1 15.0 
Rl8b 11.7-14.4 0 23.5 51.5 25.0 
Rl8b 16.5-17.5 0 21.0 52.0 27.0 
RlW-b 8.0-10.8 0 12.8 62.6 24.6 
R2W-b 4.0- 4.5 0 34.4 42.6 23.0 
R2W-b 4.5· 5.0 0 61.8 27.9 10.3 

It may be logically inferred that the permeability of 
the drift around the lake ranges widely as a result of the 
variable texture, and this was shown by a number of 
infiltration tests in the holes. The amount of time taken 
for the water level to decline 1 foot when a hole was filled 
ranged from about 1 minute to as long as 40 minutes. This 
contrast is understandable when it is considered that 
sample R7-3 consists of 72 percent sand and gravel where
as sample Rl0-5 has 83 percent silt and clay. Normally 
there is some alternation of layers. The log of hole number 
RIO furnishes an idea of the general nature of the glacial 
drift and how it varies downward. 

Hole RIO - East side near north end, 135 feet from 
lake shore. Elevation 12 feet above lake 
level on November 19, 1965 

Feet 
0 - 1.0 
1.0- 4.0 
4.0- 6.5 
6.5- 7.9 
7.9- 9.0 
9.0-10.0 

10.0-10.7 

Dark gray topsoil 
Reddish-brown, sandy, silty drift 
Brown, p las tic, silty clay 
Yellow to brown sand and gravel 
Reddish-brown, sandy, gravelly, silty drift 
Brown, silty clay changing to gray 
Silt, sand, and gravel. Rock at bottom. 
Sample Rl0-6 

The water level, or lack of water in each of the holes, 
was observed at convenient intervals starting on Novem
ber 16, 1965, and ending October 31, 1967. The distance 
the water stood above or below lake level on the same 
dates in each hole is shown in table 22. In spite of the fact 
that the drift around the lake is sandy and gravelly, the 
water levels in the land holes are mainly below lake level 
and distance from the lake seems to have little effect on 
this situation. The distance of the holes, as drilled, to the 
water's edge, ranged from 13 to 250 fee t, but only two 
were over 100 fee t. 

Table 22. A comparison of water surface levels of Ria Lake to water levels in surrounding holes 

Water level in observation wells" 

Date Rl R2 R3 R4 R5 R6 R7 RB R9 RIO Rll Rl2 Rl3 

11-16-65 - 7.70 - 2.76 - 23.47 - 0.39 - 1.43 0.77 0.40 
11-19-65 0.47 1.76 0.11 
12-7-65 Dry - 2.14 - 20.66 - 0.45 - 0.88 0.06 0.69 0.16 0.59 3.30 0.10 0.09 
3-12-66 - 1.39 - 21.76 -0.27 - 0.77 - 0.22 0.69 - 0.18 - 0.08 0.12 
4-21-66 - 2.82 - 21.69 0.20 0.15 0.05 0.85 0.30 1.82 0.27 1.30 
5-11-66 - 4.12 - 0.67 - 21.84 0.10 - 0.25 0.10 0.75 0.29 - 0.72 2.04 0.22 - 0.25 
6-2-66 - 4.15 - 1.07 - 21.50 - 0.05 - 2.90 0.10 0.40 0.34 0.60 Ul 0.72 - 0.29 
6-13-66 - 21.84 - 0.20 
6-15-66 - 4.67 - 1.27 - 0.99 - 0.04 0.40 0.16 0.04 - 1.07 - 1.27 
6-28-66 Dry - 2.37 Dry - 0.43 - 0.91 - 1.29 0.20 - 0.03 - 1.32 1.92 - 0.15 - 0.35 - 1.02 
8-1-66 Dry - 2.70 - 20.97 - 0.98 - .1..25 - 0.23 0.37 -0.91 - 0.87 2.11 0.69 - 0.66 - 0.32 
8-26-66 - 6.63 - 3.51 - 20.02 -1.91 - 1.15 - 0.59 - 1.29 - 0.312 - 0.75 3.64 - 2.06 - 0.49 - 3.32 
9-27-66 - 5.79 - 3.89 - 1.02 - 1.3;! - 0.58 - 0.29 - 0.85 - 1.00 2.79 - 0.60 - 0.78 - 1.24 
10-17-66 - 3.11 - 2.11 - 18.56 - 0.22 - 1.57 0.82 0.03 0.72 - 0.80 Dry - 0.28 - 0.75 - 1.25 
12-15-66 - 3.22 - 1.46 - 1.27 0.03 - 0.09 - 0.69 - 1.03 Dry - 0.66 - 0.20 - 1.76 
4-27-67 - 6.57 - 0.97 - 17.94 - 0.19 - 0.05 - 0.12 0.89 - 0.06 0.06 2.38 - 0.26 - 0.23 - 0.77 
5-4-67 - 3.32 - 1.01 
5-26-67 - 8.26 - ,US Dry - 0.47 - 0.47 - 0.42 0.35 - 0.46 0.14 2.04 - 0.31 - 0.49 - 0.95 
6-21-67 - 4.24 - 0.73 0.19 0.96 0.0 1.88 0.28 1.11 3.80 0.23 1.07 -0.36 
7-13-67 - 6.12 - 1.25 - 0.1 2 0.84 - 0.17 1.09 - 0.27 0.48 1.61 - 0.15 0.05 - 0.81 
8-2-67 - 7.28 - 2.42 - 0.26 - 0.22 - 0.22 0.50 - 0.33 - 0.08 Dry - 0.21 - 0.25 - 0.91 
8-30-67 - 6.21 - 2.89 - 0.40 - 0.60 - 0.25 0.15 - 0.51 - 0.33 Dry - 0.28 - 0.40 -1.06 
9-19-67 - 6.68 - 2.81 - 0.59 - 0.71 - 0.23 0.11 - 0.53 - 0.55 Mud - 0.29 - 0.54 - 1.15 
10-20-67 - 6.24+ - 2.90 - 0.70 - 0.93 - 0.07 0.18 - 0.39 - 0.49 Dry - 0.25 - 0.42 - 1.28 
10-31-67 -4.35 - 2.81 - 0.45 Dry + 0.59 0.28 0.28 - 0.44 Dry - 0.04 - 0.43 - 1.33 

• A minus sign preceding a stage reading indicates that the water level in the observation well is at a lower elevation than the water surface in the lake. 
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Holes 1 and 2 (figure 22) furnished particularly im
portant information. These were drilled on November 16, 
1965, when the lake was about at the normal level of 
elevation 947.4. Hole 1 was located 46 feet horizontally 
from the lake water, but was dry to 9.7 feet where a rock 
prevented further progress. This was 7.70 feet below lake 
level and water did not appear in ~he hole until the spring 
thaw of 1966 (table 22). At no time during the period of 
record did the water rise higher than 1.4 feet below lake 
level and the hole was dry at the time of readings in June 
and August 1966. 

'vVhen water was not reached at the time the first hole 
was drilled, a second hole (number 2) was located only 25 
feet from the lake (figure 22). This was stopped at 4.5 
feet and water stabilized after 1 hour at 3.56 feet, or 
2.76 feet below lake level. In the following March and 
April 1966 the lake rose above elevation 949 and the hole 
was flooded. Nevertheless, by May 11 the water in hole 
2 declined to 0.67 foot below lake level as the lake water 
retreated to less than 10 feet from the hole. The water 
level in hole 2 then declined continuously to a maximum 
of 3.89 fee t below lake level on September 27, 1966. At 
no time, except when the hole was flooded , did the water 
level in the hole reach lake level. In short, the water in the 
hole seeps away faster than it can seep in from the lake. 

If the changes in water level of the lake and of holes 1, 
2, 7, and 11 (table 22) are compared with the weather 
data it is found that the precipitation, spring snow melt, 
and the winter frost period largely control the level in the 
lake and in the test, holes. The lake level changes only 
slightly during the period of ice cover; then there is an 
abrupt rise when the snow melts. The change of the water 
level in the holes at the time of the spring melt is even 
more pronounced, but so is the decline which sets in as 
soon as the abundant water of the snow melt ceases to 
enter the ground. 

A small pond (called Jarossek) on the west side of the 
lake, and separated from it by only 140 feet, was not 
hydraulically controlled by Ria Lake. Observations began 
on April 19, 1966, when both lake and pond were high as 
a result of the spring run-off. The Jarossek pond surface 
was then 0.63 foot above the lake. It declined to 0.18 foot 
below lake level on June 15, and continued to decline 
more or less steadily depending upon rainfall. The pond 
froze solid in winter and on December 22, 1966, an auger 
hole drilled through the ice and into the bottom material 
showed that the water level was 5.80 feet below the water 
level in Ria Lake. A similar situation prevailed in 1967 
(figure 24). 

The test holes on the lake bottom were located along, 
and at right angles to, a north-south base line across the 
main body of the lake and a secondary nort!-ieast trending 
line along the middle of the northeast bay (figure 22) . An 
unusual thickness of peat in the northeastern part of the 
main body of the lake was investigated more thoroughly 
than e]sewhere. 

In most bottom test holes the water-laid sediments 
were passed through and the glacial sediments below were 
entered. The thickness of lake sediments ranged from 2.2 
feet in hole R5b to 20.6 feet in hole Rl4b. The bottom of 
the lake at the end of the glacial period was at about ele
vation 920. The water-laid sediments consist mainly of 
peat and light-colored muck which grades into black muck 
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(gyttja), and that in turn grades into dark gray silt, or 
black to gray sand. Most abundant is a gray, clay-like, 
sandy silt with variable amounts of organic matter. Nine 
samples of this material subjected to textural analysis in 
the laboratory averaged about 20 percent clay, 46 percent 
silt, and 36 percent sand (table 21). Hole 18b at 16.5 to 
17:5 feet contained numerous small fragments of wood, 
probably ground up by the auger. 

The textural analyses of the water-laid samples from 
bottom holes given in table 21 show that the combined 
silt-clay content is high in six of the bottom samples, and 
the maximum of roughly 88 percent silt clay was found in 
hole Rl4b. This contrasts markedly with the high per
centage of .sand and gravel in several of the holes o 
land. Gravel is essentially absent in the samples from 
bottom holes. A typical log is given below. 

Hole Rl4b, December 20, 1966 

Feet 
0 - 5.4 
5.4- 8.4 
8.4-11.4 

11.4-13.8 
13.8-19.5 
19.5-25.5 

25.5-26.0 

Ice and water 
Brown, fibrous peat 
Brown peat, darker downward 
Peat grading to muck to black silt 
Black, clay-like silt, somewhat sandy 
Brown, fine-grained peat, sample seeme 
dry 
Black, clay-like silt. Struck sand with peb
bles at 26 feet 

In earlier sampling of bottom sediments a hole was 
made near the south end where the lake had extended dur
ing the previous spring and summer. The normal shore line 
was about 25 feet further south. 

Hole near south end, January 23, 1964 

Feet 
0 -3 
3 -4 
4 -4.5 
4.5-5.3 
5.3-9.3 

Peat, some sand washed in from road grade 
Black to gray, sandy, silty clay 
Gray, silty clay. Relatively dry sample 
Gray sand and sandy clay. Water at 5.3 
Gray, sandy clay grading to sand which is 
coarse and pebbly near the bottom 

The water level in the hole at 5.3 feet was surprising, 
because the water beneath the ice was only a few fee t 
away and nearly at the level of the collar of the hole. 
Either the sediments at the hole were not saturated when 
the lake covered the site of the hole, or the water level 
in the sediments had declined about 5 feet after the lak 
retreated a few feet horizontally during the dry autumn. 

