
QUALITY OF GROUND WATER AROUND VADNAIS LAKE 

AND IN LAMBERT CREEK WATERSHED, AND 

INTERACTION OF GROUND WATER WITH VADNAIS LAKE, 

RAMSEY COUNTY, MINNESOTA

By James R Ruhl__________________________________

U.S. Geological Survey
Water-Resources Investigations Report 94-4062

Prepared in cooperation with the 
St. Paul Water Utility and the 
Vadnais Lake Area Watershed 
Management Organization

Mounds View, Minnesota 
1994



U.S. DEPARTMENT OF THE INTERIOR

Bruce Babbitt, Secretary

U.S. GEOLOGICAL SURVEY

Gordon P. Eaton, Director

For additional information write to:

District Chief 
U.S. Geological Survey 
2280 Woodale Drive 
Mounds View, MN 55112

Copies of this report can be purchased from:

U.S. Geological Survey
Earth Science Information Center
Open-File Reports Section
Box 25286, MS 517
Denver Federal Center
Denver, CO 80225



CONTENTS

Abstract.................................................................................................................................................................. 1
Introduction........................................................................................................................................^ 1

Purpose and scope............................................................................................................................................ 2
Previous studies................................................................................................................................................ 2
Environmental setting...................................................................................................................................... 2
Methods of investigation.................................................................................................................................. 6

Hydrogeology......................................................................................................................................................... 7
Hydraulic properties......................................................................................................................................... 11
Ground-water flow........................................................................................................................................... 11

Quality of ground water in glacial deposits........................................................................................................... 13
Physical and chemical properties..................................................................................................................... 13
Major and minor constituents........................................................................................................................... 17
Volatile organic compounds............................................................................................................................. 19
Nutrients...........................................................^ 19

Interaction of Vadnais Lake with ground water..................................................................................................... 22
Estimation of seepage between Vadnais Lake and ground water in adjacent glacial deposits........................ 22
Estimation of seepage between Vadnais Lake and ground water in the lakebed............................................. 24
Evaluation of the two methods to estimate seepage between Vadnais Lake and the ground water................ 29
Role of lake/ground-water interaction in the water quality of Vadnais Lake.................................................. 30

Summary................................................................................................................................................................ 31
References cited................................................................^ 32
Supplemental Information Section......................................................................................................................... 35

ILLUSTRATIONS

1-7. Maps showing:

1. Location of the Vadnais Lake and Lambert Creek watershed study area......................... 3

2. St. Paul Water Utility supply network.............................................................................. 4

3. Monitoring well locations, location of core samples from the wetlands, and 
location of minipiezometer sampling sites, in the Lambert Geek watershed 
study area.......................................................................................................................... 5

4. Thickness of unconsolidated-glacial and post-glacial deposits in the Vadnais
Lake and Lambert Creek watershed study area................................................................ 8

5. Bedrock geology in the Vadnais Lake and Lambert Creek watershed study
area.................................................................................................................................... 9

6. Surficial geology in the Vadnais Lake and Lambert Creek watershed study
area.................................................................................................................................... 10

7. Water-table surface and ground-water flow directions in glacial and post-glacial 
deposits in the Vadnais Lake and Lambert Creek watershed study area, 
October 1990..................................................................................................................... 12

111



ILLUSTRATIONS-Continued

8-9. Diagrams showing:

8. Percentage distribution of major ions in ground water from monitoring wells
in the Vadnais Lake and Lambert Creek watershed study area........................................ 18

9. Graph showing phosphorus content of peat in wetlands of Lambert Creek watershed........... 23

10. Map showing numbered shoreline and lakebed sections of Vadnais Lake used in
calculation of lake/ground-water seepage............................................................................... 25

11. Hydrograph showing water-level fluctuations in monitoring wells that surround
Vadnais Lake and the stage of Vadnais Lake during July 1,1990 through June 30,1991..... 26

12. Graph showing hydraulic gradient from lakebed to the lake measured at three
distances from shore and the assumed relation between hydraulic gradient and distance
from shore................................................................................................................................ 28

13-27. Graphs showing water-level measurements for:

13. Monitoring well A............................................................................................................. 45

14. Monitoring well B............................................................................................................. 46

15. Monitoring well C............................................................................................................. 47

16. Monitoring well D............................................................................................................. 48

17. Monitoring well E............................................................................................................. 49

18. Monitoring well F............................................................................................................. 50

19. Monitoring well G............................................................................................................. 51

20. Monitoring well H............................................................................................................. 52

21. Monitoring well I.............................................................................................................. 53

22. Monitoring well J.............................................................................................................. 54

23. Monitoring well K............................................................................................................. 55

24. Monitoring well L............................................................................................................. 56

25. Monitoring well M............................................................................................................ 57

26. Monitoring well N............................................................................................................. 58

27. Monitoring well O............................................................................................................. 59

IV



TABLES

Table 1. Surface components of water budget for Vadnais Lake during warm weather periods 
of 1988 and 1989............................................................................................................

2. Field-measured water-quality properties and other data for ground-water samples 
collected from monitoring wells around Vadnais Lake and in Lambert Creek 
watershed study area................................................................................................................ 14

3. Major and minor constituents in ground-water samples collected from monitoring
wells around Vadnais Lake and in Lambert Creek watershed study area............................... 15

4. Nutrients in ground-water samples collected from monitoring wells around
Vadnais Lake and in Lambert Creek watershed study area.................................................... 20

5. Annual seepage rates through a 10-feet deep vertical plane along shoreline sections 
of Vadnais Lake that were calculated from hydraulic conductivities and gradients 
determined from data collected in nearby glacial-drift monitoring wells during July 
1990 through June 1991.......................................................................................................... 27

6. Annual seepage rates through lakebed sections in Vadnais Lake that were 
calculated from hydraulic conductivities and gradients measured in the lakebed 
during July 1991...................................................................................................................... 29

7. Geologic logs of monitoring well boreholes............................................................................ 36

8. Geologic logs of Vadnais Lake core samples.......................................................................... 41

9. Geologic logs of wetland cores collected from Lambert Creek watershed............................. 42

CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Multiply inch-pound unit Bv To obtain SI unit

inch (in.) 25.4 millimeter

foot (ft) .3048 meter

foot squared per day (ft2/d) .09290 meter squared per day

mile2 (mi2) 2.590 square kilometer

cubic foot per second (ft3/s) .02832 cubic meter per second

gallon (gal) 3.785 liter

gallon per minute (gal/min) .06309 liter per second

acre .4047 hectare

degrees Fahrenheit (°F) 5/9 x (°F) - 32) degrees Celsius

Sea Level: In this report, sea level refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929) geodetic 
datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly 
called Sea Level Datum of 1929.



DEFINITION OF TERMS AND WELL LOCATION SCHEME 
(From Skougstad and others, p. 4,1979)

Dissolved. Pertainingtn the material inarepresentativp.wfltftrsampletharpas<^xthrniigha04S-mirmmptftrmftrnhranp
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QUALITY OF GROUND WATER AROUND VADNAIS LAKE AND IN

LAMBERT CREEK WATERSHED, AND INTERACTION OF GROUND WATER

WITH VADNAIS LAKE, RAMSEY COUNTY, MINNESOTA

By James F. Ruhl

Abstract
Vadnais Lake is located in northern Ramsey County, Minnesota. The lake is managed by the St. Paul Water Utility 

for storage of municipal water supplies that are provided to residents of St. Paul and surrounding communities. In recent 
years, algal blooms in Vadnais Lake have caused taste and odor problems in St. Paul's municipal water supply. This 
problem has potentially been exacerbated by phosphorus enrichment of the lake from surface-water transport and from 
nutrient recycling between the lake and bottom sediments. Phosphorus loading in Vadnais Lake has been linked to 
increased algal growth. Surface-water drainage from supply lakes and, during wet years, from wetlands in Lambert 
Creek watershed, which extends over about 20 square miles east of the lake, is known to be a significant source of 
phosphorus. The role of ground water in the phosphorus budget of the lake was unknown. The results of this study 
indicate that ground-water transport of phosphorus into Vadnais Lake is a small part of the phosphorus budget of the lake.

Seepage into and out of Vadnais Lake was estimated by the following methods: (1) interpretation of the hydraulic 
conductivities of glacial deposits around the lake and of the hydraulic gradients between ground water in these deposits 
and the lake; and (2) interpretation of the hydraulic conductivities of lakebed materials and of the hydraulic gradients 
between ground water in the lakebed and the lake. The estimated net annual seepage out of the lake determined by the 
second method of 9.56 x 107 feet3 per year was greater by an order of magnitude than the value determined by the first 
method, which was 7.63 x 106 feet3 per year.

The net seepage out of Vadnais Lake was a small part of the lake water budget. Inflow to the lake is mostly streamflow 
from Sucker Creek, which is water from the Mississippi River routed through a series of lakes. Outflow from the lake 
is mostly withdrawals by the St Paul Water Utility. The net seepage out of the lake between spring and winter was from 
less than 1 to about 4 percent of the total loss attributed to withdrawals and evaporation.

The quality of the ground water in the study area was similar to the quality measured in shallow glacial-drift aquifers 
throughout Minnesota. Calcium magnesium bicarbonate water was the dominant type. Concentrations of volatile 
organic compounds in ground-water samples were below detection limits. The concentration of total phosphorus in 
ground-water samples generally was below 0.15 milligrams per liter.

The results of the seepage analysis and ground-water quality evaluation indicate that the effect of the quality of the 
surrounding ground water on the quality of Vadnais Lake probably was small. Ground water that discharged to the lake 
generally had lower concentrations of calcium, magnesium, bicarbonate, and total dissolved solids than the lake. The 
mixing of ground water with the lake slightly diluted the lake with respect to these constituents.

Introduction
Vadnais Lake is located in northern Ramsey County, 

Minnesota. The lake is managed by the St Paul Water 
Utility (SPWU) for storage of municipal water supplies 
that are provided to residents of St. Paul and surrounding 
communities. In recent years drinking water supplied 
from Vadnais Lake has had unpleasant tastes and odors 
during spring and summer because of algal blooms. 
These problems probably are linked to eutrophication of

Vadnais Lake. Phosphorus loading to Vadnais Lake is a 
particular concern of the SPWU because enrichment of 
the lake in this nutrient has created conditions potentially 
favorable for the growth of algae.

During 1989-90, in an effort to better define the source 
of phosphorus to the lake, the U.S. Geological Survey, in 
cooperation with the SPWU and the Vadnais Lake Area 
Watershed Management Organization (VLAWMO), 
studied the role of ground water on the quality of Vadnais



Lake, particularly with regard to phosphorus levels. The 
location of the study area is shown in figure 1.