Seasonal Water Budget 

A complete water budget for the summer of 1966 was 
prevented by instrumental problems, when the hygro
thermograph was disturbed in July, but the budget for the 
1967 season is complete. Also during wet periods there 
was some inflow along a drainageway at the northeast end. 
The head of a pronounced gully across the highway at the 
south end evidently furnished drainage underground dur
ing high water although there was no possibility of surface 
outflow. 

The 1967 seasonal mass-b·ansfer diagram is shown in 
figure 25, and the results of the water budget computatio s 



are shown in table 23. In spite of some instrumental prob
lems the net seepage per day of 0.0072 foot for 1966 and 
0.0078 for 1967 is in remarkably good accord but larger 

Table 23. The Ria Lake hydrologic items and residual errors of the 1966 
and 1967 seasonal water budgets• 

1966 (5 mo.) 1967 

S (ft. / day) .0072 .0078 
N .00114 .00112 
Standard error of estimate (%) 10.0 9.8 
Standard error of seepage (%) 3.4 3.8 
95% confidence limits for S .0005 .0014 
Standard error of coefficient N (%) 0.4 0.4 
95% confidence limits for N (%) .00008 .00014 

Net seepage (ft.) 1.102 (5 mo.) 1.435 
Evapotranspiration (ft.) 2.177 
Precipitation (ft.) 1.101 1.450 
Runoff (ft.) .239 .345 
Decrease in storage (ft.) 1.430 1.619 
ET + S (ft.) 3.612 
P + R + t, H (ft.) 2.770 3.414 
Residual error + .198 
Residual error (%) + 5.8 
Net seepage, as percent c.f 
total water loss 39.9 42.0 

• Determined by means of the S and N values and a statistical analysis. 
Blanks indicate insufficient data. 

than that of the other three bodies investigated. This net 
seepage is considerably higher than that indicated by ob
servations on ice levels during the winters from 1962 to 
1967. These observations ranged · from 0.0035 to 0.0057 
foot per day with the average .0044. It is logica l to expect 
less seepage during the winter months because of the in
creased water viscosity and freezing to the bottom around 
the periphery, which probably reduces the area of poten
tial seepage. In addition, the lake level is usually at about 
its lowest stage for the year at the time of freeze-up and 
at the highest stage after the spring breakup and rains. 
Therefore, in spring and early summer the water extends 
over the less impermeable shore, and there is evidence that 
seepage is relatively high over the flooded zone. In short, 
the net seepage for 12 months is probably somewhere be
tween 0.0075 and 0.0044 foot per day. 

The following results of the Ria Lake analysis should 
be noted. 

1. The determined mass-transfer coefficients, N, are 
similar to those determined for Pitcher Lake. 

2. The standard error of estimate for both seasons is 
low and acceptable. 

3. The 95 percent confidence limits for the 1967 net 
seepage are somewhat high but are acceptaLle con
sidering that the net seepage rate is 0.0078 foot per 
day. 

4. The determined runoff is much larger than that 
measured at the other locations studied. This was 
undoubtedly the result of water entering the pothole 
from the drainageway along the road ditch on the 
south side of the pothole and from the drainageway 
to the northeast. 

5. The large seepage loss at this site is reflected by the 
large decrease in storage, 6H, during the measure-

31 

ment season. The net seepage was about 40 percent 
of the total loss of water during the measurements. 

6. The evapob·anspiration loss was only 1.5 times 
greater than the net seepage loss in 1967. 

CHEMICAL COMPOSITION 
OF THE WATER 

In connection with the detailed work being done on 
the four bodies of water, it seemed desirable to have a 
record of the composition of the water and changes which 
went on during the year. Through the cooperation of Rus
sell E. Fraser, Chief of Analytical Services, Environmen
tal Health Division, Minnesota Department of Health , 
arrangements were made for analysis of water collected, 
according to their standards. Mr. Fraser suggested that 
the samples should be collected at a convenient time dur
ing the four seasons of the year. Arrangements were also 
made with the Sanitary Engineering Research Company of 
Minneapolis to determine the oxygen content of separate 
samples the same day that they were collected. The results 
of the work are shown in tables 24 to 27. 

The results shown by the tables are more or less self
explanatory, but a few comments on the more signjficant 
results are desirable. None of the four small bodies has 
water with the high salinity of some waters in western 
Minnesota and the Dakotas. 

It is worthy of note that the total solids and the total 
hardness as CaCO, _are much higher in Mud Lake than in 
the other three. This is explained by the fact that 1ud 
Lake is in an area of Mankato Drift derived from the 
northwest, where limestone was picked up by the glacier, 
whereas the others have a soil derived from the north and 
northeast which is largely devoid of limestone. Booster 
Pond is particularly low in solids and hardness. As de
scribed elsewhere in this report, the soil of the Booster 
area consists mainly of sand and its chief mineral constitu
ent is quartz; which is highly insoluble. There is a wide 
range in total solids and hardness in the four bodies dur
ing the year but the time of maximum and minimum is not 
the same for the different bodies. In general, dilution by 
snow melt and heavy rainfall, evaporation, and contribu
tions from ground water are the important factors in
volved. 

The most striking seasonal change is in the dissolved 
oxygen. All four bodies have a relatively high dissolved 
oxygen content during most of the year, but at or near the 
end of a long period of ice cover it drops to very low 
amounts - that is, to 0.20 to 1.10 milligrams per liter 
(parts per million) - whereas the maximum amount 
ranged from 10.45 to 14.95 milligrams per liter. The ex
planation for this situation is that green plants under the 
effect of sunshine release oxygen to the water and it is also 
dissolved from the air, particularly during agitation by 
waves. In contrast, during ice and snow cover oxygen is 
depleted by decaying organic matter on the bottom. 

The exten t to which soluble constituents have been 
removed from the sand of the Anoka Sand Plain is shown 
by the very low chloride content of Booster Pond, com
pared with the other bodies, particularly Mud Lake. 



Table 24. Analytical data for Pitcher Lake, Marine Quadrangle, NE¼ sec. 16, T. 31 N., R. 20 W., Washington County 

Sample number 6217 7378 8828 148 

Date collected 12-13-66 3-22-67 7-26-67 10-26-67 
Data received by lab. 12-13-66 3-22-67 10-27-67 
Coliform group organisms M.P.N. per 100 ml. 240 46 

M.F.C. per .100 ml. 240 46 
fecal M.P.N. per 100 ml. 2 17 

Total solids 98 80 130 110 
Total volatile matter 42 70 94 69 
Suspended solids 14 9 35 28 
Suspended volatile matter 7 7 34 23 
Turbidity 23 15 75 50 
Color 40 15 30 15 
Total hardness as CaCO, 26 32 20 22 
Alkalinity as CaCO, 24 28 24 22 
pH value laboratory 6.3 6.4 8.8 6.4 
Iron 0.53 1.2 0.70 0.58 
Manganese 0.05 0.42 0.40 0.07 
Chlorides 9.3 8 6.1 6.4 
Su lphates 5 5 11 
Fluorides .05 0.06 0.34 .05 
Dissolved oxygen 
Biochemical oxygen demand five-day 3.3 11 7.5 
Total phosphorous 0.08 0.09 0.14 0.18 
Ammonia nitrogen 0.33 0.73 0.05 0.08 
Organic nitrogen 1.4 1.4 4.0 2.7 
Nitrite nitrogen .02 .02 .02 .02 
Nitrate nitrogen 0.76 0.28 0.36 0.64 
Methylene blue as ABS .1 .1 .1 
Calcium as CaCO, 14 14 12 12 
Sodium 1.7 2.2 2.0 1.5 
Potassium 7.0 8.0 7.0 8.0 
Silicate as SiO2 1.9 0.88 0.8 2.0 
Dissolved oxygen (Serco lab.) 14.95 1.10 11.8 11.05 

* Results are in milligrams per liter except as noted. 
0 

Table 25. Analytical data for Booster Club Pond, lstanti Quadrangle; sec. 4, T. 33 N., R. 23 W., Anoka County 

Sa mple number 6216 7379 8825 147 

Date collected 12-13-66 3-22-67 7-26-67 10-26-67 
Date received by lab. 12-13-66 3-22-67 10-27-67 
Coliform group organisms M.P.N. per 100 ml. 79 23 tab 

M.F.C. per 100 ml. 
fecal M.P.N. per 100 ml. 8 23 old 

Total sol ids 86 160 16 94 
Total volatile matter 57 110 4 72 
Suspended solids 6 6 4 10 
Suspended volatile matter 5 6 4 6 
Turbidity 23 20 10 15 
Color 70 230 4.5 25 
Total hardness as CaCO, 16 36 10 52 
Alkalinity as CaCO,, 22 52 14 16 
pH value laboratory 6.3 5.6 6.5 6.0 
Iron 0.38 8.6 0.94 0.64 
Manganese .02 1.5 0.03 2.02 
Chlorides 3.1 1 5 1 
Sulphates 5 5 5 5.0 
Fluorides .05 0.20 0.30 0.18 
Dissolved oxygen 32 5.3 4.0 
Biochemical oxygen demand five-day 2.8 
Total phosphorus 0.10 0.10 0.03 0.07 
Ammonia nitrogen 0.31 3.3 .06 0.05 
Organic nitrogen 1.6 2.5 1.6 1.7 
Nitrite nitrogen .02 .02 0.02 .02 
Nitrate nitrogen 1.0 0.50 0.46 0.64 
Surfactant as ABS .1 
Calcium as Caco; 12 8.0 6.0 34 
Sodium 1.6 3.2 1 3.2 
Potassium 6.0 10 2.0 3.0 
Silicate as SiO2 2.4 2.7 1.5 2.9 
Dissolved oxygen (Serco lab.) 13.00 0.20 8.28 10.55 

'' Results are in milligrams per liter except as noted. 
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Table 26. Analytical Data for Mud Lake, Gaylord Quadrangle, SW¼ sec. 33, T. 113 N., R. 28 W., Sibley County 

Sample number 6237 7387 8824 225 

Date collected 12-14-66 3-23-67 7-25-67 11-2-67 
Date received by lab. 12-14-66 3-23-67 7-27-67 11-3-67 
Coliform group organisms M.P.N. per 100 m! . 240 33 

M.F.C. per 100 ml. 20 17 
fecal M.P.N. per 100 ml. 20 2 3 5 

Total so lids 430 780 350 420 
Total volatile matter 170 360 150 190 
Suspended solids 14 100 14 51 
Suspended volatile matter 6 50 12 35 
Turbidity 18 110 35 120 
Color 40 35 30 20 
Total hardness as CaCO3 300 500 220 240 
Alkalinity as CaCO, 290 460 230 220 
pH value laboratory 7.7 7.1 9.0 7.8 
Iron 0.30 03 .0 0.17 0.83 
Manganese 0.26 01.9 0.05 0.06 
Chlorides 16 35 16 19 
Sulphates 7.0 5 5 22 
Fluorides 0.18 0.38 0.51 0.32 
Dissolved oxygen 
Biochemical oxygen demand five-day 3.8 21 8.5 11 
Total phosphorus 0.22 1.9 1.3 0.34 
Ammonia nitrogen 0.30 12 0.33 0.15 
Organic nitrogen 2.7 1.2 5.3 
Nitrite nitrogen .02 .02 .02 0.02 
Nitrate nitrogen 0.44 .08 0.33 0.76 
Methylene blue as ABS .1 1 1 0.11 
Calcium as CaCO, 120 170 90 110 
Sodium 10 18 8 7 
Potassium 15 25 16 14 
Silicate as SiO, 5.9 20 12 31 
Dissolved oxygen (Serco lab.) 10.35 0.50 10.80 10.40 

• Results are in milligrams per liter except as noted. 

Table 27. Analytical data for Ria Lake, Lake Elmo Quadrangle, NW¼ sec. 30, T. 28 N., R. 21 W., Washington County 

Sample number 6238 7410 8827 254 

Date collected 12-14-66 3-24-67 7-26-67 10-31-67 
Date received by lab 12-14-66 3-27-67 11-3-67 
Coliform group organisms M.P.N. per 100 ml. 3.500 70 5 

M.F.C. per 100 ml. 20 340 70 49 
fecal M.P.N. per 100 ml. 20 20 2 2 

Total solids 190 180 180 130 
Total volatile matter 75 110 95 72 
Suspended solids 9 9 24 2 
Suspended volatile matter 6 9 23 2 
Turbidity 18 10 30 5 
Color 25 30 15 10 
Total hardness as CaCO3 120 110 70 78 
Alkalinity as CaC03 96 90 70 68 
pH value laboratory 7.1 6.6 8.0 7.4 
Iron 0.18 1.4 0.88 0.24 
Manganese 0.11 0.62 0.02 0.2 
Chlorides 5.4 9 5.4 5.5 
Sulphates 12 9.1 8.5 9.4 
Fluorides 0.11 0.12 0.33 0.17 
Dissolved oxygen 
Biochemical oxygen demand five-day 3.0 1.3 1.3 1.5 
Total phosphorus 0.06 0.22 0.22 0.07 
Ammonia nitrogen 0.31 1.8 0.08 0.17 
Organic nitrogen 1.9 2.1 3.7 1.3 
Nitrite nitrogen .02 .02 .02 .02 
Nitrate nitrogen 0.66 0.04 0.36 0.96 
Methylene blue as ABS .1 0.10 .1 .1 
Calcium as CaC03 68 80 58 
Sodium 3.3 4.8 3 3 
Potassium 6.0 7.6 4.0 4.0 
Silicate as SiO, 3.0 3.2 0.48 
Dissolved oxygen, (Serco lab.) 9.30 0.80 10.60 10.45 

• Results are in milligrams per liter except as noted. 
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PRECIPITATION AND EVAPORATION 

As pointed out in Technical Bulletin 257 (1968, p. 14), 
precipitation and evaporation are by far the most im
portant factors in determining water levels in bodies of 
water in Minnesota not conb·olled by inlets and outlets, 
and this is confirmed by the present work. Reference to 
table 28 of this report shows that precipitation in 1965 was 
far above normal at all of the stations reported. Further 
reference to the graphs of water levels for 1965 (figures 26, 
28, and 32) of the 1968 report shows the drastic rise which 
followed the below n01mal precipitation of 1963 and 
near normal in 1964 (tables 29, 30). Further reference to 
figures 26 to 32 shows that once the spring rise is over 
and evaporation becomes high the water levels drop (ex
cept when precipitation is above normal) for the summer 
months. The rather irregular distribution of precipitation 
and variation from place to place over the state for specific 

months is shown by tables 28, 29, and 30. 

It is impossible in Minnesota climate to make an 
evaporation determination for the complete year because 
of alternate freezing and thawing in the spring and au
tumn, but a comparison of the data on precipitation and 
evaporation over open water surfaces shows that evapora
tion exceeds precipitation, often by a large amount. This 
means that even without seepage to ground water the level 
of ponds will decline during the summer months. The 
normal regimen of ponds and lakes, therefore, is a sharp 
rise at the spring breakup and during a period of relatively 
high precipitation in May and June, followed by a steady 
decline during the summer and early autumn. As evapora
tion declines in October and November, the water level in 
open bodies declines slowly or becomes nearly stable and 
remains so until spring. The slow decline during winter, 
shown by the data cited herein, is a rough index of the 
seepage out of the bottom. 

Table 28. Precipitation and evaporation for selected locations in Minnesota - U.S. Weather Bureau data, 1965 (precipitation in inches) 

Mpls.-St. Paul Forest Lake St. Peter New Ulm Willmar Morris Little Falls 

Jan. .47 - .23 .44 .20 - .65 .38 -.62 .18 - .40 .17 -.40 .34 
Feb. 1.59 .81 1.33 1.81 .93 2.14 1.07 1.68 1.02 .57 - .09 .29 
Mar. 4.75 3.22 2.75 2.78 1.16 3.48 1.43 5.04 3.88 2.47 1.33 3.26 
Apr. 3.52 1.67 2.80 4.31 2.15 4.94 2.63 4.48 2.44 3.31 1.17 3.07 
May 7.86 4.67 6.35 5.04 1.41 5.50 1.79 8.68 5.46 5.17 2.21 4.31 
June 4.01 .01 8.75 2.99 - 2.29 4.92 .01 3.26 - 1.22 2.99 - .95 3.17 
July 4.69 1.42 6.66 3.68 .49 2.85 -.11 4.01 1.20 6.45 3.27 4.98 
Aug. 4.04 .86 2.49 3.98 .20 4.25 .21 3.45 - .15 4.09 1.06 5.79 
Sept. 4.90 2.47 5.14 5.18 2.43 6.79 4.02 5.15 2.48 4.80 2.91 6.25 
Oct. .90 - .69 .80 .67 - .88 .77 -1.07 1.33 - .20 1.40 - .65 2.15 
Nov. 1.98 .58 2.21 1.14 -.40 1.24 - .28 1.63 .48 .97 - .04 1.63 
Dec. 1.23 .37 1.96 2.44 1.51 1.05 - .12 1.77 1.20 1.09 .49 1.23 
Total 39.94 15.16 41.68 34.22 6.06 38.31 8.96 40.66 16.19 33.48 10.90 36.47 

Pan Evaporation, Waseca Minus sign in second colu mn indicates below normal. 
May 6.988 
June 8.81 
July 7.998 
Aug. 5.948 
Sept. 

Table 29. Precipitation and evaporation for selected locations in Minnesota - U.S. Weather Bureau data, 1966 (precipitation in inches) 

Jan. 
Feb. 
Mar. 
Apr. 
May 
June 
July 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 
Total 

Mpls.-St. Paul 

.95 .25 
1.55 .77 
2.48 .95 

.89 - .96 
1.46 - ,1.73 
3.51 -.49 
2.47 -.80 
4.40 1.22 
1.69 -.74 
3.53 1.94 

.39 - 1.01 
1.02 -.16 

24.34 - .44 

Pan evaporation, Waseca 
May 8.22 
June 8.68 
July 8.82 
Aug. 6.74 
Sept. 5.35 

Forest 
Lake 

.65 
1.16 
1.84 
.88 

1.87 
2.93 
2.98 
3.18 
1.20 
2.75 

.53 

.84 
20.81 

Gaylord New Ulm 

.75 1.03 .03 
1.47 1.28 .21 

.79 1.49 -.56 
1.74 1.77 - .54 
2.34 1.73 - 1.98 
4.97 5.00 .09 
2.34 2.54 -.42 
5.49 3.76 - .28 
1.55 2.80 .03 
2.57 4.18 2.34 

.19 .57 - .95 
1.34 .76 -.41 

25 .54 26.91 - 2.44 

Lamberton 
April 
May 
June 
July 
Aug. 
Sept. 

2.94 
8.34 
9.05 

10.05 
6.32 
5.05 

Willmar 

.91 .33 
1.55 .89 

.82 - .24 
2.65 .61 
2.68 -.54 
4.67 .19 
2.66 - .15 
7.32 3.72 
1.16 -1.51 
2.09 .56 

.52 -.63 
1.01 .44 

28.04 3.57 
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Morris 

.58 .01 

.78 .12 
1.34 .20 
2.44 .30 
1.09 - 1.87 
2.86 -1.08 
2.28 - .90 
7.43 4.40 

.47 -1.42 
2.14 .69 

.77 - .24 

.46 - .15 
22.64 .06 

Detroit 
Lakes 

.21 -.47 

.47 - .18 

.93 .02 
1.75 - .34 

.96 -1.97 
2.58 - 1.37 
4.67 1.20 
4.71 .76 

.33 - 1.59 
2.29 .99 

.29 -.73 

.39 - .31 
19.58 - 3.99 

Little 
Falls 

.88 
1.16 
2.29 
1.59 
2.99 
1.58 
4.07 
7.27 
1.10 
1.77 

.73 

.48 
25.91 

North 
Mankato 

.86 .07 
1.32 .40 
2.08 .20 
1.55 -.68 
1.97 - 1.80 
3.66 -1.23 
4.50 1.30 
3.86 - .11 
1.84 -.82 
3.98 2.47 

.44 - 1.09 
1.02 .12 

27.08 -1.17 

Minus sign in second column ind icates below normal. 



Table 30. Precipitation and evaporation for selected locations in Minnesota - U.S. Weather Bureau data, 1967 (precipitation in inches) 

Mpls.-St. Paul Forest Lake No. Mankato Gaylord 

3.63 2.93 
1.59 .81 
.96 - .57 

4.07 2.22 
.61 -2.58 

7.33 3.53 
1.36 -1.91 
2.79 - .39 

.63 - 1.80 
1.73 .14 

.09 - 1.31 

.45 - .41 

3.09 
1.15 

.62 
2.36 
2.38 
7.13 
1.01 
4.10 

.97 
1.73 

.07 

.41 

2.47 1.68 1.35 
1.21 .29 .73 
.73 - 1.15 .70 

4.51 2.28 3.19 
1.97 - 1.80 1.97 
4.59 - .30 7.37 
2.84 - .36 4.45 
4.33 .36 4.32 

.85 - 1.81 .80 
1.22 - .29 1.15 
.06 .:...1_47 .11 
.31 - .59 .49 

Jan. 
Feb. 
Mar. 
Apr. 
May 
June 
July 
Au g. 
Sept. 
Oct. 
Nov. 
'Dec. 
Total 25.44 .66 25.02 25.09 - 3.16 26.63 

Pan evaporation, Waseca St. Paul (U. of M.) 
Mey 4.12 
June 7.49 
July 7.41 
Aug. 8.25 7.89 
Sept. 6.45 6.81 
Oct. 4.69 

EVAPORATION VERSUS TRANSPIRATION 

The difficulty of determining evaporation and b"ans
piration separately is great, where both open water and 
aquatic vegetation are present in abundance. During the 
present investigation the two were considered together 
under the term "evapotranspiration." As it happened, cer
tain of the small bodies of water near each other repre
sented examples of mainly open water and heavy emer
gent vegetation. It therefore seemed wo1thwhile to com
pare results of the water level observations. 

A careful study of the problem has been made by 
Eisenlohr (1966) (2) on potholes in North Dakota under 
conditions similar to those in western Minnesota. Eisenlohr 
(1966, p . 443) states that under favorable conditions h·ans
piration rates can approach the evaporation rates from a 
clear water surface. This is so, as explained by Eisenlohr, 
because the wind speed is reduced by vegetation and since 
the water surface also is shaded by vegetation the amount 
of energy reaching the water surface is reduced; thus there 
is less evaporation. As would be expected, the relationship 
varies with the character, height, and density of vegeta
tion, so evapotranspiration may be the same as evaporation 
from an open body of water under some conditions. The 
best data obtained during the present study is summarized 
in table 31. 