Identification of the sources of phosphorus will be 
necessary to determine effective control measures to limit 
this nutrient During wet years surface-water drainage 
from a chain of lakes north of Vadnais Lake and from 
Lambert Creek watershed (fig. 2), which extends over 
approximately a 20 square-mile area east of the lake, is 
known to transport large amounts of phosphorus to the 
lake. Ground-water discharge from local flow systems 
around the lake and from regional flow systems that 
originate in upstream areas of Lambert Creek watershed 
is another potential source of phosphorus.

Purpose and Scope
This report describes (1) the hydrogeology of surficial 

sand and gravel deposits that surround and underlie 
Vadnais Lake and that extend throughout much of 
Lambert Creek watershed, (2) the quality of ground water 
in these deposits, and (3) the interaction of Vadnais Lake 
with ground water, particularly the potential effects of this 
interaction on the quality of Vadnais Lake.

Water-quality and hydrogeologic data were obtained 
from 17 monitoring wells in surficial sand and gravel 
deposits at sites around Vadnais Lake and in Lambert 
Creek watershed (fig. 3). Water-level data from these 
wells were interpreted to define ground-water flow 
directions and hydraulic gradients between the lake and 
surrounding water table. Hydraulic tests were performed 
on five of the monitoring wells and in four temporary 
piezometers that were hand-driven into the lakebed to 
estimate hydraulic conductivity. Minipiezometer 
measurements were made at 12 near-shore locations of 
the lakebed to define the hydraulic gradient between the 
lake and underlying ground water. Seepage rates between 
the lake and ground water were estimated from the 
hydraulic conductivities and gradients.

Previous Studies
The Minnesota Geological Survey has published maps 

that show the surficial and bedrock geology and 
configuration of the top of the bedrock in the 
Minneapolis-St. Paul urban area (Meyer, 1985; and 
Bloomgren, 1985). A review of the regional hydrology of 
the Twin Cities Metropolitan Area (Norvitch and others, 
1974) contains a thorough and informative discussion of 
the ground-water system. Schoenberg (1990) evaluated 
the effects of present and projected ground-water 
withdrawals on aquifers in the Twin Cities area.

A site-specific hydrogeologic study of the area around 
Vadnais Lake was conducted by Liesch (1980) for the

SPWU to evaluate the feasibility of construction of a new 
water-supply well in the Prairie du Chien-Jordan aquifer. 
This report includes information about the potentiometric 
surface, ground-water flow directions, and recharge areas 
in the glacial-drift aquifers.

The effects of channelization in the wetlands of 
Lambert Creek watershed on the streamflow 
characteristics of Lambert Creek and on the loadings of 
total suspended solids, total phosphorus, and total 
nitrogen in Lambert Creek were studied by Brown 
(1988). Walker described runoff and nutrient loadings 
from wetlands in Lambert Creek watershed in a series of 
reports prepared for the SPWU (1985; 1986; 1987; and 
1988).

Osgood (1988) summarized the quality of 118 Twin 
Cities metropolitan lakes, including Vadnais Lake, on the 
basis of chemical, physical, and biological data that were 
collected from 1980 to 1987. Walker (1990) summarized 
the results of water-quality data collected from Vadnais 
Lake and from Lambert Creek since 1984 and discussed 
in detail the phosphorus budget of the lake.

Environmental Setting
The climate in the study area is continental. Summers 

generally are subhumid and mild, and winters are long 
and severe. Daily summer temperatures generally range 
from 55° to 85°F, and daily winter temperatures range 
from 3° to 26°R Average annual precipitation for the 
Twin Cities Metropolitan Area is about 30 inches. Sixty 
percent of the precipitation is rainfall that occurs during 
May through September (Kuehnast and others, 1975). A 
generalized estimate of evapotranspiration for the Twin 
Cities Metropolitan Area is 22.5 inches (Norvitch and 
others, 1974).

The SPWU owns and manages the land surrounding 
Vadnais Lake. The northern, eastern, and southern sides 
of the lake are forested. The western side of the lake 
borders a public road that provides public access for 
shoreline fishing. Lambert Creek flows through an 
urbanized watershed. Residential development and 
some light industry and small businesses border wetlands 
along the stream channel.

Vadnais Lake receives about 97 to 98 percent of its 
surface-water inflow from Sucker Creek, which flows 
into the northern end of the lake. The amount of flow in 
this creek is controlled by the SPWU, which uses this 
creek as a conduit to carry water withdrawals, principally 
from the Mississippi River, for municipal supply. These 
withdrawals are routed through a chain of lakes located 
north of Vadnais Lake that drain into Sucker Creek (fig. 
2). Additional surface-water inflow to Vadnais Lake is
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Figure 3.--Monitoring well locations, location of core samples from the wetlands, and 
location of minipiezometer sampling sites, in the Lambert Creek watershed study area.



from Lambert Creek watershed; however, this drainage is 
significantly smaller than the inflow from Sucker Creek. 
During April to September in 1988 and 1989, inflow to 
Vadnais Lake from Lambert Creek was about one percent 
of the inflow from Sucker Creek. About 97 percent of the 
water that leaves Vadnais Lake is withdrawn by the 
SPWU for municipal supply. Precipitation and 
evaporation are small in comparison to both the inflow 
from Sucker Creek and withdrawals by the SI WU (table 
1).

Table 1 .-Surface components of water budget for
Vadnais Lake during warm weather periods of

1988 and 1989 (data from Walker, 1990)

1988 1989
April - April -

September September

INFLOW COMPONENTS

Sucker Creek 1,415 1,261 

Lambert Creek 8.8 17

Vadnais Creek 1.4 0.7 
(gaged)

Vadnais Creek 0.7 2.1 
(ungaged)

Precipitation 23 19.8 

TOTAL INFLOW 1,448.9 1,300.6 

OUTFLOW COMPONENTS

Withdrawals by St. 1,388 1,226 
Paul Water Utility

Evaporation 42 37

TOTAL 1,430 1,263 
OUTFLOW

NET RETENTION 18.9 37.6

The phosphorus load concentration to Vadnais Lake 
from surface-water inflow is influenced by climatic 
factors and the amount of this nutrient in the Mississippi 
River. The annual total load of phosphorus to Vadnais 
Lake during the period 1984 to 1989 ranged from about 
2,250x 103 to3,160x 103 kilograms (Walker, 1990). The 
amount of this phosphorus retained in the water column 
or in the bottom sediments ranged from 27 to 54 percent 
Inflow from Sucker Creek is the source of approximately

two-thirds of this phosphorus, and runoff from Lambert 
Creek and some smaller local watersheds are the source 
of the remainder. During dry years (1987-89), when 
runoff from Lambert Creek was insignificant, the 
phosphorus load from this watershed also was 
insignificant.

Methods of Investigation
Hydrogeologic data were collected during the drilling 

of the boreholes used to install the monitoring wells (fig. 
3). Holes were drilled with 6-inch hollow-stem augers. 
Geologic descriptions of the surficial glacial drift were 
recorded at each drilling site based on examination of the 
borehole cuttings (Supplemental Information Section, 
table 7). Additionally, geologic descriptions of the bed 
materials in Vadnais Lake were made from inspection of 
three cores that ranged in length from four to six feet (fig. 
3) (Supplemental Information Section, table 8).

The horizontal hydraulic conductivity of the sand and 
gravel deposits along the shoreline of Vadnais Lake was 
estimated from the results of slug tests performed on 
monitoring wells A, B, C, E, and G (fig. 3). The 
procedures used to do these tests involved a quick 
addition of water to the wells followed by measurement 
of the rate of water-level decline with a pressure 
transducer. The slug test data were analyzed by the 
methods described by Bouwer and Rice (1976) and 
Bouwer (1989).

Descriptions of the thickness, color, texture, and 
organic content of peat deposits in Lambert Creek 
watershed wetlands were made from cores collected from 
three sites each on Goose Lake, Sobota Slough, and Rice 
Lake (fig. 3) (Supplemental Information Section, table 9). 
A total of nine cores were collected along two sides and 
near the center of each wetland. The cores extended from 
the frozen upper surface of the peat, or in open-water sites 
from the mucky bottom of the lakebed, down to the 
underlying mineral deposits (except in cores 2,4, and 9, 
which terminated in organic material). The cores were 
logged and samples were collected from the cores at the 
top and at depths of one and two meters below the top for 
nutrient analysis at the U.S. Geological Survey water- 
quality laboratory. A sample from a core collected at 
Goose Lake was delivered to the University of Minnesota 
Limnological Research Center for analysis to determine 
the age of the sediments based on pollen dating.

A synoptic measurement of water-levels in wells, 
surface-water bodies, and wetlands was conducted in 
October 1990 to determine water-table elevations in the 
study area. Surface-water elevations in the ponds, 
wetlands and Lambert Creek were determined by 
elevation surveys completed from established



benchmarks. These potentiometric surface data were 
interpreted to define lateral, near-surface ground-water- 
flow directions, and the relation of the level of Vadnais 
Lake to the surrounding water table. The hydraulic 
gradient between the lake and ground water combined 
with the estimated hydraulic conductivity of the sand and 
gravel deposits beneath and around the lake were 
analyzed to estimate the seepage into and out of the lake.

The vertical hydraulic gradient between Vadnais Lake 
and ground water in the underlying lakebed was 
measured using a hydraulic potentiomanometer 
(minipiezometer). The minipiezometer is a manometer 
attached by water-tight flexible tubing to a screened- 
tipped probe that can be hand-driven into bed materials of 
surface-water bodies (Winter and others, 1988). The 
minipiezometer was pushed approximately two feet into 
the bed of Vadnais Lake at distances of 15 to 25 feet from 
shore at 12 sites (fig. 3).

The hydraulic conductivity of the lakebed was 
estimated by both variable- and constant-head tests (Lee 
and Cherry, 1978) at four lakebed sites. The variable- 
head tests were performed on temporary piezometers by 
the same methods used on the permanent monitoring 
wells. The temporary piezometers consisted of short 
lengths of 1.25-inch inside diameter steel pipe attached to 
6-inch long drive-point screens. The temporary 
piezometers were installed at minipiezometer sites 1,4,6, 
and 9 (fig. 3). The constant-head tests were performed at 
the same sites as the variable-head tests with a 3-foot 
length of 0.5-inch inside diameter hard plastic tubing that 
was perforated along 6 inches of one end. The perforated 
end was wrapped with nylon mesh and inserted 
approximately 2 feet into the lakebed. The other end, 
which protruded into the lake, was attached to a large 
balloon filled with a known volume of water. The change 
in the volume of water, which either increased or 
decreased depending on the hydraulic gradient, was 
measured during two or three time periods that ranged 
from 2 to 40 minutes. The volume of water in the balloon 
was never permitted to become large enough to stretch the 
balloon and create back pressure. The calculations used 
to compute the estimates of hydraulic conductivity were 
done using equations derived by Hvorslev (1951).