The data show that there is not a consistent difference 
between open water and water beneath heavy emergent 
vegetation, but that in some examples there is a remark
able similarity. In view of the other factors involved, this 
may be a coincidence. In any event, the combining of 
evaporation and transpiration is valid for the purpose of 
the present investigation. 

It should be noted that a review of all the gage data 
shows that other ponds, such as those in the Gracelock 
Quadrangle, that have heavy emergent vegetation gave 
water level changes not out of line. 
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New Ulm Willmar Detroit Lakes Morris 

1.79 .79 1.92 1.34 .59 .09 2.04 1.47 
1.06 -.01 1.73 1.07 .29 -.36 1.10 .44 

.67 - 1.48 .38 -.78 .47 - .44 .15 - .99 
3.14 .83. 1.51 - .53 2.75 .66 2.33 .19 
1.87 - 1.84 .70 - 2.52 U7 - 1.56 .52 - 2.44 
4.62 - .29 8.83 4.35 4.95 1.00 5.09 1.15 
2.3.4 .36 2.33 - .48 1.26 - 2.21 1.38 - 1.80 
3.08 - .96 3.87 .27 .95 -3.00 1.58 -1.45 
.65 - 2.12 1.03 - 1.64 1.94 .02 .59 - 1.30 
.98 -.86 1.01 - .52 .77 -.53 1.02 - .43 
.07 - 1.45 .04 -1.11 .03 -.99 .07 -.94 
.32 - .85 1.54 .97 .97 .27 .92 .31 

21.06 -8.29 24.89 .42 16.34 - 7.23 16.79 - 5.79 

Minus sign in second column indicates below normal. 

Table 31. Comparison of summer water loss in lakes and ponds with 
heavy emergent vegetation versus open water 

Dates 

5-3,1-63 to 9-26-63 
6-8-64 to 9-24-64 
6-16-65 to 9-3-65 
6-13-66 to 10-3-66 

6-11-63 to 9-25-63 
6-14-65 to 9-10-65 
6-13-66 to 10-3-66 

6-11-63 to 9-24-63 
6-3-65 to 10-1-65 
6-13-66 to 11-9-66 

· Heavy vegetation, 
feet 

Slough Lake (Is 4) 
.55 
.44 
.40 
.70 

In 2 
1.28 

.55 
1.22 

Kehne Lake (SP 2) 
1.80 
1.13 
1.43 

DISCUSSION 

Open water, 
feet 

Pet Lake (Is 5) 
.69 
.28 
.40 
.92 

In 1 
1.21 
1.12 
1.35 

Carlson Lake (SP 3) 
1.29 
1.12 
1.69 

The data derived from the detailed investigation of 
the four water bodies is given in detail in the separate 
description of each. To make comparisons between the 
results of each of the four is difficult. Therefore table 32 
is furnished to help make such a comparison. 

Unforhmately, missing data made computation of 
evapotranspiration of Mud and Ria Lakes for the 1966 
season impracticable. Data are available for only a 5-
month period for Mud Lake in 1967. If allowance is made 
for that difference there is a close correspondence in 
evaporation for six determinations spread over four lakes 
and 2 years. The maximum distance between stations is 
75 miles. 

Precipitation shows only moderate differences for the 
2 years and between stations. The preceding year (1965, 
table 28) showed far above normal precipitation at some 



Table 32. Comparison of results on four water bodiesc 

Pitcher Booster Mud Lake Ria Lake 

1966 1967 1966 1967 1966 1967 1966 1967 
Coefficient N .00.114 .00109 .00080 .00097 .00072 .00064(5) .00114 .00112 

Eva potranspi ration 2.357 2.205 2.23>1 2.044 1.816(5) 2.177 

Precipitation 1.286 1.285 Ul04 1.612 1.430 1.508(5) 1.101(6) 1.450 

Decrease storage 1.454 1.270 .578 .575 .459 .409 1.430 1.619 

Runoff .045 .056 .140 .053 .00 .160(5) .239(6) .345 

Seepage(%) 14.3 15.2 19.0 17.2 11.3(5) 10.3(5) 39.9 42.0 

Net seepage per day .0022 .0022 .0024 .0021 .0014(5) .0014(5) .0072 .0078 

Calculated net seepage 
(feet per year) .80 .80 .87 .76 .51 .50 2.62 2.84 

* Measurements are in feet except as noted. Numbers in parentheses indicate number of months included. 

stations in Minnesota, such as the more than 50 percent 
above reported at Minneapolis. 

There is a pronounced difference in seepage between 
Ria Lake and the others. This is believed to have resulted 
from rather high water seeping out its south end to a 
small valley, which leads south to the Mississippi River, 
250 feet lower in elevation. The average of the seepage 
from the three is .0020 foot per day, but the average for 
the four water bodies is .0033 foot per day. 

In evaluating the results on seepage it should not be 
forgotten that for Pitcher Lake, Booster Pond, and Mud 
Lake the evapotranspiration loss is 84.3 percent of the 
total water loss during the period May to October. Eisen
lohr (1966, p. 93) states that the seeming outflow seepage 
amounts to 20 to 30 percent of the total decrease in 
storage. This is probably high for the common Minnesota 
pothole, but is below that for such bodies as Johnson 
Pothole (Ma 1) and Ria Lake (LE 4). A reasonable esti
mate of the water loss to seepage in the average Minnesota 
pothole is 15 to 20 percent of the total water loss. 

It is concluded from the results of this study that the 
mass-transfer water b1)dget method is a highly desirable 
technique for evaluating the hydrologic items of a small 
body of water. The method appears to provide the accu
racy expected of the field data and within the ability to 
measure natural processes of this nature. Large scale 
analyses of many lakes would be impractical by this 
method because of the large personnel and economic re
quirements for successful operation. Also, a considerable 
time period, such as two or three measurement seasons, is 
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necessary to provide a reliable determination. On the 
other hand the method is economical and accurate for in
vestigations similar to this study or other projects of high 
economic importance. 

As shown by table 32, the decrease in storage shows 
reasonable accord for the two years but wide differences 
between stations, as might be expected considering the 
variable factors involved. Pitcher Lake and Booster Pond 
are only about 14 miles apart, but geological and physio
graphic conditions are different. The low decrease in 
storage of Booster Lake is believed to be the result of the 
stabilizing effect of a shallow water table in a permeable, 
sandy soil. Mud Lake, on the contrary, is an area of rela
tively impermeable soil and is probably completely isolated 
from the regional water table. 

The runoff, or water that moved into the body over 
the surface, ranges widely, and is affected by intensity of 
precipitation, condition of the soil, degree of soil satura
tion, permeability, and topography. 

It is signifi cant that the conclusion regarding the im
portance of organic matter in impending leakage out of the 
bottom of ponds and lakes was shown by Boelter (1965) 
in his study of the hydraulic conductivity of peats. He 
states, "It must be concluded that the rate of water move
ment through and out of a bog area will depend largely 
on the peat material found in the organic soil profile. In 
most lake-filled bogs, for example, presumably most of the 
water flows through moss peat horizons near the surface 
and little fl ows through the dense herbaceous peat at low
er horizons." 



Part 2 

CONTINUATION OF THE 1962-1965 PROGRAM 

The following descriptions of the ponds and lakes in
vestigated are brief. More detailed descriptions are given 
in the earlier report (Technical Bulletin 257, Agricultural 
Experiment Station, University of Minnesota, 1968, pp. 
18-50). 

In tbe descriptions of tbe various ponds and lakes that 
were investigated from 1962 to 1967, a summary is given 
of the decline in ice or water levels during the winter. It 
was found that various factors affected tbe levels so that 
during the months of observations in winter most showed a 
loss in level, some showed no change, and a few showed a 
small gain. The principal factors resulting in a gain are 
snowfall and melting, unusual winter rains, and possible 
condensation. 

There is a range in amount of decline between differ
ent ponds and also between winters. High water level, as 
a rule, results in greater loss. It was not always possible to 
measure the ice levels in the spring before melting or rain 
invalidated the results for several water bodies. Where 
measurements were made prior to the ice cover, declines 
were augmented to some extent by evaporation. The re
sults of measurements for five winters are summarized in 
table 33. 

Table 33. Results of average declines of 46 ponds and lakes for five 
winters 

Winter 

1962-1963 
1963-1964 
1964-1965 
1965-1966 
1966-1967 

Decline per day 

in feet 
.0030 
.0035 
.0030 
.0037 
.0027 

Average : .0032 foot per day, or 1.17 feet per year 

The range for tbe five winters is good in view of the 
wide range in weather conditions and the general prob
lems involved in obtaining precise measurements. For com
parison a weighted average of the ice declines was deter
mined for tbe total of 9,542 winter days between observa
tions. This average was .0030 foot per day compared to the 
.0032 given above. 

Audubon Quadrangle 
( Detroit Lakes Area) 

A 1 Pothole 

The Audubon Quadrangle lies in a belt of terminal 
moraine that extends across Becker County in a general 
north-south direction and is characterized by a concentra
tion of lakes, potholes, and swampy areas . A 1 pothole has 
an area of 4.5 acres and lies in a pronounced depression 
about 1 mile west of, and nearly 40 feet higher than Long 
Lake in the SWJi sec. 30, T . 139 N., R. 41 W . The margin 
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of the pond is occupied by cattails and there is a floating 
bog with cattails and other marsh vegetation. 

The first determination of the elevation of the water 
surface was on July 23, 1963, when it stood at elevation 
1,3.88.8, and the final observation was on March 19, 1967, 
with the ice surface at 1,390. The fluctuation of the pond 
level followed a common pattern, in that during the period 
of observation it rose moderately (1.32 feet) in the spring 
and early summer of 1964, followed by a slow decline to 
the encl of the year. The general pattern of fluctuation for 
1965 and 1966 is shown in figures 26 and 27. In 1965 
tbere was a pronounced spring rise of 2.8 feet and in 
1966, 2.0 fee t. In 1965 tbe decline after the spring rise 
was moderate because of above normal rainfall. In 1966 
the precipitation at nearby Detroit Lakes was below nor
mal and the pond declined to slightly below the January 
level, thus offsetting the spring rise completely. The 
changes during the winter were small, as shown in table 
34. 

Table 34. Decline in surface level of A 1 Pond during winter 

From 

1-1-64 
12-23-64 
12-5-65 
12-4-66 

To 

3-25-64 
3-25-65 
3-8-66 
3-9-67 

Decline, feet 

0.07 
0.10 
0.19 
0.20 

Decline rate, feet 
per day 

.0009 

.00ll 

.0020 

.0021 

Average: .0015 foot per day or .55 foot per year 

Bloomington Quadrangle 

B 1.1 Pothole 

The original work in this area included two ponds 
about a mile apart. Construction work, however, so dis
turbed conditions at the second site that observations were 
eventually discontinued. B 1.1 is a small lake about 18 
acres in size, lying on the west border of the alluvial plain 
of Nine Mile Creek in sec. 18, T. 27 N., R. 24 W. Hills 
of the St. Croix Moraine bound the lake on the south 
and west. 

Although tbe north shore of tbe lake is only one-fourth 
mile from Nine Mile Creek, it was about 4 feet higher 
than the creek at the time of original observations on Au
gust 28, 1962, when it stood at 802.87. Figures 9 and 10 
of the earlier report show th at there was a moderate rise 
of less than a foot in the spring of 1963. Except for minor 
fluctuations depending on rainfall and evaporation, there 
was a steady decline to the encl of the year, with a loss of 
1.7 feet. In 1964 the spring rise was again slightly less 
than a foot (figure 28). The decline was abrupt, and then 
irregular small flu ctuations continued throughout the sum
mer as vegetation took over and open water largely dis
appeared. 

In the spring of 1965 snowmelt and rainfall resulted 
in a rise of 4 .24 feet, and above normal rainfall through-



out most of the year kept the surface level within a foot 
of the maximum (figure 28). Normal precipitation in 1966 
resulted in a moderate spring rise, a slow decline from 
April to August, and then very little change to the end 
of the year, with a loss for the year of about a foot. It is 
worthy of note that the larger changes occur during the 
spring breakup and the summer period of high evapora
tion. The changes in level during late autumn and winter 
are small , as shown by table 35. Unusual conditions in the 
winter of 1966-67 prevented a useful record. 

Table 35. Decline in surface level of B 1.1 Pond during winter 

From 

11 -15-62 
10-24-63 
11-21-64 
10-30-65 

To Decline, feet 
Decline rate, feet 

per day 

3-14-63 - .15 .0013 
3-12-64 - .59 .0042 
12-31-64 - .12 .0030 
2-5-66 - .10 .0010 

Average: .0024 foot per day or .88 foot per year 

Flensburg Quadrangle 

F 1 (Lake Beauty) 

The Flensburg Quadrangle lies west of the Mississippi 
River and the city of Little Falls in Morrison County. Lake 
Beauty covers about 40 acres on a plain which is underlain 
by a non-calcareous brown sandy till. Five samples from 
test holes in the Flensburg area show that the till is gen
erally low in clav and high in combined silt and sand. A 
test hole near the center of the lake showed an exceptional 
thickness of 31.6 feet of peat. 

The first determination of the elevation of the surface 
of Lake Beauty was on July 25, 1963, when it stood at 
1,219.2 feet above sea level and the final determination 
was 1,221.1 (ice) on March 19, 1967. The graphs of levels 
on figures 26 and 27 show that in 1965 and 1966 Lake 
Beauty was relatively stable during the winter, but showed 
a sharp rise during the spring and a steady decline in the 
summer and autumn to level off in winter. The spring rise 
in 1965 was 2.52 feet and in 1966, 2.82 feet. The rainfall 
in 1965 was above normal and the lake ended the year 
1.73 feet above the level of January 1, 1965. In 1966 the 
decline during the year was 0.79 foot. In general the avail
able data show a relatively stable level when the lake is at 
or below normal, but the decline is sharp when it extends 
beyond the normal shoreline. The available winter levels 
emphasize this point (table 36). 

Table 36. Decline in surface of F I (Lake Beauty) and F 2 Pond during 
winter 

From 

F 1 1-4-64 
F 1 12-29-64 
F 1 12-5-65 
F 1 12-4-66 

To 

3-25-64 
3-25-65 
2-4-65 
3-19-67 

Decline rate, feet 
Decline, feet per day 

0.11 .0013 
0.18 .0021 
0.23 .0038 
0.22 .0021 

Average loss per day: .0023 foot, or .84 foot per year 

F 2 12-29-64 
F 2 12-5-65 
F 2 12-4-66 

3-25-65 
2-4-65 
2-3 -67 

0.34 
0.46 
0.64 

.00395 

.00754 

.00719 

Average loss per day: .0048 foot per day, or 1. 75 feet per year 
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F 2 Pothole 

This pond covers about 8 acres and lies nearly 4 miles 
southeast of Lake Beauty in an elongated depression in the 
till plain. It has a well-developed marshy zone around _the 
border and at very high water may overflow northward; 
however, it did not reach that height during the period of 
observation. A test hole at the south side showed a gravel
ly, sandy loam and another hole near the center of the 
pond showed 6 feet of peat lying above a silty soil. A study 
of pollen in the silt at 10 feet indicated that it had been 
deposited between 8,000 and 11,000 years ago . 

The graphs of F 2 water levels for 1965 and 1966 
show a similar pattern to that of Lake Beauty (figures 26 
and 27); that is, a high rise of 4.4 feet in the spring of 
1965, followed by a moderately sharp decline during the 
period June to September, and then a very slow decline to 
the end of the year, but finishing 2.35 feet above the level 
at the beginning of the year. In 1966 the spring rise was 
2.82 feet and the decline was nearly uniform to September, 
when it became slight. 

The average loss of F 2 is .0048 foot per day or slightly 
over twice that indicated for Lake Beauty (table 36). This 
is probably a result of relatively high water allowing seep
age around the margin. 

Gracelock Quadrangle 

Gr 1 and Gr 2 Potholes 

The Gracelock area is in west-central Minnesota in the 
midst of a broad till plain deposited by the Des Moines 
Lobe of the late Wisconsin Glacier. Gr 1 covers about 40 
acres in sections 21 and 28, T. 119 N., R. 39 vV. It is in 
the midst of a low, somewhat swampy area and has a 
lush growth of swamp vegetation with limited open water 
in the middle. The bottom is covered by peat overlying 
clay loam with rougly equal amounts of clay, silt, and 
sand. 

Gr 2 Pothole is about 6 miles southwest of Gr 1 and 
is in sec. 5, T. 118 N., R. 40 W.; and sec. 32, T. 119 N., 
R. 40 W. It is shallow, has a heavy growth of marsh vege
tation, and is a typical prairie pothole. A test hole near 
the center showed 3 feet of peat overlying a silty clay soil 
which passed into gravelly clay at about 8 feet. 

Observations of the elevation of the water surface in 
the two ponds were made at irregular intervals from Sep
tember 11, 1962, to March 18, 1967. Graphs for 1965 and 
1966 for Gr 1 are shown in figures 26 and 27. Gr 1 showed 
a rise of 2.46 feet in the spring of 1965 and only a small 
decline during the year, during which there was far above 
normal precipitation. In 1966 the spring rise was only 0.94 
foot, since precipitation was normal and the pond surface 
started at a relatively high elevation resulting from the 
preceding wet year. 

Gr 2 was dry from August 1964 to April 1965. A test 
hole on August 20, 1964, showed that the water level was 
at 4.4 feet below the bottom of the pond. This probably 
accounts for the pond level rising slowly in the spring of 
1965. With the attainment of a normal level during the 
rains in 1965, the rise in the spring followed a course 
comparable to Gr 1 as shown by figure 26. Available data 
show little change in ice and water levels during winter 



(table 37). No data were available during the winters of 
1964-1965. As the pond was completely dry in 1966-1967 
it froze to the bottom. 

Table 37. Decline in surface levels of Gr 1 and Gr 2 during autumn and 
winter 

From To Decline, feet 
Decline rate, feet 

per day 

Gr 1 1-1-66 2-3-66 - 0.21 .0061 
Gr 1 12-3-66 12-30-66 - 0.07 .0025 
Gr 2 10-15-65 1-1-66 - 0.04 .0006 
Using only the observations showing a decli_ne, the indicated loss during 
the winter is about .0031 foot per day, equivalent to 1.13 feet per year. 

The data are not as consistent as is desired,. but seepage 
out of the bottom of these two potholes is slight. This is 
probably accounted for by the extensive organic deposits 
overlying a soil consisting predominantly of clay and silt. 

Inver Grove Qu~drangle 

In 1 to In 7 Potholes 

The Inver Grove Quadrangle and the 7 ponds under 
study were described in considerable detail in the earlier 
report (pages 26-32); and it is necessary here to make only 
a brief summary of the general situation. The area lies di
rectly south of the city of St. Paul and on the west side 
of the gorge of the Mississippi River. The area is underlain 
by drift of the St. Croix Moraine that is dark brown in 
color and ranges in cJ-iaracter from sandy to gravelly, sandy 
loam. 

The area is within 10 miles of Minneapolis-St. Paul In
ternational Airport, where the official weather records are 
observed, and thus precipitation data of particular value is 
available. The data on the surface elevation of the seven 
ponds given in the previous report for 1963 and 1964 
showed drastically declining levels. Precipitation for 1963 
was 5.21 inches below normal and for 1964 only an inch 
above normal. For the 2 years, 70 percent of the pan 
evaporation at Farmington nearby exceeded precipitation 
by an estimated 12 inches. In conh·ast to the above, the 
precipitation during 1965 was far above normal, reaching 
a total of nearly 40 inches. The precipitation for 1966 was 
0.44 inch above normal and was sufficient to maintain 
levels fairly well. 

To save space as far as practical, the history of level 
changes for the seven ponds are discussed together. Graphs 
of the level changes are shown in figure 29. (It should be 
noted that for In 3 and In 4 no data were taken during 
1966-1967.) As a result of an above-average precipitation 
of 3.22 inches in March 1965, thawing while the ground 
was frozen, and far above normal precipitation in April 
and May, there was an abrupt rise in the pond levels from 
the abnormal lows of 1964. The rise in feet from the win
ter lows, as of April 22, is shown by a notation on the 
graphs . The rise in level for the seven ponds ranged from 
3.40 to 8.31 feet. In ponds In 3, In 4, and In 5, this was 
followed by an abrupt drop as the ground thawed, but 
more than twice normal rainfall in May resulted in another 
abrupt rise in early June ranging from 0.90 to 2.15 feet. 
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It may be seen from figure 29 that there is a striking 
difference in the abruptness with which the levels of the 
ponds decline after the large rises in levels. This is be
lieved to be largely a result of topographic differences. If 
a pond spreads out of its normal basin the water seeps 
easily into the glacial drift as shown by many infiltration 
tests. On the retreat of the water to the normal basin , 
with its layers of organic matter and silt, the decline 
moderates, the extent depending on rainfall and evapora
tion. Above-normal rainfall throughout the summer of 
1965 maintained high levels, but with normal conditions, 
beginning in October, levels declined very slowly. 

Practically, average precipitation in 1966 resulted in 
normal changes of level, although In 5 and In 7 showed 
rises in the spring of 2.92 and 2.08 feet, respectively, 
which brought the levels essentially to the maximum of 
1965. As in 1965, this was followed by a rapid decline 
during April, May, June, and July, since rainfall was 
somewhat below normal and evaporation was high. Ponds 
In 1, In 2, and In 6 showed a normal pattern of a mod
erate spring rise, a moderate decline during the summer, 
and a slight decline during October, November, and 
December. 

It is evident from the graphs of water levels for 1965 
and 1966 (figure 29), as well as figures 25 and 26 of the 
earlier report, that the levels show relatively slight changes 
during the late autumn and winter months. Other than a 
winter thaw or rain, the main cause of the small changes 
in level is seepage out of the bottom. 

The seven ponds observed in the Inver Grove area 
were selected because of their location near the Mississippi 
River gorge, where a steep groundwater gradient was cer
tain and where the glacial drift was sandy, and thus rela
tively permeable. To obtain a numerical value for seepage, 
the data shown in table 38 was compiled from the records 
of water levels. A considerable range is shown and two 
main factors seem to be involved : the location with respect 
to the river gorge and the level of the water with respect 
to its basin. 

Pond In 6 is somewhat exceptional in its response to 
variation in precipitation. Reference to figures 25 and 26 
of the earlier report shows that In 6 acted much the same 
throughout the year, as did other bodies in the Inver 
Grove and St. Paul S. W. Quadrangles. However in 1965, 
an unusually wet year, its rise of 3.4 feet was the least of 
the seven ponds, and it changed very little after June in 
contrast to a larger decline in several of the other ponds. 
In 1966 the contrast of In 6 to In 5 and In 7 is striking, 
although it lies between them and only about a mile 
from each. During winters from 1962 to 1965 the indi
cated loss of In 6 by seepage was 0.0026 foot per day. 
After the wet spring and summer of 1965 there was no 
loss during the winter, but a rise of 0.26 foot during the 
winter of 1965-66 and 0.16 foot in the winter of 1966-67. 
The above differences between the years are probably ex
plained by the steep sides of the basin which prevented 
much spreading during high water, thus cutting down on 
seepage into glacial drift unprotected by bottom sediments. 
The high , steep banks on the south and west probably fed 
water of the sub-soil into the pond to maintain the level 
in summer and actually cause a small rise during the win
ter. Table 38, which follows, shows available data on the 
decline of levels of the seven ponds during the winter. 