Approximately 40 ground-water samples were 
collected from the 17 monitoring wells and processed in 
the field according to standard procedures (Mark Have 
and Lan Tornes, U. S. Geological Survey, written 
commun., 1985) and then analyzed at the U.S. Geological 
Survey's National Water-Quality Laboratory (NWQL) to 
determine concentrations of nutrients, major 
constituents, selected minor constituents, and volatile 
organic compounds. Field analyses of the samples were

done to measure specific conductance, pH, temperature, 
dissolved oxygen, and alkalinity. Additionally, four 
ground-water samples were collected at minipiezometer 
sites 1,3,6, and 9 and analyzed for total phosphorus and 
dissolved ortho-phosphate by the water-quality 
laboratory operated by the SPWU. Two duplicate 
samples were sent to the U.S. Geological Survey NWQL 
where concentrations of total phosphorus and dissolved 
ortho-phosphate were measured and compared to the 
results reported by the SPWU laboratory to verify quality 
assurance.

Hydrogeology
Bedrock underlies unconsolidated-glacial drift and 

post-glacial organic and beach deposits that form the 
present land surface in the study area. The depth to the 
bedrock ranges from 40 feet in an area about one mile east 
of the northern half of Vadnais Lake to 300 feet in the 
southwestern part of the study area (fig. 4). The bedrock 
units, from oldest to youngest, are the Prairie du Chien 
Group, St. Peter Sandstone, and the Glenwood and 
Platteville Formations (fig. 5).

The Prairie du Chien Group consists of two dolomitic 
formations that are interbedded with layers of shale. The 
St. Peter Sandstone consists of fine- to medium-grained 
quartzose sandstone and a basal siltstone bed in the Twin 
Cities area. The Glenwood Formation is predominantly 
shale with some argillaceous sandstone, and the 
Platteville Formation is a dolomitic limestone that 
contains some shale layers.

The drift was deposited by the Des Moines lobe during 
the Wisconsin glaciation, which ended approximately 
10,000 years ago. It mostly consists of till, which is an 
unstratified, unsorted mixture of clay, silt, sand, gravel, 
and boulders (fig. 6). Lacustrine deposits of mostly sand 
and silt with interbedded layers of silty clay are also part 
of the drift. (Most of the monitoring wells installed for 
this study were completed in these lacustrine deposits.) 
Ice-contact deposits, also of glacial origin, mostly are 
present along the shoreline of Vadnais Lake. These 
deposits mainly consist of sand and gravel mixed with till 
and silt.

Organic deposits in wetlands along Lambert Creek 
commonly are present in the eastern part of the study area 
(fig. 6). These deposits accumulated in poorly drained 
areas to form peat. The thickness of the peat ranges from 
about 10 to 25 feet (Supplemental Information Section, 
table 9). The age of the organic deposits, based on pollen 
analysis of a core sample from peat sediments in the 
bottom of the western part of Goose Lake, is 5,000 to 
9,000 years (Linda C.K. Shane, Limnological Research 
Center, written commun., 1990). During the first half of
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Figure 4.- Thickness of unconsolidated-glacial and post-glacial deposits 
in the Vadnais Lake and Lambert Creek watershed study area.
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this century some of the wetland areas were drained and 
filled with artificial materials.

Hydraulic Properties
The surficial glacial-drift materials in the study area 

that transmit ground water most readily are the outwash, 
ice-contact, and lacustrine deposits that mostly consist of 
sand and gravel. The till generally does not transmit 
much water and commonly acts as a confining unit. The 
hydraulic conductivities of the lacustrine sand and gravel 
deposits, estimated from slug tests on monitoring wells B, 
C, E, and G, ranged from 0.45 ft/day (feet per day) 
(monitoring well E) to 11 ft/day (monitoring well G). 
These estimates typify the lower range of hydraulic 
conductivities measured in silty sand (Freeze and Cherry, 
1979, p. 29). Monitoring well E is located very near the 
contact of lacustrine sand and glacial till. The low 
hydraulic conductivity of monitoring well E was possibly 
due to the presence of till in the material immediately 
surrounding the well screen. The log for monitoring well 
E indicates the presence of clay from a depth of 6 feet to 
the bottom of the well (Supplemental Information 
Section, table 7).

Although no field data are available to estimate 
hydraulic conductivity of the glacial till, values in the 
literature provide a basis for estimation. The hydraulic 
conductivity of glacial till ranges from approximately 
10'7 to 10'1 ft/day (Freeze and Cherry, 1979, p. 29). The 
hydraulic conductivity of till depends on the grain size 
variability; poorly sorted till has low hydraulic 
conductivity. Data from the logs of several test holes in 
the till indicate that these deposits are poorly sorted and 
are predominantly composed of clay and silt; hence the 
conductivity of these deposits is likely to be in the lower 
part of the range given above.

The permeability of organic deposits in peatlands is 
highly variable. The hydraulic conductivity of North 
American peatlands ranges from less than 3.4 x 10~2 to as 
much as 4.25 ft/day, depending on the degree of 
decomposition of the organic material (Verry and Boelter, 
1979). Fibrous peat in the early stages of decomposition 
is similar in permeability to a low productivity aquifer, 
such as a silty-sand formation, which exhibits hydraulic 
conductivity within the range of 10"2 to 102 ft/day. 
Because decomposition of organic matter generally 
increases with depth, the hydraulic conductivity tends to 
decrease with depth. Cores from peat in wetlands of the 
study area indicated that the organic material in the upper 
5 feet generally is slightly fibrous and that it is less fibrous 
and progressively more decomposed with depth. 
Ground-water flow through the wetlands, therefore, is 
likely to be predominantly in the upper few feet

The bedrock units that underlie the study area act as 
both aquifers and confining units on a regional scale. The 
Glenwood and Platteville Formations are confining units, 
although solution cavities and fractures in the limestone 
of the Platteville Formation yield small quantities of 
water to wells in some areas. The St. Peter Sandstone and 
Prairie du Chien Group are both aquifers; however, the 
Prairie du Chien Group is a more significant source of 
ground water.

Ground-Water Flow
Water-table elevation data collected in October 1990 

show a decrease of approximately 53 feet between Goose 
Lake, in the eastern pan of the study area, and monitoring 
well H in the southwestern part. This decrease in water- 
table elevation represents a hydraulic gradient of 
approximately 12 ft/mi (feet per mile) across the study 
area. These water-table elevation data indicate that the 
direction of shallow ground-water movement through the 
surficial glacial and peat deposits in the study area was 
generally southwest toward Vadnais Lake (fig. 7). A 
depression in the water table along the northeastern side 
of Vadnais Lake, however, indicates a local reversal to 
this direction of flow. The cause of this depression was 
undetermined. Water-table levels were below the lake 
surface on the northeastern side of the lake where 
monitoring wells D and E are located. The water-level 
data from these wells show that seepage from the 
northeastern side of the lake was east to northeast towards 
the water-table depression.

Water-level data collected from nested wells at sites N 
and O indicate that the direction of vertical ground-water 
flow in the surficial drift at these sites was downward 
(Supplemental Information Section, fig. 26 and 27). 
Water-level data collected from these wells show a 
decline in hydraulic head of about 15 feet from screened 
depths of 9 feet to 32 feet, respectively, for monitoring 
wells N (shallow) and N (deep), and a decline of about 2 
to 4 feet from screened depths of 6 feet to 48 feet, 
respectively, for monitoring wells O (shallow) and O 
(deep).

The water-table elevation data provide a basis to 
estimate local ground-water-flow directions and to gain 
some insight about the interaction between ground water 
in the glacial drift and water in adjacent wetlands. Water- 
table elevations in the monitoring wells were about 
several tenths of a foot to as much as one foot higher than 
point measurements of the water-table surface elevation 
in adjacent wetlands (fig. 7). These data indicate that 
ground water discharged into the wetlands from 
surrounding glacial deposits. The regional ground-water 
flow direction in the study area indicates that ground
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Figure 7.--Water-tab!e surface and ground-water flow directions in glacial and post-glacial 
deposits in the Vadnais Lake and Lambert Creek watershed study area, October 1990.
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water moved from upgradient to downgradient wetlands 
through glacial drift that separates the wetlands.

Most of the surface and near-surface water in the 
wetlands probably drains into Lambert Creek, which is an 
excavated channel that drains surface runoff from the 
wetlands. Ground-water flow in the wetlands, therefore, 
probably constitutes a series of local, multi-directional 
flow systems that are likely to include reversals to the 
southwest flow direction. Some water in the wetlands 
possibly percolates into the ground-water and moves 
several miles from the wetlands through regional flow 
systems. Wetlands with large storage capacities typically 
reduce surface runoff because water that otherwise 
contributes to surface runoff is redirected into 
evapotranspiration or ground-water recharge.

Channelization of Lambert Creek has reduced the 
storage capacity of the wetlands drained by this creek 
(Brown, 1988); therefore, the capability of these wetlands 
to retain overland runoff following storm and snowmelt is 
reduced. Large storms, particularly if they occur when 
antecedent moisture conditions are high, are potentially 
significant sources of the discharge from these wetlands 
during a typical year. Walker (1990) reported that 51 
percent of the total runoff from Lambert Creek watershed 
in 1989 was from snowmelt and rainfall that occurred 
during approximately a three-week period in early spring. 
Ground-water discharge to these wetlands is the source of 
baseflow in Lambert Creek during dry periods.

Wetlands that exhibit the hydrologic features of those 
in the study area are ground-water-slope wetlands 
(Novitzki, 1979). These wetlands form in depressions 
that intersect the surrounding water table. The 
distinguishing characteristics of these wetlands are 
continuous ground-water inflow and sufficient surface- 
water drainage that prevents or limits the build-up of 
open-water ponds. Wetlands of this type are common in 
the headwaters area of watersheds, which is the case for 
those wetlands in the upstream part of Lambert Creek 
watershed.

Quality of Ground Water in 
Glacial Deposits

The quality of the ground water in the study area 
potentially affects the quality of Vadnais Lake. This 
evaluation addresses the suitability of the ground water 
for drinking because the lake is used for storage of 
municipal water supply. This evaluation also focuses on 
the nutrient content of the ground water because of the 
impact of elevated phosphorus levels on the growth of 
algae in Vadnais Lake.

Physical and Chemical Properties
Specific conductance, commonly expressed in 

microsiemens per centimeter (jiS/cm) at 25° C, measures 
the capacity of water to conduct an electrical current. 
This property depends on the concentrations of dissolved 
ions. Because nearly all major and minor dissolved 
constituents in ground water are in ionic form, specific 
conductance generally indicates the total dissolved solids 
content The specific conductance of ground water 
typically ranges from tens of fiS/cm in shallow ground 
water recharged by fresh rain water to several hundreds of 
thousands of (iS/cm in highly saline brines generally 
found in the deep zones of the ground-water system.

High specific conductances were measured in water 
from monitoring wells F, H, I, K, N (deep), N (shallow), 
and O (shallow) (table 2). Values exceeded the 95th 
percentile for specific conductance (835 p.S/cm) 
determined from a state-wide analysis of water-quality 
data for shallow glacial-drift aquifers (Ruhl, 1987). 
These high values indicate that the water contained large 
amounts of dissolved ions. The sums of the dissolved 
constituents in the water, expressed as the dissolved 
solids in table 3, generally correlated with the specific 
conductances reported in table 2. Water with the highest 
dissolved solids was collected from monitoring well K, 
where sodium and chloride ions were present at 
concentrations that were generally an order of magnitude 
greater than values measured in water from the other 
monitoring wells. Monitoring well K is within 50 feet of 
the intersection of two roads that probably have been 
treated with road salt during snow and ice conditions. 
These applications of road salt are a potential source of 
sodium and chloride.

The pH is a measure of the hydrogen-ion activity and 
defines the acidity of a solution. The pH of natural waters 
is a useful indicator of the equilibrium status of reactions 
in the water. Most ground water has a pH in the range of 
6.0to8.5. Criteria established by the U. S. Environmental 
Protection Agency (USEPA) for drinkjif: water is 6.5 to 
8.5 (USEPA, 1988a). The data in table 2 show that the pH 
measured in water from monitoring wells in the study 
area generally met these criteria, which represent 
secondary maximum contaminant levels tha I are intended 
to be used as guidelines rather than enforceable standards. 
(Secondary contaminants affect aesthetic properties, such 
as taste and odor of water rather than human health). The 
values of pH were at the lower limit in water from 
monitoring wells C and H and slightly above the upper 
limit in water from monitoring well J.

Alkalinity is the capacity of water to neutralize acid. 
This property is attributed mostly to the concentration of 
bicarbonate, and it is commonly reported as an equivalent
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Table 2.--Field-measured water-quality properties and other data for ground-water samples collected from 
monitoring wells around Vadnais Lake and in Lambert Creek watershed study area

[mg/L, milligrams per liter; nS/cm, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius;
-, not determined; <, less than]

Site 
(see figure 3)

WELL A

WELLB

WELLC

WELLD

WELLE

WELLF

WELLG

WELLH

WELL I

WELLJ

WELLK

WELLL

WELLM

WELLN(shaUow)

WELL N (deep)

WELL O (shallow)

WELL O (deep)

Station name

Q30N22W30BABA

030N22W30BADC

Q30N22W30ABAC

030N22W30DAD

030N22W32BAC

Q30N22W32BADA

Q30N22W31ACDB

Q30N22W31DCBB

Q30N22W29DBDD

030N22W29DDAC

Q30N22W28BAAA

030N22W22DBB

030N22W22DBB

030N22W22ABD

030N22W22ABD

Q30N22W23BBC

Q30N22W23BBC

Date 
sampled

08-31-89
05-31-90
02-06-91

08-24-89
06-01-90
02-12-91

06-01-90
02-06-91

~

08-24-89
06-06-90
02-06-91

06-08-90
02-12-91

08-31-89
06-06-90
01-18-91

08-31-89
05-30-90
02-12-91

08-24-89
05-31-90
01-18-91

08-24-89
05-31-90

08-24-89
05-30-90
01-18-91
01-18-91

09-10-90
09-13-90

09-11-90

09-11-90
01-18-91

09-11-90

09-13-90

09-10-90
02-12-91

Depth below 
land surface 
(water level) 

(feet)

9.0
8.1
8.5

7.8
5.9
7.0

4.9
4.6

-

9.0
8.8
9.2

33.4
33.5

9.4
9.4
9.3

15.3
17.2
17.3

7.2
6.9
6.8

9.5
9.1

11.0
9.8

10.7
9.1

20.6
--

0.6

7.6
8.5

24.5

5.9

8.6
9.2

Specific 
conductance 

(US/cm)

327
371
371

289
183
258

235
325

-

463
454
490

925
1,325

685
773

~

1,490
1,660
1,520

753
1,026
1,045

355
416

2,100
2,260

325
516

735
762

316

1,236
1,190

889

915

111
781

pH 
(standard 

units)

7.2
7.4
7.3

7.4
7.4
7.4

6.6
6.5

-

8.1
7.5
7.5

7.8
7.4

6.8
7.1
7.0

6.2
6.4
6.6

6.8
7.0
6.7

8.6
8.9

7.2
7.1
6.9
8.6

8.2
8.0

8.3

7.4
7.0

7.9

8.3

7.3
7.0

Water Oxygen, 
temperature dissolved 

(°C) (mg/L)

11.6
7.8 1.6
7.8

14.2
9.9 7.2
5.0

12.2 2.9
5.1

 

16.3
9.3 .7
9.4

11.0
9.3

11.9
8.8 <.l
8.2

11.9
10.2 1.3
9.6

16.5
10.7 <.l
6.9

12.2
9.1 3.3

12.4
10.0 3.4
10.0
8.7

-
~

-

..

7.3

~

~

-

8.9

Alkalinity 
(mg/L as 
CaCO3)

142
109
109

76
27
77

77
121

--

 

235
214

394
345

322
362
-

620
-

642

410
499
-

147
148

269
252
-
~

 
--

~

~
-

-

-

~

319

14



Table 3.--Major and minor constituents in ground-water samples collected from monitoring wells around 
Vadnais Lake and in Lambert Creek watershed study area

[mg/L, milligrams per liter; (ig/L, micrograms per liter; -, not determined; <, less than]

Site 
(see figure 3)

WELL A

WELLB

WELLC

WELLD

WELLE

WELLF

WELLG

WELLH

WELL I

WELLJ

WELLK

WELLL

WELLM

WELL N (shallow)

WELL N (deep)

WELL O (shallow)

WELL 0 (deep)

Date

08-31-89

05-31-90

02-06-91

08-24-89

06-01-90

02-12-91

06-01-90

02-06-91

-

06-06-90

02-06-91

06-08-90

02-12-91

08-31-89

06-06-90

08-31-89

05-30-90

02-12-91

08-24-89

05-31-90

08-24-89

05-31-90

08-24-89

05-30-90

09-10-90

09-13-90

02-12-91

09-11-90

09-11-90

09-11-90

09-13-90

09-10-90 
02-12-91

Hardness 
(mg/L as 
CaC03)

130
130

--

130

61
~

68
-

~

230
~

500
-

380

400

540
-

~

400
570

140
160

190

240

370

360
~

160

550

110

170

250

Calcium, 
dissolved 

(mg/L as Ca)

40
36
~

37

17
~

17
~

~

60
~

120
~

87

92

140
-

-

110

160

41
46

60

74

100

100
--

44

160

30

41

66

Magnesium, 
dissolved 

(mg/L as Mg)

8.3
9.3
~

8.2

4.4
~

6.1
-

~

19
~

48
-

40

42

47
-

~

31
41

8.7
10

10

14

29

28
~

11

37

8.8

16

21

Sodium, 
dissolved 
(mg/L as

Na)

16
24
-

7.0

5.0
~

10
~

~

7.4
-

51
~

12

12

120
~

~

2.5
2.4

5.5

5.5

370

390

15

15
--

6.4

42

150

130

59

Potassium, 
dissolved 

(mg/L as K)

1.3

1.2
~

2.1

1.4
~

2.5
-

-

.90
--

2.1
~

1.4

1.2

1.1
-

-

3.0

2.8

22
23

2.3

1.8

1.2

1.2
-

1.7

2.5

3.9

15

3.8

Bicarbonate, 
(mg/L as 
HC03)

173
133

133

93

33

94

94
148

~

287
261

481

421

393

442

756
-

783

500

609

173
158

328

307

~

-

249

~

~

~

~

389

Carbonate, 
(mg/LasCO3)

0
0

0

0

0

0

0
0

-

0
0

0

0

0

0

0
-
0

0
0

3

11

0

0

«
-
0

~
~
"
-

0
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Table 3.--Major and minor constituents in ground-water samples collected from monitoring wells around Vadnais
Lake and in Lambert Creek watershed study area-Continued

Site 
(see fig. 3)

WELL A

WELLB

WELLC

WELLD

WELLE

WELLF

WELLG

WELLH

WELL I

WELLJ

WELLK

WELLL .

WELLM

WELLN(shaUow)

WELL N (deep)

WELL O (shallow)

WELL O (deep)

Date

08-31-89

05-31-90

02-06-91

08-24-89

06-01-90

02-12-91

06-01-90

02-06-91

-

06-06-90

02-06-91

06-08-90

02-12-91

08-31-89

06-06-90

08-31-89

05-30-90

02-12-91

08-24-89

05-31-90

08-24-89

05-31-90

08-24-89

05-30-90

09-10-90

09-13-90

02-12-91

09-11-90

09-11-90

09-11-90

09-13-90

09-10-90

02-12-91

Sulfate, 
dissolved 
(mg/Las 

S04)

6.0

5.7
~

65

38
-

18
~

-

1.3
-

95
-

52

48

17
-

~

20

90

11

10

29

24

210

200
~

1.7

71

<1.0

15

2.3
~

Chloride, 
dissolved 
(mg/Las 

d)

8.3

48
-

6.8

6.5
~

13
~

-

13
-

110
~

17

18

160

150
-

1.3

7.3

13

33

480

580

8.2

10
-

6.4

110

67

71

65
~

Silica, 
Fluoride, dissolved 
dissolved (mg/L as 

(mg/L as F) SiOj)

0.1 20

<.l 16
~

19

<.l 20
-

<.l 8.9
~

-

.4 26
--

<.l 27
-

.1 27

<.l 26

.2 64
 

~

.2 33

.1 29

.1 25

<.l 23

.2 14

<.l 14

.4 30

.2 28
-

.4 27

.6 27

.2 25

.1 8.3

.5 35
~

Solids 
dissolved sum 

of 
constituents 

(mg/L)

185

206
-

191

109
~

122
-

-

269
-

690
~

430

457

921
-

~

447

632

214

239

1,130

1,250

~

-

-

~

~

~

-

~

-

Iron, 
dissolved 
(u,g/Las 

Fe)

9

22

130

13

54

-

39

11

270

280

8,300

2,400

1,100

5

<3

20

20

8

5

53

3,100

1,800

28

5,300
-

Manganese, 
dissolved 

(u,g/L as Mn)

390

170

1,400

150

290

~

91

880

1,100

670

7,600

2,000

2,700

14

3

140

30

34

33

760

1,100

110

360

320
~
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concentration of calcium carbonate. Ground water in 
glacial deposits that were transported into Minnesota by 
glaciers from the northwest and deposited across much of 
the western and central parts of the state tend to be slightly 
alkaline. These glacial materials contain abundant 
calcareous minerals that are sources of alkalinity. The 
median alkalinity determined from analyses of water 
from shallow glacial-drift wells throughout Minnesota is 
200 mg/L (Ruhl, 1987).