Table 38. Decline in surface levels of Inver Grove ponds during winter 

From 

10-11-62 
11-24-63 
10-17-64 
10-30-65 
10-27-66 

10-24-63 
11-9-64 
.1-1-66 
10-27-66 

10-24-63 
11-9-64 
10-30-65 

10-2-62 
11-9-64 
11-17-65 

10-24-63 
11-17-65 
12-24-66 

11-19-62 
10-24-63 
10-17-64 

11-20-62 
10-30-65 
10-27-66 

To 

3-22-63 
4-9-64 
12-31-64 
2-5-66 
12-6-66 

1-30-64 
12-31-64 
2-5-66 
12-6-66 

3-12-64 
12-31 -64 
12-29-65 

12-6-62 
12-3,1-64 
12-29-65 

12-20-63 
12-29-65 
3-20-67 

3-22-63 
3-12-64 
1-9-65 

3-22-63 
2-5-66 
3-20-67 

Decline, feet 
Decline rate, feet 

per day 

In 1 
.32 .0020 
.37 .0027 
.24 .0037 
.05 .0005 
.13 .0032 

Average loss per day: .0025 foot 

In 2 
.29 .0030 
.25 .0026 
.12 .0034 
.20 .0050 

Average loss per day: .0035 foot 

In 3 
.20 .0015 
. 07 .0013 
.36 .0060 

Average loss per day: .0021 foot 

In 4 
.40 .0088 
.28 .0083 
.38 .0090 

Average loss per day: .0035 foot 

In 5 
.53 .00930 
.31 .00307 
.23 .00251 

Average loss per day: .0034 foot 

In 6 
.18 .0014 
.29 .0021 
.31 .0037 

Average loss per day: .0029 foot 

In 7 
.14 .001.1 
.44 .0055 
.70 .00486 

Average loss per day: .004.1 foot 
Average loss for the seven bodies: .0031 foot per day, or 1.13 feet per 
ear 

Isanti Quadrangle 
[s 1 to Is 6 Ponds and Lakes" 

The Isanti Quadrangle was selected for investigation 
because of the unique character of the area. The Anoka 
Sand Plain covers a large area north of Minneapolis and 
St. Paul, within which is the Isanti Quadrangle. There are 
many lakes, ponds, and marshes. In view of the permeable 
soil it was rather obvious that most, if not all, bodies of 
water coincided closely with the regional water table. In
vestigation begun in 1962 confirmed this belief. 

When funds became available in 1965 to permit de
tailed investigation of a few water bodies on which in
formation had been collected, one site in the Isanti Area 
was considered essential. Accordingly, Booster Club Pond 
(Is 1) was selected for detailed study, and observations of 
levels by staff gage were continued on the other small 
lakes and ponds. The results of the water level fluctuations 
from the initial determinations on September 24, 1962, to 
termination of field work on November 1, 1967, are dis
cussed below. -

In 1963 there were six lakes and ponds in the program. 
With the exception of Linwood Lake (Is 3), controlled by 
0 See earlier section of this report for detailed work on I s I ( Boost

er Club Pond). 
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an outlet dam, the lakes and ponds showed similar fluctu
ations, as would be expected if they are largely controlled 
by the ground water table. A decline, ranging from 0.94 
to 1.23 feet, occurred during 1963 as precipitation showed 
a total of 5.21 inches below normal. 

In 1964 the precipitation was near normal and there 
was only a small rise in the spring, followed by a gradual 
decline ranging from 0.43 to 0.73 foot. In 1965, however, 
there was a drastic change, with above-normal precipita
tion beginning in January and with more than twice 
normal in May. As shown in figure 30, there was a rise 
in levels of the five lakes and ponds, ranging from 1.27 to 
1.76 feet. Average or above-average precipitation contin
ued to the end of the year, so the levels were slightly 
higher at year-end than in early summer. A study of avail
able data ori precipitation and evaporation leads · to the 
suggestion that the rise during the last half of 1965 was 
at least partly a result of conb·ibution from ground water . 
Even stronger evidence for contribution from ground water 
is the fact that water and ice level determinations during 
the winter 1965-66 showed a small but consistent rise in 
level. 

With the return to normal precipitation in 1966 the 
levels showed a small rise in the spring and a slow decline 
during the summer and autumn, ending the year with a 
slight decline, but Booster Pond was the exception with a 
slight rise. The different bodies, although ranging greatly 
in size, show a remarkably similar pattern of rise and fall 
throughout the year (figure 30). 

When the water table is declining there is a tendency 
for the ponds and lakes to lose water to the ground. This 
was measured during the period of ice cover as shown in 
table 39. The loss for five bodies is small and is in reality 

Table 39. Decline in surface level of lstanti lakes and ponds during winter 

Decline rate, feet 
From To Decline, feet per day 

Is 1 (Booster Lake) 
10-24-63 12-19-63 .43 .0078 
11-11-64 12-5-64 .03 .0012 
10-24-66 3-1-67 .17 .0013 

Average loss per day: .0035 foot 

Is 2 (Grant Farm Slough) 
12-17-62 4-17-63 .09 .0007 
,10-24-63 12-19-63 .15 .0027 
11-11-64 12-5-65 .01 .0004 
12-28-65 2-1-66 .03 .0009 

Average loss per day: .0012 foot 

Is 4 (Slough Lake) 
11-29-62 3-25-63 .16 .0014 
10-24-63 3-5-64 .19 .0014 
11-4-66 12-16-66 .09 .0021 

Average loss per day: .0016 foot 

Is 5 (Pet Lake) 
11-29-62 3-25-63 .57 .0049 
10-24-63 3-5-64 .23 .0017 
12-5-64 1-5-65 .18 .0058 
11-4-66 3-1-67 .07 .0006 

Average loss per day: .0032 foot 

Is 6 (Fawn Lake) 
12-17-62 3-25-64 .17 .0017 
11-21-63 3-5-64 .05 .0005 
11-11-64 12-5-64 .04 .0017 
11-4-66 3-1-67 .13 .0011 

Average loss per day: .0012 foot 
Average water surface decline for five water bodies: .0021 foot per day. 



an indication of the decline in the ground water level for 
the periods when reliable data could be obtained. Also, 
gains in level during winter are probably the result of 
contributions from ground water. For example, 1965 was 
a period of far above normal precipitation with the last 3 
months about normal. The ground water level in the 
sandy soil was relatively high. The record shows that the 
five bodies of water under observation .from November 17, 
1965, to March 1, 1966, rose from 0.41 to 0.91 foot, 
whereas a lowering would be expected under normal con
ditions. The declines during the autumn and winter, large
ly under ice cover, are shown in table 39. The significant 
feature is that on the average the decline is less than in 
any of the other areas under investigation. 

Lake Elmo Quadrangle 

LE 1 to LE 4 Lakes and Ponds 

The Lake Elmo Quadrangle lies in an area directly 
east of St. Paul, bet)Veen the Mississippi and St. Croix 
Rivers. The elevation of most of the quadrangle is from 
200 to over 300 feet above the river levels to the east and 
west. Nevertheless, because of the morainic topography, 
the surface drainage is poor except near the rivers . There 
are many lakes, potholes, or ponds in the area. The drift is 
stony, sandy, and red to brown in color. The results of 
many textural analyses are given in the earlier report (page 
36). 

The first determination of pond and lake levels was 
made in September 1962, and the finals on March 21, 
1967, except at LE 4 (Ria Lake), where the last observa
tion was made on Ootober 31, 1967. Ria Lake, as de
scribed earlier in this report, was subjected to detailed 
study. As shown in figure 42 of the 1968 report, the four 
bodies observed in 1963 showed a similar response to con
ditions - that is, a modest rise in the spring, followed by 
a gentle decline from June to the end of the year. The loss 
for the year 1963 ranged from 0.77 foot at Lake Elmo to 
1.34 feet for LE 3, a small pond about a mile to the west. 

The year 1963 was abnormally dry and 1964 had 
slightly over average precipitation. As a result, the ponds 
LE 2 and LE 3 dried up. Lakes Elmo and Ria showed a 
modest spring rise followed by a decline, until above
normal rainfall in August and September 1964 resulted in 
a temporary rise, as shown in figure 43 of the earlier 
report. 

The heavy snowfall and spring rains in 1965 resulted 
in excessive spring rises, as follows: LE 1, 3.87; LE 3, 
7.18; and LE 4, 5.84 feet. LE 2 was eliminated from the 
program because the bottom was cultivated during the 
dry period of 1964. Heavy rains in June 1965 resulted in 
further rises especially in Lake Elmo (figure 31). Sharp 
declines followed, as observed at other sites where the 
water extended out of its normal basin. 

The rainfall in 1966 was normal. The two lakes and 
one pond still under observation showed a rise when the 
snow melted, and then a decline that continued until Octo
ber, when, with decreased evaporation, the decline became 
slight. Ria Lake and LE 3 pond have almost parallel 
graphs for the year but Lake Elmo declined only half as 
much. This lake is over 120 feet deep at places, and it is 
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thought that conb·ibution from ground water tended to 
stabilize the lake. 

The observations of ice and water levels for the lakes 
and ponds of the Lake Elmo Quadrangle are not as com
plete as desired because two ponds dried up or froze to 
the bottom in 1964. Table 40, however, shows the obser
vations believed to be reliable. The average of observa
tions during 15 winter periods shows a decline of .0050 
foot per day. 

Table 40. Decline in surface level of the Lake Elmo lakes and ponds dur
ing winter 

Decline rate, feet 
From To Decline, feet per day 

LE 1 (Lake Elmo) 
10-30-62 1-7-63 .30 .0043 
10-24-63 3-12-64 .38 .0027 
10-17-64 11-21-64 .23 .0066 
11-17-65 2-1-66 .21 .0027 
11-5-66 12-14-66 .1 9 .0050 

Average decline per day: .0035 foot 

LE 2 
11-5-62 1-7-63 .60 .0095 
10-24-63 1-23-64 .40 .0044 

Average decline per day: .0064 foot 

LE 3 
11-5-62 1-9-63 .52 .0074 
11-17-65 2-1-66 .70 .0092 
10-27-66 3-21-67 .50 .0034 

Average decline per day: .0061 foot 

LE 4 (Lake Ria) 
10-25-62 1-8-63 .31 .0041 
10-24-63 3-12-64 .66 .0050 
11-9-64 1-9-65 .25 .0041 
11-16-65 2-5-66 .18 .0022 
10-24-66 12-14-66 .29 .0057 

Average decline per day: .0041 foot 
Average loss per day for four water bodies: .0050 foot per day, or 1.82 
feet per year 

Mankato East Quadrangle 

M 1 (Kimble Lake) 

This lake has an area of about 10 acres and lies in 
the midst of a group of lakes. The location is in a weak 
terminal moraine near the eastern margin of the area which 
was covered by the Des Moines Lobe. Previous work 
showed that the soil around the lake is a clay loam and 
the lake bottom deposits range from clay to sandy clay 
loam. 