Data from this study shows that alkalinity was higher 
than the state-wide median in water from 8 of 12 
monitoring wells (table 2). The highest alkalinities, 
which were measured in water from monitoring well H, 
were slightly more than 3 times the state-wide median. 
The generally elevated alkalinities reflect the origin of the 
glacial drift in the study area, which is predominantly 
calcareous-rich material from the northwest.

Information about equilibrium conditions in natural 
water can be gained from measurement of the tendency of 
water to oxidize or to reduce dissolved ions, which is a 
property of the water that reflects its oxidation-reduction 
potential. Although the oxidation-reduction potential 
was not measured directly in this study, the dissolved 
oxygen concentration, which is an indirect measure of 
this property (Freeze and Cherry, 1979, p. 141), was 
measured. Oxidizing conditions appeared to be prevalent 
in the ground water. The dissolved oxygen concentration 
was as high as 7.2 mg/L in water collected from seven 
monitoring wells where measurable amounts were 
determined (table 2). Oxidation of many types of reduced 
constituents is possible in ground water with dissolved 
oxygen concentrations as low as 0.01 mg/L (Freeze and 
Cherry, 1979, p. 140).

The hardness of water, which affects its aesthetic value 
for household use, is defined as the capacity to consume 
soap. The ions that react with soap to form insoluble 
compounds are mostly calcium and magnesium. Because 
hardness depends on more than one constituent, this 
property is expressed as an equivalent concentration of 
calcium carbonate. A commonly used hardness 
classification scheme defines very hard water to be more 
than 180 mg/L, hard water to be in the range of 121 to 180 
mg/L, moderately hard water to be in the range of 61 to 
120 mg/L, and soft water to be less than 61 mg/L (Durfor 
and Becker, 1964, p. 27). The data in table 3 shows that 
the ground water generally was hard to very hard.

Major and Minor Constituents
The major constituents in natural water, except silica 

(SiO^, are in ionic form. The dominant dissolved 
constituents in the shallow glacial-drift ground-water 
system in most of Minnesota are sodium (Na),

magnesium (Mg), calcium (Ca), chloride (Cl), sulfate 
(SO4), and bicarbonate (HCO3); minor constituents 
include carbonate (CO3), fluoride (F), potassium (K), iron 
(Fe), and manganese (Mn) (Ruhl, 1987; Winter, 1974). In 
the United States, the concentrations of the major 
constituents listed above generally exceed 5 mg/L, and 
the concentrations of minor constituents commonly are in 
the range of 0.01 to 10 mg/L (Davis and De Wiest, 1966).

The dominant ions in most of the ground water samples 
analyzed in this study were calcium, magnesium, and 
bicarbonate. Figure 8 shows the proportions of major 
ions in the ground-water samples. Each site identifier in 
the Piper diagram defines the proportion of major cations 
and anions in the ground-water sample as a percentage of 
the total milliequivalents of cations and anions. The 
percentage distribution determines the water type. Most 
of the monitoring well-site identifiers in the Piper 
diagram are in the left sector, which represents calcium 
bicarbonate type water. Water from monitoring well L in 
the upper sector was a calcium sulfate type water, and 
water from monitoring well B was a border-line-type 
between calcium sulfate and calcium bicarbonate. Water 
from well K in the right sector was a sodium chloride type 
water. Water from wells O (shallow) and N (deep) in the 
bottom sector were sodium potassium bicarbonate type 
water.

Water from monitoring wells (A, B, C, E, F, G and H), 
which surround Vadnais Lake, was calcium bicarbonate 
type water, except water from monitoring well B, which 
was borderline calcium bicarbonate type water. Types 
other than calcium bicarbonate were collected from 
monitoring wells L, K, O (shallow), and N (deep), which 
are located away from the lake in the upstream part of 
Lambert Creek watershed. These data indicate that the 
ground water that discharged into or received recharge 
from Vadnais Lake was calcium bicarbonate type water.

Sulfate and chloride are the only major constituents 
with established drinking water criteria, which is 250 
mg/L (USEPA, 1988a). These criteria are secondary 
maximum contaminant levels. Both sulfate and chloride 
concentrations in the ground-water samples were below 
their respective criteria, except for the chloride 
concentrations of 480 and 580 mg/L measured in water 
from monitoring well K, where road salt is a possible 
source of sodium chloride (table 3).

S econdary contaminant levels of 300 and 50 (4g/L have 
been established for the minor constituents iron and 
manganese, respectively (USEPA, 1988a). The 
concentrations of these constituents in water from many 
of the monitoring wells (5 of 16 for iron and 14 of 16 for 
manganese) exceeded their respective secondary 
maximum contaminant levels (table 3). These
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CALCIUM CHLORIDE
_PERCENT _ 

(in milliequivalents per liter)

EXPLANATION

Diagram shows water types of individual 
samples identified by monitoring well 
letter designation shown in figure 3.

-S Indicates a shallow well

-D Indicates a deep well

Figure 8.--Percentage distribution of major ions in ground water from monitoring wells 
in the Vadnais Lake and Lambert Creek watershed study area.
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concentrations of iron and manganese are common in 
shallow glacial-drift aquifers throughout Minnesota 
(Ruhl, 1987).

Volatile Organic Compounds
Volatile organic compounds were analyzed in water 

from monitoring wells B, H, I, and K. The presence of 
these compounds in ground water, even at very low 
concentrations, indicates contamination. Maximum 
contaminant levels have been established for only a small 
fraction of all the organic compounds in the environment 
(USEPA, 1988b). Many of these compounds are 
synthetic. The primary maximum contaminant levels 
established for organic compounds are health-based, 
enforceable standards.

The concentrations of all the organic compounds 
analyzed in this study were below the detection limit of 3 
Hg/L. About one-third of these organic compounds have 
established primary maximum contaminant levels 
(USEPA, 1988b). (The detection limit of 3 pg/L was 
below these respective maximum contaminant levels.) 
The analyzed compounds are listed as follows: 
methylchloride, methylene chloride, chloroform, carbon 
tetrachloride, methylbromide, bromoform, 
dichlorobromomethane, chlorodibromomethane, 
trichlorofluoromethane, dichlorodifluoromethane, 
chloroethane, 1,1-dichloroethane, 1,2-dichloroethane, 
1,1,1-trichloroethane, 1,1,2-trichloroethane, 1,1,2,2- 
tetrachloroethane, 1,2-dibromoethane, vinyl chloride, 
1,1 -dichloroethylene, trichloroethylene, 
tetrachloroethylene, 1,2-dichloropropane, trans-1,3- 
dichloropropene, cis-l,3-dichloropropene, benzene, 
ethyl benzene, toluene, styrene, chlorobenzene, 1,2- 
dichlorobenzene, 1,3-dichlorobenzene, and 1,4- 
dichlorobenzene.

Nutrients
Nitrogen and phosphorus are nutrients essential for 

plant and animal growth. Enrichment of surface water 
with these nutrients tends to increase biological 
productivity that results in growth of algae. The 
availability of phosphorus nutrients generally is the 
limiting factor that determines biological productivity of 
surface water (Hem, 1985, p. 128).

Nitrogen is present in water as nitrite (NO^ and nitrate 
(NO3) anions, which are the oxidized forms, as 
ammonium (NIL;) cations, which is the reduced form, and 
as part of organic solutes in an intermediate oxidation- 
reduction state. The anionic species generally are highly 
mobile in the ground-water system and are fairly stable 
over a wide range of conditions. Ammonium cations, on 
the other hand, tend to adsorb onto minerals, and therefore

are not very mobile. Ammonium cations readily react in 
oxidizing environments to form nitrate. Large 
concentrations of organic nitrogen are likely to be the 
result of contamination from sewage or some other kind 
of organic waste. Where contamination is absent, the 
amount of dissolved organic nitrogen is likely to be less 
than the amount of dissolved inorganic nitrogen (Freeze 
and Cherry, 1979, p. 86).

Nitrate is the most significant nutrient that directly 
affects the suitability of water for drinking, and it has 
become the most common contaminant in ground water 
(Freeze and Cherry, 1979, p. 413). The presence of NO3 
in excess of 10 mg/L as nitrogen exceeds the primary 
maximum contaminant level (USEPA, 1988b). 
Application of fertilizers and disposal of sewage sludge 
on or beneath the land surface are known sources of NO^ 
in ground water (Freeze and Cherry, 1979, p. 413).

The N(>3 levels in ground-water samples collected for 
this study were all below the primary contaminant level 
(table 4). The lowest NO$ concentrations, which were 
less than 0.10 mg/L as nitrogen, were in water from wells 
in the upstream part of Lambert Creek watershed (wells 
M, N (deep), N (shallow), and O (deep)). These 
concentrations were as much as an order of magnitude 
less than the values measured in water from wells in the 
downstream part of the watershed. Nitrite, which is a 
slightly more reduced form of nitrogen than NO3 
nitrogen, was present at concentrations at least one order 
of magnitude below the concentrations for NO$ in water 
from all the wells. The small concentrations of NC>2 
relative to NO3 indicate that the oxidation-reduction 
potential in the ground water was more strongly oxidizing 
than reducing.

The concentrations of NHj, which is the reduced form 
of nitrogen, were nearly two to as much as 300 times 
higher in water from wells (except L) in the upstream part 
of the watershed (wells M, N (deep), N (shallow), O 
(shallow), and O (deep)) than in water from wells (except 
H and I) in the downstream part (wells A, B, C, D, E, F, 
G, J, and K). The NIL, concentrations in water from the 
upstream wells exceeded both the NO3 and NC>2 
concentrations. The NH4 concentrations in water from 
the downstream wells generally were similar to the NO2 
concentrations and considerably lower than the NCXj 
concentrations. These data indicate that ground water in 
the upstream part of Lambert Creek watershed had 
stronger reducing conditions than ground water in the 
downstream part

Phosphorus is similar to nitrogen in its wide range of 
oxidation states. Orthophosphate (PO4), which is the 
fully oxidized inorganic state, is the final dissociation 
product of phosphoric acid (H3PO4). Four solute species
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Table 4.--Nutrients in ground-water samples collected from monitoring wells around Vadnais Lake and in
Lambert Creek watershed study area

[mg/L, milligrams per liter; -, not determined; <, less than; *, analysis by St. Paul Water Utility]

Site 
(see figure 3)

WELL A

WELLB

WELLC

WELLD

WELLE

WELLF

WELLG

Nitrogen, 
Nitrogen, nitrite, 

nitrate, dissolved 
dissolved (mg/L as 

Date (mg/L as N) NC^)

08-31-89
05-31-90
08-23-90
02-06-91 0.80 <0.01
07-15-91
07-15-91*

08-24-89
08-23-90
08-23-90
02-12-91 .36 .04
07-15-91*

06-01-90
08-24-90
02-06-91 .10 <.01
07-15-91*

08-27-90
07-15-91*

08-24-89
06-06-90
08-24-90
02-06-91 .10 <.01

06-08-90
08-27-90
02-12-91 1.20 <.01
07-15-91*

08-31-89
06-06-90
08-23-90
01-18-91 .68 .02
07-15-91*

Nitrogen, 
ammonia, 
dissolved 
(mg/L as 

NH4)

<0.01
<.01
<.01
<.01
 
 

<.01
<.01
<.01
<.01
-

.04

.03

.02
 

.02

<.01
<.01
<.01
<.01

.03

.06

.03
-

.01
<.01

.01

.06
 

Nitrogen, 
organic, 

dissolved 
(mg/L as N)

<0.20
.20

<.20
.50

 
-

.20

.20
<.20

.30
-

.76

.57

.58
-

.28

.20

.20
<.20

.30

.47

.44
<.20
~

<.20
.40

<.20
.24

 

Ortho 
phospho­ 

rus, 
dissolved 

(mg/L as P)

 
 
0.03
 

.03

 
 

.09

.13

__
 

.03

.06

 
<.01

_
 
 

.04

.08

..
 
<.01

.03

_
 
-

.03

.05

Phospho­ 
rus, 

dissolved 
(mg/L as P)

0.05
.02
.02
.03

<.01
~

.05

.14

.14

.10
-

.01

.03

.03
 

<.01
--

.07

.04

.05

.04
 

.03

.04

.02
 

.03

.03

.02

.03
 

Total 
phosphorus 
(mg/L as P)

 
 
 
0.02

.05

 
 
 
 

.16

 
 
 

.11

_
<.01

_
 
 
 

.71

 
 
 

.03

_
 
-
-

.05
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Table 4.--Nutrients in ground-water samples collected from water-table monitoring wells around Vadnais Lake
and in Lambert Creek watershed study area-Continued

Site 
(see fig. 3)

WELLH

WELL I

WELLJ

WELLK

WELLL

WELLM

WELL N (shal­
low)
WELLN
(deep)

WELL 0 (shal­
low)
WELLO
(deep)

Nitrogen, 
Nitrogen, nitrite, 

nitrate, dissolved 
dissolved (mg/L as 

Date (mg/L as N) NO3)

08-31-89
05-30-90
08-22-90
02-12-91 0.10 <0.01
07-15-91*

08-24-89
05-31-90
08-23-90
01-18-91 5.20 .05
07-15-91*

08-24-89
05-31-90
08-22-90
01-18-91 3.60 .15
07-15-91
07-15-91*

08-24-89
05-30-90
08-22-90
01-18-90 3.80 .02
07-15-91*

09-10-90
09-13-90
02-12-91 3.00 <.01

09-11-90
01-18-91 <.10 <.01

09-11-90
01-18-91 <.10 .01
09-11-90
01-18-91 <.10 <.01

09-13-90

09-10-90
02-12-91 <.10 <.01

Nitrogen, 
ammonia, 
dissolved 
(mg/L as 

NH4)

0.07
.03
.22
.07

~

.03

.05

.03

.37
-

<.01
<.01
<.01

.02
 
~

.03
<.01
<.01

.02
-

.05

.03

.02

.20

.60

.11

.11

.90
1.0

1.2

1.7
3.2

Nitrogen, 
organic, 

dissolved 
(mg/L as N)

0.73
1.57
1.48
2.23
-

.47

.55

.37

.43
-

.30

.30

.40

.28
 
-

.67
1.0
.50
.58

-

.45
1.17

.48

.40
<.20

.59

.89

.70

.70

.80

2.3
1.1

Ortho 
phospho­ 

rus, 
dissolved 

(mg/L as P)

 
 
0.03

.06

 
 
 
<.01

.02

 
 

.76
 

.76

..
 
 

.02

.01

 
 

.05

..
.09

_
<.02
 

.19

_.

 
.25

Phospho­ 
rus, 

dissolved 
(mg/L as P)

0.31
.52
.35
.73

 

<.01
<.01
<.01
<.01
~

.94

.78

.73

.80

.77
~

<.01
.05
.07
.02

-

.12

.11

.08

.13

.09

.01

.02

.12

.19

.39

.07

.28

Total 
phosphorus 
(mg/L as P)

 
 
 
0.36

 
 
 
 

.02

 
 
 

.84

.81

 
 
 
 

.03

 
 
-

 
-

_
~
 
~

._

 
~
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of H3PC>4 are possible depending on the pH; HsPO^ 
H2PC>4, HPO4, and PO4. These inorganic states of 
phosphorus generally have low solubility in natural 
water. Orthophosphate is significant because of its 
reactivity both geochemically in ground-water systems 
and biologically in surface water. Natural sources of 
inorganic phosphorus in ground water are apatite 
minerals, which predominantly consist of calcium 
phosphate.

Organic phosphate species are synthesized by plants 
and animals. A significant anthropogenic source of 
organic phosphorus is domestic and industrial sewage 
effluent. Additionally, synthetic organic compounds, 
such as insecticides that contain reduced forms of organic 
phosphorus, are released into the environment The 
amount of organic phosphorus in ground water generally 
is small unless it is introduced by recharge from wetlands 
or by leachates from waste materials and agricultural 
chemicals.

The phosphorus fractions in table 4 are dissolved 
orthophosphorus, which represents the inorganic 
phosphorus in a filtered sample; dissolved phosphorus, 
which represents both the inorganic and organic 
phosphorus in a filtered sample; and the total phosphorus, 
which is all the phosphorus in an unfiItered sample. The 
total phosphorus includes both inorganic and organic 
phosphorus, and both dissolved and paniculate fractions.

Concentrations of dissolved phosphorus in ground- 
water samples from the study area generally were below 
0.15 mg/L, which is similar to the levels observed 
elsewhere in shallow glacial aquifers (Myette, 1984; 
Miller, 1981). The concentrations of dissolved 
phosphorus in water from wells H, O (shallow), and 
particularly J, however, were notably higher than 0.15 
mg/L (table 4). The dissolved phosphorus in five ground- 
water samples from well J that were collected between 
late summer of 1989 and mid-summer of 1991 ranged 
from 0.73 to 0.94 mg/L. Phosphorus-rich water in 
wetlands along Lambert Creek that moves short distances 
of several hundred yards or less along local ground-water 
flow paths toward monitoring well J is a potential source 
of the elevated levels. Total phosphorus concentrations in 
water from Lambert Creek at locations near monitoring 
well J ranged from 0.10 to 1.27 mg/L (Walker, 1990). 
Oxidation of organic compounds in the peat that results in 
the release of phosphorus is possibly a significant source 
of the phosphorus in water from Lambert Creek. The 
amount of total phosphorus per unit dry weight of organic 
matter in wetlands along Lambert Creek ranged from 
about 150 to 2,350 mg/kg (fig. 9).

Interaction of Vadnais Lake with 
Ground Water

The hydrologic regime of a lake generally depends on 
the interaction with the surrounding ground-water 
system. The nature of this interaction can be used to 
classify lakes on a continuum between two end points. 
Surface-water dominated lakes have inflowing and 
outflowing streams that are considerably more significant 
in the lake water budgets than either the ground-water 
inflow or outflow. In ground-water-dominated lakes the 
ground-water inflow and outflow are significant 
components of the lake water budgets. Seepage lakes are 
ground-water dominated lakes where ground water flows 
in one side and lake water flows out into the ground-water 
system on the other side. Ground water flows into 
seepage lakes along both local flow paths that follow 
near-surface routes from points near the lake and along 
intermediate and regional flow paths that follow deeper 
routes in the ground-water system from points possibly 
many miles from the lake.

This evaluation discusses the hydrologic regime of 
Vadnais Lake. More specifically, rates of water flow 
through the near-shore zone of the lakebed are estimated, 
and potential effects of the lake/ground-water interaction 
on the quality of the lake are addressed. Two approaches 
used to quantify flow rates are discussed. The first relies 
on interpretation of hydrogeologic data collected from 
monitoring wells around the lake to define hydraulic 
conductivities and gradients in the surrounding glacial 
deposits. The second uses estimates of the hydraulic 
conductivities and gradients measured in the lakebed. 
Field data needed to describe potential lake/ground-water 
interaction in the deeper, central part of the lake are 
unavailable.

Estimation of Seepage Between
Vadnais Lake and Ground Water in

Adjacent Glacial Deposits
The seepage flow between the lake and ground water 

was calculated by the following equation that is derived 
from the Darcy flux equation (Freeze and Cherry, 1979, p. 
16):

q = KIA, where

q=seepage flow (f^/day) between the lake and ground 
water;

K = horizontal hydraulic conductivity (ft/day) of the 
glacial sand and gravel deposits that surround Vadnais 
Lake;

I = hydraulic gradient (a dimensionless factor); and
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Figure 9.--Phosphorus content of peat in wetlands of Lambert Creek watershed.
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A = the cross-sectional area (ft2) normal to the flow 
direction.

Hereafter in this report the seepage q is either ground- 
water discharge into the lake and is a positive quantity 
referred to as seepage into the lake, or it is ground-water 
recharge from the lake and is a negative quantity referred 
to as seepage out of the lake.

The seepage into and out of Vadnais Lake was assumed 
to be restricted to the near shore because of the assumed 
increase in low-permeability lakebed sediments toward 
the center of the lake. McBride and Pfannkuch (1975) 
used theoretical simulations to show that in cases where 
the width of a lake exceeds the thickness of adjacent high- 
permeability deposits, conditions that apply to Vadnais 
Lake, seepage into or out of the lake tends to be 
concentrated near the shore, and that seepage decreases 
exponentially with distance from shore. Lee (1977) 
provided additional evidence for predominant near-shore 
seepage in a field study of seepage into Lake Mendota in 
Madison, Wisconsin.

In this study, seepage into and out of Vadnais Lake was 
assumed to be limited to an area along the shoreline that 
extended into the lake to where water depth was 10 feet 
The lakebed zone, where seepage was assumed to occur, 
is an area along the shoreline that generally extends 200 
to 400 feet into the lake (fig. 10). These distances are 
about 10 to 20 percent of the width of the lake. The 
thickness of the saturated sand and gravel at the water 
table ranges from about 5 to as much as 10 feet around the 
shoreline of the lake (Supplemental Information Section, 
table 7).