Elevation of the lake surface was determined at inter
vals from July 18, 1963, to March 18, 1967. There were 
only moderate changes in the water level through the 
balance of 1963 and throughout 1964. From January 2 to 
March 23, 1964, a period of 80 days with ice cover, the 
decline was 0.20 foot (table 41) . Between December 21, 
1964, and March 24, 1965, there was a rise of 0.34 foot, 
no doubt the result of an unusual winter rain. 

The changes during the present project are shown 
graphically by figures 26 and 27. A heavy snow melt and 
rains in the spring of 1965 resulted in a rise of 2 feet. The 
level remained nearly constant into July, and then declined 
gradually until an ice cover again maintained a practically 



constant level in December. The decline from December 4, 
1965, to February 3, 1966, a period of 61 days, was 0.05 
foot. Again in 1966 a snow-melt and spring rain resulted 
in a rise of about 1 foot, followed by a sharp decline in 
April, and then a slow, nearly uniform decline to Decem
ber 3, when the level remained constant to the end of the 
year. Snow and a winter rain resulted in a rise of one-half 
foot by March 18, 1967. 

Table 41. Decline in feet of the level at Kimble lake during winter 

From To Decline, feet Decline rate, feet 
per day 

1-2-64 3-23-64 .20 .0025 
10-15-65 2-3-66 .33 .0030 
10-25-66 12-30-66 .28 .0042 

Average loss: 0.0034 foot per day, or about 1.23 feet per year 

Marine Quadrangle 

Ma 1 to Ma 6 Lakes and Ponds 

The Marine Quadrangle lies mainly on the west side 
of the St. Croix River in Minnesota, but a small part lies 
east of the river in Wisconsin. It is largely covered by a 
hilly part of the St. Croix Moraine cut by the deep valley 
of the river. Back from the river 2 or 3 miles, where 
erosion has not breached the depressions, are numerous 
lakes and literally scores of ponds and swamps. The area 
was selected for its relationship to the St. Croix Valley, 
which, in Minnesota, necessarily resulted in a steep ground 
water gradient to the east. Elevations above sea level 
range from about 680 at river level to above 1,000 to the 
west. Early observations were confined mainly to 3 water 
bodies: a small pond (Ma 1) on the Johnson farm, 1.2 
miles; Sand Lake, 2.2 miles; and Big Marine Lake, 3.7 
miles from the river. The first year's observations at Ma 1 
(Johnson) Pothole, showing unusually high leakage, made 
desirable the addition of Ma 2 pond on the Morrison Farm 
a half mile to the north, Ma 4 (Pitcher Lake) 4.5 miles to 
the south, and Big Carnelian Lake (Ma 6) still further 
south. With the expanded project in 1965, Pitcher Lake 
and vicinity was selected for detailed study, as described 
earlier. 

The first 2 years of observations are given in detail in 
the previous report and will be only summarized here. It 
was soon recognized that Johnson Pothole lost water far 
beyond the excess of evaporation over precipitation. Pre
cipitation during 1963 was considerably below normal, so 
the decline for Sand Lake was about 2 feet over the indi
cated evapo:·ation. The loss a_t Johnson Pothole from the 
high point on April 4 to the end of the year was 5 feet. 
Big Marine Lake showed only a small decline, probably 
mainly evaporation. 

The year 1964 was one of near normal but irregular 
precipitation. Of the six bodies then under observation, 
four had a moderate spring rise and two, Johnson (Ma 1) 
and Morrison (Ma 2), had a pronounced rise. Declines fol
lowed as the period of high evaporation set in; this, how
ever, was interrupted by heavy rains in August and Sep
tember. Ma 1 and Ma 2 thereafter continued to decline 
but the others remained nearly constant to the end of the 
year. 
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The year 1965 was characterized by near-record pre
cipitation, including 15.14 inches above normal at the 
Minneapolis-St. Paul Station and somewhat higher at For
est Lake, 7 miles southwest of Big Marine Lake. The result 
was a prompt rise in the spring, which ranged from 2.52 
feet at Ma 4 (Pitcher) to 8.69 feet at Ma 1 (Johnson) 
(figure 32). 

Johnson Pothole overflowed adjacent areas, and, after 
the heavy rains of May and June, showed a rapid loss of 
water. The other bodies showed a lesser rise than Pitcher 
Lake and maintained their level fairly well to the end of 
the year. · 

In 1966 Johnson Pond showed a large rise in March, 
whereas the others had only a moderate rise. This was a 
result of abundant snow that thawed while the ground 
was frozen, and sloping bare fields which facilitated move
ment into the small Johnson Pond. The importance of the 
size of the water body is emphasized by the fact that 
Johnson Pothole rose 3 feet, whereas Big Marine Lak 
rose only 0.86 foot. Big Marine has a comparatively small 
drainage area for a lake with a water area of 1,577 acres. 

The year 1966 had somewhat below-normal precipita
tion in the Marine Area, so all bodies of open water 
showed a decline. This decline was large for Johnson (Ma 
1), fairly high for Morrison (Ma 2) and Sand Lake (Ma 3), 
but moderate for Pitcher Lake (Ma 4) and Big Marine 
Lake (Ma 5). 

Table 42. Decline in surface level of Marine Quadrangle lakes and ponds 
during winter 

From 

11-8-62 
10-24-63 
11-11-64 
10-29-65 
11-1-66 

1-21-64 
10-29-65 
11-1-66 

11-8-62 
11-21-63 
10-21-64 
11-1-66 

10-21-64 
12-28-65 
10-24-66 

10-24-63 
10-21-64 

To Decline, feet 

Ma 1 (Johnson Pothole) 

Decline rate, feet 
per day 

1-31-63 1.21 .0144 
12-19-63 2.08 .0378 
1-9-65 1.25 .0212 
11-20-65 .51 .0233 
12-14-66 .59 .0134 

Average loss per day: .0220 foot (frozen solid at times) 

Ma 2 (Morrison Pothole) 
3-5-64 .20 .0046 
12-3-65 .19 .0054 
3-1-67 .87 .0072 

Average loss per day: .0057 foot, or 2.08 feet per year 

Ma 3 (Sand lake) 
3-23-63 .28 .0021 
3-5-64 .82 .0079 
4-1-65 .75 .0050 
12-14-66 .29 .0067 

Average loss per day: .0054 foot, or 1.97 feet per year 

Ma 4 (Pitcher lake) 
11-21-64 .06 .0019 
2-1-66 .08 .0023 
12-14-66 .18 .0035 

Average loss per day: .0026 foot, or 0.95 foot per year 

Ma 5 (Big Marine lake) 
12-19-63 .15 .0029 
1-9-65 .19 .0028 

Average loss per day: .0028 foot, or 0.94 foot per year 

Ma 6 (Big Carnelian lake) 
11-14-63 3-27-64 .18 .0014 
10-21-64 1-9-65 .12 .0015 

Average loss per day: .00145 foot, or 0.53 foot per year 
Average loss per day for four water bodies excepting Ma 1 (Johnson Pot· 
hole): .0041 foot per day, or 1.5 feet per year. Johnson Pothole has 
about five times the loss of the other four. 



The amount of seepage out of the lakes and ponds of 
the Marine Area can best be judged by comparing the 
winter levels when they show a loss. Winter rains and 
thaws invalidated some of the records and only those be
lieved to be valid are tabulated in table 42. 

The data in table 41 show the wide range that occurs 
in the indicated seepage. The average for Ma 1 (Johnson 
Pothole) is about what would be expected from the decline 
throughout the year, or about 7 feet. This is far above any 
other lake or pond under observation. The explanation for 
this is believed to be the lack of organic deposits, the 
sandy soil of the area, and the steep gradient to the St. 
Croix Valley. It is certain that the pond has been dry at 
many periods in its history and organic matter, which may 
have accumulated during wet periods, has been largely 
destroyed by oxidation. 

Morgan Quadrangle 

Mo 1 (Lone Tree Lake) 

This small lake of about 55 acres lies in the prairie up
land about a mile south of the deep valley of the Minne
sota River, and about 200 feet higher in elevation. Speci
fically, the location is NE}~ sec. 9, T. 111 N., R. 33 W., 
Redwood County. The first determination of elevation of 
the water surface was on September 11, 1963, and obser
vations were_ made at irregular intervals until March 18, 
1967. Two small b·ibutary creeks of the Minnesota River 
head within less than a half-mile but failed to reach the 
lake depression, and a larger creek is entrenched in the 
upland less than a mile to the northwest. 

From the initial observation through March 1964 the 
level of the lake was relatively stable but showed a slow 
decline as a result of unusually low precipitation. The de
cline from September 1963 to December 1964 was 0.86 
foot. The level was essentially stable from October 10 to 
December 21, 1964. 

Heavy snow melt and rains in the spring of 1965 
caused the lake to rise from 994.2 on December 21, 1964, 
to 996.9 on May 20, 1965. Then a slow decline occurred 
from July to September when rains caused a slight rise 
(figure 26). In the spring of 1966 a modest rise occurred. 
This was followed, from June to September, by a slow, 
nearly uniform decline which amounted to 0.9 foot. From 
October 25 to December 3, 1966, the level was essentially 
constant but a slight rise occurred in Decen1ber. 

Between January 2 and March 23, 1964, the rise under 
ice cover was 0.07 foot. From December 31, 1965, to 
February 3, 1966, the level was nearly constant. While 
more evidence is desired than is available, the indication 
is that Lone Tree Lake loses essentially no water to seep
age; although it lies in a level prairie near a sharp drop 
to the Minnesota River, it seems to make a slight gain in 
water at times during the winter. Specifically some gains 
are: January 2 to March 23, 1964, 0.07 foot; December 21 
to March 24, 1964, 0.18 foot; December 4, 1965, to Feb
ruary 3, 1966, 0.19 foot; and October 25 to December 20, 
1966, 0.12 foot. 

The location of Lone Tree Lake near the Minnesota 
River Valley, and the small creeks previously noted, makes 
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the small indicated rise during the winter an unexplained 
problem. More data are required. 

Morris Quadrangle 

Mor 1 Lake 

A small lake of about 25 acres lies about 3 miles north
east of the city of Morris in Stevens County. The area is 
underlain by nearly level till, except where the Pomme de 
Terre River has eroded a valley which b·ends generally 
north-south about one-half mile west of the lake. The soil 
ranges from loam to gravelly or sandy loam. 

The first determination of the elevation of the water 
surface was on August 30, 1962, when the elevation was 
1,142.2, and the final was on March 18, 1967, at elevation 
1,146.5 (ice). In both 1965 and 1966 the water level rose 
moderately in the spring, declined to somewhat below the 
January level during May, June, and July, then continued 
relatively stable during the remainder of the year (figures 
26 and 27). Some of the more significant winter readings 
are given in table 43. Obviously the level is nearly stable 
during the winter. 

Table 43. Decline of surface level of Mor 1 during autumn and winter 

From 

10-11-64 
12-4-65 
10-25-66 

To 

3-24-65 
2-3-66 
12-30-66 

Decline, feet 

0.17 
0.04 
0.16 

Decline rate, feet 
per day 

.0012 

.0007 

.0024 
Average daily loss (excluding the gain in 1964) is .0014 foot, or 0.52 
foot per year. 

New Brighton · Quadrangle 

N 5 Lake 

Originally there were five ponds and small lakes under 
observation in the New Brighton Quadrangle, but leakage 
through a road grade at one and construction at three 
others led to their elimination from the later phase of the 
project. 