Monthly seepage was calculated and summed to 
determine net annual seepage between the lake and 
ground water for each of six sections of lake shore, shown 
in figure 10, from July 1,1990 through June 30,1991. 
These calculations assumed horizontal ground-water 
flow through a vertical plane along each shoreline section 
that extended from the water surface of the lake to a depth 
of 10 feet The estimated flow rates for each section were 
then summed to determine net annual seepage for the 
entire lake. Lake-shore sections 1 through 5 were 
delineated on the basis of the locations of the monitoring 
wells used to estimate hydraulic gradients between the 
lake and ground water. Section 6 extends along a narrow 
area of shoreline that separates Vadnais Lake from an 
adjacent shallow lake that was used to calculate the 
hydraulic gradient between the two lakes.

Estimates of the hydraulic conductivity and hydraulic 
gradient of glacial sand and gravel around Vadnais Lake 
were used to calculate fluxes into and out of the lake. The 
hydraulic conductivities for shoreline sections 1,2,4, and 
5 were obtained from slug tests performed on monitoring

wells B, C, E, and G, respectively. The hydraulic 
conductivities for shoreline sections 3 and 6 were 
assumed to be the means of the hydraulic conductivities 
determined for adjacent shoreline sections. The 
hydraulic gradients were calculated by dividing the 
difference in water-level elevations of the lake and of 
these monitoring wells (plus monitoring well D) by the 
lateral distance between them. The hydrograph in figure 
11 shows the differences in water-level elevations 
between the lake and these monitoring wells. Estimates 
of the annual fluxes for the shoreline sections and net 
totals for the entire lake are given in table 5. These results 
show that ground water seeps into Vadnais Lake along 
shoreline sections 1 and 2, and that lake water seeps out 
into the ground water along sections 3,4,5, and 6. The 
annual net effect of this estimated lake/ground-water 
interaction was a lake-water outflow of 7.63 x 106 f^/yr 
into the ground water. The amount of error in these 
estimates, however, is potentially significant for several 
reasons.

First, this method assumes that the lithology and the 
hydraulic properties of the near-shore lakebed and of the 
surficial glacial deposits surrounding the lake are the 
same. The hydraulic conductivities measured in these 
deposits by the slug tests were used to calculate flow in 
both the glacial deposits and the lakebed. This 
assumption will introduce some error to the results 
because cores from the lakebed show that silt, clay, and 
some organic material is present within the upper four feet 
(Supplemental Information Section, table 8). The 
permeability of the lakebed, therefore, probably is less 
than that of the glacial deposits where silt and clay appear 
to be less prevalent (Supplemental Information Section, 
table 7).

The second reason for potential error is that the 
hydraulic conductivity values are based on measurements 
at only four wells. These wells are completed in silty sand 
that is typical of the glacial deposits around Vadnais Lake. 
These types of deposits have hydraulic conductivities that 
range from approximately 10"2 to 102 ft/d (Freeze and 
Cherry, 1979, p. 29). The hydraulic conductivities 
determined from the slug tests represent point 
measurements of the permeability of very small zones of 
glacial deposits that are within an approximate radius of 
two feet of the well screen. The four measurements of the 
horizont?! hydraulic conductivity could be insufficient to 
describe the variability of this property.

Estimation of Seepage Between
Vadnais Lake 

and Ground Water in the Lakebed
The seepage between Vadnais Lake and underlying 

ground water in the lakebed was estimated by the Darcy
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Figure 10.--Numbered shoreline and lakebed sections of Vadnais Lake 
used in calculation of lake/ground-water seepage.
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Table 5.--Annual seepage rates through a 10-feet deep vertical plane along shoreline sections of Vadnais 
Lake that were calculated from hydraulic conductivities and gradients determined from data collected in

nearby glacial-drift monitoring wells during July 1990 through June 1991
[I, mean annual hydraulic gradient; K, hydraulic conductivity; A, area of the 10-feet deep vertical plane that extends along the

shoreline section; and, Q, annual flow through the vertical plane. Positive values of I and Q indicate ground water discharges into the
lake; negative values of these quantities indicate lake water recharges the ground water; ft/ft, foot per foot; ft/d, feet per day;

ft2, square feet; tf/yr, cubic feet per year]

Shoreline 
section 

(figure 10)

1

2

3

4

5

6

I 
(ft/ft)

1.54 x 10'3

3.03 x 10'2

-2.98 x 10'2

-7.56 x 10'2

-2.18xlO-2

-2.01 x ID'2

K 
(ft/d)

1.8

3.8

2.1

.45

11

6.4

A
(ft2)

1.95 xlO4

1.20 xlO4

3.15 xlO4

3.36 xlO4

6.42 xlO4

2.95 x 104

Q(=KIAx365) 
(ftVxlO6)

0.02

0.50

-0.72

-0.42

-5.62

-1.39

Annual seepage out of Vadnais Lake = -8.15
Annual seepage into Vadnais Lake = 0.52

Net annual seepage out of Vadnais Lake = -7.63

equation. The rates were calculated in each of the 6 
sections of lakebed from data collected with temporary 
piezometers and with a minipiezometer (fig. 10). The 
hydraulic gradient was measured with a minipiezometer 
at 12 sites in the lakebed (fig. 10).

The hydraulic gradient was measured at distances of 
15,40, and 60 feet from shore along a transect that 
extended out from the northwestern corner of the lake in 
section 1 (fig. 10) to test the assumed relation of seepage 
to distance from shore. The water depth at 60 feet from 
shore, which was about 5 feet, precluded measurements 
of the hydraulic gradient to be taken beyond this distance. 
The low measurement of hydraulic gradient at 60 feet 
from shore is consistent with the assumption that seepage 
is restricted to near the shore (fig. 12). The assumed 
relation of exponential decrease of hydraulic gradient to 
increasing distance from shore is shown in figure 12.

The hydraulic conductivity of the lakebed was 
determined from constant- and variable-head tests 
performed in lakebed sections 1,3,4, and 5 at 
minipiezometer sites 1,4,6 and 9 (fig. 10). The values of 
hydraulic conductivity for lakebed sections 2 and 6 were 
assumed to be the means of the hydraulic conductivities 
measured in adjacent sections.

This method also assumes that the lakebed is an 
isotropic medium (the permeabilities to horizontal and 
vertical flow are identical). This assumption is required 
because the constant- and variable-head tests actually 
measure horizontal hydraulic conductivity, which was 
used to calculate vertical flow through the lakebed. Core 
samples (fig. 10) indicate that the upper three feet of the 
lakebed consists of moderate to highly permeable 
material. Because horizontal hydraulic conductivity 
generally exceeds vertical hydraulic conductivity, this 
method could overestimate vertical hydraulic 
conductivity and the resulting seepage.

Seepage rates were calculated for each of four 
subsections within each of the six lakebed sections shown 
in figure 10. These subsections represent equally sized 
areas of the lakebed located at successively greater 
distances from shore to a depth of 10 feet The field 
measured hydraulic gradient (table 6) was used to 
calculate seepage for the subsection that represents the 
near-shore area of the lakebed. This value of the 
hydraulic gradient was decreased by a factor of 0.1 for 
each subsequent calculation of seepage for subsequent 
subsections. The seepages of the four subsections were 
summed to estimate seepage (table 6) of each lakebed 
section shown in figure 10.
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Table 6.--Annual seepage rates through lakebed sections in Vadnais Lake that were calculated from 
hydraulic conductivities and gradients measured in the lakebed during July 1991

[I, the effective hydraulic gradient3 for each entire lakebed section; K, hydraulic conductivity; A, the plan-view area of the lakebed 
section; and, Q, annual flow through the lakebed section. Positive values of I and Q indicate ground water discharges into the lake; 
negative values of these quantities indicate that the lake recharges the ground water; ft/ft, foot per foot; ft/d, feet per day; ft2 , square

feet; ft^/yr, cubic feet per year]

Lakebed 
section 

(figure 10)

1

2

3

4

5

6

I 
(ft/ft)

2.51 x 10'3

-2.97 x 10'3

-4.80 x 10'3

-1.40 x 10'2

-3.75 x 10'2

-3.91 x 10'2

K 
(ft/d)

11.8

6.6

1.4

2.0

2.0

6.9

A 
(ft2)

5.01 x 105

4.55 x 105

9.54 x 105

8.05 x 105

1.04 x 106

5.91 x 105

Q(=KIAx365) 
(ftVxlO6)

5.42

-3.26

-2.34

-8.23

-28.5

-58.2

Annual seepage out of Vadnais Lake = -101
Annual seepage into Vadnais Lake = 5.42
Net seepage out of Vadnais Lake = -95.6

a The effective hydraulic gradient represents a single value for the section that yields a seepage rate 
equal to that obtained by summation of seepage rates described below.

The data in table 6 indicate seepage out of the lake in 
five of the six lakebed sections. These sections extend 
along all but the northwestern side of the lake. The 
estimated net annual seepage out of the lake was 9.56 x 
107 ft3 . The highest rates of seepage out of the lake were 
estimated to be along the southern and western sides of 
the lake (lakebed sections 5 and 6). The downward 
hydraulic gradients and resultant ground-water recharge 
estimated for most of the shoreline, particularly on the 
southwestern side of the lake, could be affected by 
pumpage from high capacity wells on that side (fig. 2).

These wells, which are owned and operated by the 
SPWU, are completed in the Prairie du Chien-Jordan 
aquifer, the uppermost bedrock unit. In 1991 the wells 
were pumped continuously throughout the summer at 
rates that ranged from approximately 2,000 to 4,000 
gal/rnin (Tom Johnson, St. Paul Water Utility, oral 
commun., 1991). The water levels measured in these 
wells during July of 1991 were approximately 100 feet 
lower than the surface of Vadnais Lake. Geologic data 
from the drillers' logs of these wells show that the upper 
surface of the Prairie du Chien-Jordan aquifer is 
approximately 225 feet below the surface of Vadnais 
Lake. The downward hydraulic gradient between the lake 
and ground water in this aquifer was about 4.5 x 10" 1 .

The potential sources of error in these estimated fluxes 
are similar to those described for the first approach. One 
measurement of the hydraulic gradient was used in each 
section to calculate annual seepage. Extrapolation over a 
one-year period with a single value for this time- 
dependent variable is certain to introduce some error to 
the results because these gradients were unlikely to 
remain constant Additionally, the potential spatial 
variability of the hydraulic gradient introduces another 
source of error to the results because the seepage 
estimates for each lakebed section were extrapolated 
from a single point measurement of this property.

Evaluation of the Two Methods to
Estimate Seepage Between Vadnais

Lake and the Ground Water

Net seepage out of the lake estimated by the first 
method (based on hydrogeologic data from monitoring 
wells around the lake) was about 8 percent of that 
estimated by the second method (based on hydrogeologic 
data collected in the lakebed). Both methods indicated 
seepage out of the lake along most of the shoreline except 
in the northern part of the north-south arm of the lake. The 
seepage into the lake determined by the second method
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was about ten times higher than the results obtained by the 
first method.