N 5 is a small, narrow lake which covers about 15 
acres and is held in on both sides by steep slopes, probably 
representing an old glacial drainageway. According to the 
geologic map of the quadrangle the lake lies in the midst 
of a medium to coarse, very gravelly sand, deposited in a 
re-entrant in the ice by melt water running off the ice. 

During 1963 the lake level showed normal changes -
that is, little change in the winter followed by a gradual 
rise of slightly over 1 foot in the spring and early summer, 
followed by a slow decline until near stability in November 
and December. The elevation on January 1, 1963, was 
about 927.3 and on December 26, 926.73. The year 1964 
was one of deficient precipitation; therefore, the spring rise 
was slight and a pronounced decline occurred in June and 
July, after which there were only slight changes. 

The year 1965 was marked by near-record precipitati?n 
and, as shown on figure 31, there was a pronounced nse 



of 3.35 feet between January 1 and May 18, followed by 
a further rise of 1.12 feet by July 7. The elevation of the 
ice surface on January 1, 1965, was measured at 925.2 
and on December 31, 930.3. 

The precipitation in 1966 was normal, and according~y 
the lake surface acted normally except that an unusual ram 
in February raised the ice and water levels by 0.75 foot. 
The change for the year was a decline of about. 0.4 fo?t. 
As a rule there was a small decline during the penod of ice 
cover, as shown in table 44. 

Table 44. Decline in surface level of N 5 lake during the winter 

From To Decline, feet 

12-3-62 3-4-63 .16 
11-8-63 3-13-64 .41 
10-28-64 ,11-11-64 .07 
1-1-66 2-1 -66 .06 

Decline rate, feet 
per day 

.0017 

.0033 

.0050 

.0020 
Average decline: .0030 foot per day, or 1.09 feet per year. 

St. Poul S. W. Quadrangle 

Brown Lake (SP 1), Kehne Lake (SP 2), Lake Carlson 

(SP 3) 

The area that includes the three lakes lies on the south 
side of the Minnesota River opposite Minneapolis, in re
gion where the St. Croix Moraine is lightly overlain by 
gray drift deposited at the eastern margin of the Des 
Moines Lobe. The normal level of the Minnesota River, 
deeply entrenched in the region, is at about elevation 
690. The three lakes, which are in the 790 to 832 range, 
lie within a distance of 2 miles of each other and are 1 
to 3 miles from the flood plain of the river. The soil ranges 
from clay loam to loam, sandy loam, and gravelly, loamy 
sand. 

Brown Lake covers about 4 acres in sec. 17, T. 27 N., 
R. 20 W.; Kehne Lake covers about 12 acres in the east 
ha]£ of sec. 22, T. 27 N., R. 20 W.; and Lake Carlson 
covers 9 acres in the NW~i sec. 27, T . 27 N., R. 20 W. 
The lakes are shallow, averaging about 5 feet in depth 
when surface levels are at average height, but are much 
deeper during high water (figure 28). 

As shown in figures 25 and 26 of the earlier report, the 
three bodies showed a normal fluctuation during 1963 and 
1964 - that is, a moderate rise in the spring, followed by 
a decline during the months of high evaporation, and a 
very slight decline from October to the following March. 
As in other bodies of water under investigation, there was 
a sharp rise in the spring of 1965 amounting to 4.97 feet 
for Brown Lake, 5.76 feet for Kehne Lake, and 8.57 feet 
for Lake Carlson (figure 28). A decline followed during the 
summer, but fa, above normal rainfall kept levels above 
those of the previous year. The trend in 1966 was about 
normal. The trend in 1967 was also about normal. The 
graphs of figure 28 show that Lake Carlson had a g~·ea~er 
rise during 1966 than Brown and Kehne Lakes. This nse 
is explained by inflow from a nearby swampy area on the 
northeast and another less than a mile to the west. The 
declines during periods of ice cover are shown in table 45. 
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Table 45. Decline in surface water levels of the St. Paul S. W. lakes dur-
ing autumn and winter 

Decline rate, feet 
From To Decline, feet per day 

SP 1 (Brown Lake) 
12-18-62 3-14-63 .20 .0023 
10-24-63 3-12-64 .38 .0027 
10-17-64 12-31-64 .11 .0017 
12-7-65 2-5-66 .29 .0048 
10-27-66 3-20-67 .12 .0009 

Average loss per day: .0026 foot 

SP 2 (Kehne Lake) 
11-13-62 3-14-63 .15 .0012 
12-23-63 3-12-64 .46 .0058 
10-30-65 2-5-66 .13 .0013 
10-27-66 12-6-66 .16 .0040 

Average loss per day: .0031 foot 

Sp 3 (Lake Carlson) 
12-6-62 12-18-62 .03 .0025 
10-31-63 3-12-64 .42 .0032 
11-9-64 1.1-21-64 .05 .0041 
12-7-65 2-5-66 .33 .0037 
10-27-66 3-20-67 .22 .0015 

Average loss per day: .0030 foot 
Average loss per day for the three lakes: .0029 foot 

Solomon Lake Quadrangle 

So 1 Pothole 

This pond of about 1.8 acres in area was selected as 
an example located near to, and 35 feet higher, tha?- sev
eral large lakes. Three of the lakes were gaged 11:1 the 
earlier work and Long and Point Lakes were continued 
during 1965 and 1966. Figures 26 and 27 show the strong 
contrast in response to conditions during the spring and 
months immediately following. 

The first determination of the elevation of the water 
surface of the pond was on September 5, 1962, and ob
servations were made at intervals until March 18, 1967. 
Figures 26 and 27 show graphically the fluctuations d:1r
ing 1965 and 1966. The striking feature of the fluctuation 
is the sharp rise in the spring, which amounted to 4.28 
feet in 1965 and 2.05 feet in 1966. The water level was 
probably about normal when first observed in September 
1962 (elevation 1,196.5), but the year 1964 was relatively 
dry and the level declined to 1,194. Precipitation from 
February through May, inclusive, was 12.80 inches above 
normal at Willmar, 5 miles to the south, and the pond 
level rose 4.28 feet. 

In general, the ice and water level is nearly stable 
during the period of ice cover, and some reliable data 
was obtained. For example, from December 3, 1966, to 
March 18, 1967, the decline of the ice level was 0.09 foot 
and the water level 0.17 foot. The water level from Octo
ber 25, 1966, before ice cover, to March 18, 1967, under 
ice cover, declined 0.27 foot. In any event, the decline 
is small over long periods when evaporation is low 
(October through March). 

Long and Point Lakes 

The graphs of lake levels for 1965 and 1966 (figures 
26 and 27) · show that these larger bodies fluctuate much 
less than So 1 Pond; for example, the spring rise of Long 
Lake was only 1.5 feet in 1965 and 1.14 feet in 1966. The 
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rise for Point Lake was 1.34 feet in 1965 and 0.91 foot 
in 1966. In 1966 the lakes showed a slow decline after a 
moderate rise, but remained at almost the same level for 
the last 3 months of the year. The question naturally arises 
as to the reason for the much larger rise of the small pot
hole as compared to the lakes. This is probably because 
there are many lakes and ponds in the area so no one body 
has much of a drainage area. Long Lake covers 1,280 
acres and accommodates a large quantity of water, com
pared with the pond of 1.8 acres. The graphs show that 
a large rise of the small pond is followed by a rather 
sharp decline, but at a more normal level it becomes 
nearly stable. The winter data for So 1 is erratic, showing 
both gains and losses during the winter. The gains are 
mainly, if not completely, a result of winter rains and 
melting. The declines of ice and water levels are slight 
with the exception of the period from December 31, 1965, 
to February 3, 1966, which indicated a loss of nearly 0.01 
foot per day. 'the other winter declines indicated a loss 
of .002 foot per day, or a rate of 0.73 foot per year. 
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Figure 1. Index map of sites. 

Figure 2. Aerial view of Pitcher Lake. 
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Figure 3. Sketch map of 6 square miles with Pitcher 
Lake in the midst of many ponds and lakes. 

Figure 4. Pitcher Lake platform showing the water level re
corder, distance thermograph, anemometer, and rain gage. 
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Figure 5. Contour map of Pitcher Lake showing the instrument and test hole locations. 
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Figure 6. Graph showing fluctuations of water levels in holes 1, 2, 9, 10, and Pitcher Lake. 
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Figure 7. Graph showing the relation of the water surfaces in holes 0, 1, 2, and 3 to Pitcher Lake. 
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Figure 8. Water level fluctuations of Pitcher Lake and associated ponds and lakes. 
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Figure 9. Coefficient N and net seepage determination by means of equation 4 for Pitcher 
Lake, August 1967 . 
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Figure 10. Coefficient N and net seepage determ ination by means of equation 4 for Pitcher 
Lake, season of 1966. 
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Figure 12. Aerial photo of Booster Pond and auxiliary ponds 1, 
2, and 3. 

Figure 13. Graph of cumulative size retention of the sand 
at Booster Pond. 
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Figure 14. Graph showing the relation of the water surfaces in holes 12, 15, and 16 to Booster Pond-
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means of equation 4 for Booster Pond in 1967. 

Figure 17. Aerial photo of Mud Lake, Gaylord Quadrangle. 
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Figure 18. Contour map of Mud Lake showing the instrument and test hole locations at Mud Lake. 
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Figure 19. Graph showing the relation to Mud Lake of the water surfaces in holes 2, 4, 6, 
and 11. 
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Figure 20. Coefficient N and the net seepage determination by means of 
equation 4 for Mud Lake, 1967. 

Figure 21. Aerial view of Ria Lake. 
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Figure 22. Contour map of Ria Lake showing instrument and test hole locations. 
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Figure 23. Graph of the 1966 and 1967 water surfaces for Mud, Ria, and associated lakes and ponds. 
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Figure 24. Graph showing the relation of the water levels of Ria Lake and 
Jarossek Pond during 1966 and 1967. 

56 

993.4 

-- 992.2 ,_~ 
Down to 949. 2-->\ 

\ 

992.0 
N 

~ 
C 
0 

(/) 

C 
0 -... 
~ 

Feet 

4 

3 

2 

D 



.04 

~.03 
-,:, 
..... 

-~ .02 

:J: 
<l 

NET .0078 
SEEPAGE 

.00--t'----r----ir----,----...---
0 4 8 12 16 20 

U(e0-eal 

Figure 25. Coefficient N and the net seepage determination by means of equation 
4 for Ria Lake, 1967. _ 
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Figure 26, Graph of the 1965 water levels _for the Audubon (A 1), Flensburg (F 1, F 2), Gaylord (Ga 1, Ga 2), Gracelock 
(Gr 1, Gr 2), Mankato (M 1), Morgan (Mo 1), Morris (Mor 1), and Solomon Lake (Sol 1) Quadrangles. 
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Figure 27. Graph of the 1966 water levels for the Audubon, Flensburg, Gaylord, Gracelock, Mankato, Morris, 
and Solomon Lake Quadrangles. 
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Figure 28. Graph of the 1965 and 1966 water levels for the Bloomington and St. Paui West Quadrangles. 
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Figure 29. Graph of the 1965 and 1966 water levels for the Inver Grove Quadrangle. 
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Figure 30. Graph of the 1965 and 1966 water levels for the Isanti Quadrangle. 
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Figure 31. Graph of the 1965 and 1966 water levels for the Lake Elmo and New Brighton Quadrangles. 
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Figure 32. Graph of the 1965 and 1966 water levels for the Marine Quadrangle. 
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Figure 33. Contour map of the ground water surface for an area of about 900 square miles in northern Anoka County. 
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