Estimated net seepages out of the lake derived as the 
residual of other independently measured components of 
the lake water budget (table 1) agreed more closely with 
results of the second method than with those of the first 
The surface-water components of the lake's water budget, 
which include changes in lake storage and withdrawals by 
the SPWU from April through September 1988 and 1989 
have been published by Walker (1990). Net retentions of 
1.89 x 107 and 3.76 x 107 ft3 were determined for each of 
two six-month periods in 1988 and 1989, respectively, 
from measurements of surface-water inflow, 
precipitation, evaporation (assumed to include 
transpiration), and reported withdrawals by the SPWU 
(table 1). Increases in lake storage, which is the volume 
of water equal to the change in lake stage times the area 
of the lake, were 4.94 x 106 and 1.45 x 106 ft3 of water, 
respectively, for these six-month periods of 1988 and 
1989 (Walker, 1990, p. 11).

A lake water-balance equation that accounts for the 
lake water budget components and the changes in storage 
determined from lake stage readings is:

(surface inflow - surface outflow) + net seepage = 
change in storage.

The difference between the surface inflow and outflow 
components is the net retention given in table 1. The 
solution of this equation for the six-month periods from 
April to September 1988 and 1989 are as follows:

1988: (1.89 x 107 ft3) + (net seepage) = (4.94 x 106
ft3),
net seepage = -1.40 x 107 ft3 ;

1989 (3.76 x 107 ft3) + (net seepage) = (1.45 x 106
ft3),
net seepage = -3.62 x 107 ft3 .

The net seepages determined by the lake water-balance 
equation represent seepage out of the lake because the 
values are negative. Comparison of these water balance 
values to estimates of the semi-annual net seepages (one 
half the annual net values given in tables 5 and 6) 
determined by the two methods used in this study show 
that the result of the first method (3.82 x 106 ft3) was about 
27 percent of the 1988 value and about 11 percent of the 
1989 value. The result from the second method (4.78 x 
107 ft3) was about 3.4 times higher than the 1988 value 
and about 1.3 times higher than the 1989 value.

The net lake/ground-water interaction appeared to be a 
small component of the overall water budget of Vadnais 
Lake. This is particularly true based on results from the 
first method, which indicate that the semi-annual net

seepage out of the lake (3.82 x 106 ft3) is less than one 
percent of the total semi-annual outflows due to 
evaporation and withdrawals (table 1). Results from the 
second method indicate that the semi-annual net seepage 
out of the lake (4.78 x 107 ft3) ranged from 3.3 to 3.8 
percent of the total semi-annual outflows in table 1.

Pumpage from SPWU wells along the southwestern 
shore could influence the seepage out of Vadnais Lake. 
Cones of depression in the potentiometric surface around 
these wells, which are screened in the Prairie du Chien- 
Jordan aquifer, could induce increased downward vertical 
flow from the overlying drift. This condition could 
increase leakage from the lake to the drift Pumpage data 
for these wells compiled for 1990 indicate that the total 
pumpage during October through March was 
approximately three times greater than the pumpage 
during April through September (SPWU, 1990). 
Pumpage from these wells generally is greater during the 
winter months than during the summer months (Dave 
Schuler, St. Paul Water Utility, oral commun., 1991). 
This pumpage schedule could contribute to greater 
seepage out of the lake and an increased role of ground- 
water interaction in the overall water budget of the lake 
during cold-weather months.

Role of Lake/Ground-Water Interaction
in the 

Water Quality of Vadnais Lake
One of the implications of the estimated seepage 

component in the water budget of Vadnais Lake is that the 
quality of the lake probably was not affected by the 
quality of the surrounding ground water. Water-quality 
data suggest that the lake may be slightly diluted by 
seepage into the lake with respect to some constituents. 
Concentrations in lake water ranged from 44.4 to 45.7 
mg/L for calcium, 12.2 to 12.9 mg/L for magnesium, 180 
to 185 mg/L for bicarbonate, and 214 to 229 mg/L for the 
total dissolved solids (Dave Schuler, St. Paul Water 
Utility, oral commun., 1991). Concentrations of calcium, 
magnesium, and bicarbonate in water from monitoring 
wells A, B, and C, which are upgradient from the lake, 
were lower than in water from the lake.

Seepage out of the lake appeared to be slightly 
enriched in phosphorus within the bottom sediments. The 
total phosphorus concentration in water from the lake in 
June 1991 ranged from 0.03 to 0.05 mg/L (Dave Schuler, 
St Paul Water Utility, oral commun., 1991). Analyses of 
seepage out of the lake collected with the minipiezometer 
from lakebed sections 3,4, and 5 showed total 
phosphorus concentrations of 0.70,0.10, and 0.06 mg/L, 
respectively (Dave Schuler, St Paul Water Utility, oral 
commun., 1991).
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Summary
Vadnais Lake, in northern Ramsey County, is managed 

by the St. Paul Water Utility for municipal water supply. 
During the past few years algal blooms in the lake have 
created taste and odor problems for the users of this water 
supply. S urface-water transport of algae and phosphorus 
to the lake have been identified as causes of this problem 
(Walker, 1990). Sucker Creek and Lambert Creek have 
been determined to be significant sources of phosphorus 
transport to the lake. Transport of dissolved phosphorus 
into the lake by ground-water seepage was also deemed to 
be possible. Results of this study indicate that ground 
water was not an important source of phosphorus to the 
lake.

Vadnais Lake is primarily a surface-water dominated 
lake that receives most of its inflow from Sucker Creek. 
The source of most of the flow in Sucker Creek are 
withdrawals from the Mississippi River that are diverted 
and routed through a series of upstream supply lakes by 
the SPWU. Additional surface-water inflow is from 
Lambert Creek, which drains a watershed of 
approximately 20 square miles to the east of Vadnais 
Lake.

Lambert Creek flows along an excavated channel that 
passes through a series of wetlands. These wetlands 
consist of post-glacial organic deposits called peat. 
Surrounding and underlying the peat is glacial drift that 
ranges from about 40 to 300 feet in thickness. Much of the 
glacial drift is till; the remainder is mostly lacustrine sand 
and silt and smaller ice-contact and outwash deposits. 
Below the glacial drift are the Platteville and Glenwood 
Formations, the St. Peter Sandstone, and the Prairie du 
Chien Group.

Glacial deposits in the study area that have the highest 
permeabilities are those that consist predominantly of 
lacustrine sand and gravel. The hydraulic conductivities 
of these deposits range from 0.45 to 11 ft/day, which 
typify the hydraulic conductivity of silty sand. Glacial 
deposits of mostly silt and clay, which are present in till, 
are significantly less permeable than the sand and gravel. 
The permeability of the peat in the wetlands is highly 
variable, depending on the degree of decomposition. 
Fibrous peat in the early stages of decomposition may 
transmit water as readily as silty sand and gravel.

The general direction of near-surface ground-water 
flow in the study area generally is southwest from the 
upstream part of Lambert Creek watershed towards 
Vadnais Lake. Ground water in glacial deposits adjacent 
to wetlands, however, can move short distances of several 
hundred yards along local flow directions. Additionally, 
a water-table depression along the northeastern side of

Vadnais Lake indicates an anomalous reversal to the 
general southwest flow direction where ground-water 
movement is from the lake towards the depression. 
Vertical ground-water flow in the glacial deposits 
generally is downward.

Ground water in 17 monitoring wells completed in the 
glacial deposits that underlie the study area generally met 
drinking water criteria established by the U.S. 
Environmental Protection Agency. The concentrations of 
major ions were typical of ground water in shallow 
glacial-drift aquifers throughout Minnesota. The 
principal dissolved constituents were calcium, 
magnesium, and bicarbonate. Sodium and chloride were 
locally present in greater than background 
concentrations. Analyses for volatile organic compounds 
indicated that the concentrations of these substances were 
below their detection limits. The concentrations of 
nitrogen and phosphorus nutrients appeared to be similar 
to background levels measured elsewhere in Minnesota 
except for high amounts of phosphorus measured in water 
from monitoring well J located approximately one mile 
east of Vadnais Lake. The source of this elevated 
phosphorus concentration is unknown, although 
movement of phosphorus-enriched water from a nearby 
wetland toward the well is possible. Other than well J, the 
concentration of total phosphorus in water from the 
monitoring wells generally was below 0.15 milligrams 
per liter.

The ground-water component of the water budget of 
Vadnais Lake appeared to be small relative to surface- 
water inflow and withdrawals by the SPWU. Hydraulic 
conductivities and gradients determined in surrounding 
glacial deposits indicated that net seepage out of the lake 
to the ground water was 7.63 x 106 ft3/yr. Hydraulic 
conductivities and gradients measured in the lakebed 
indicated a net seepage out of the lake of 9.56 x 107 ft3/yr. 
Results of the first method were about 8 percent of the 
results for the second method.

Both methods indicated seepage into the lake along the 
northern end. Both methods also indicated seepage out of 
the lakebed along the eastern, southern, and western 
shorelines. The net seepage out of the lake between 
spring and winter was from less than 1 to about 4 percent 
of the total loss attributed to withdrawals and evaporation. 
The amount of error in these estimates of lake/ground- 
water seepage is potentially large.

One implication of these estimates of lake/ground- 
water seepage is that the influence of the quality of the 
ground water on the quality of the lake was insignificant 
Ground-water seepage into the lake very slightly diluted 
the lake in calcium, magnesium, bicarbonate, and total 
dissolved solids by mixing. Seepage out of the lake was

31



possibly enriched with phosphorus in some parts of the 
lakebed.
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Table 7.-Geologic logs of monitoring well boreholes around Vadnais Lake and in Lambert Creek watershed

Color

Monitoring Well: A 
Location: 30.22.30BAB
Land surface altitude: 894.6 feet above sea level

Formation Log

Mineral soil

Medium to fine sand

Screened interval

Monitoring Well: B 
Location: 30.22.30BAD
Land surface altitude: 890.1 feet above sea level

Formation Log

Organic material

Medium to fine sand

Screened interval

Monitoring Well: C 
Location: 30.22.30ABA
Land surface altitude: 906.0 feet above sea level

Formation Log

Fill

Medium to fine sand

Clay

Screened interval

Monitoring Well: D 
Location: 30.22.30DAD
Land surface altitude: 903.4 feet above sea level

Formation Log

Mineral soil

Till Brown

Sand and gravel Reddish brown

Gravel

Sandy till Red

Medium sand and gravel Red

Screened interval

Depth, in feet 
below land

surface

0-1

1-16

13-16

0-1.5

1.5-11

8-11

0-1

1-10

10-11

8-11

0-1

1-6

6-9

9-10

10-29

29-33

30-33

Thickness (feet)

i

15

3

1.5

9.5

3

1

9

1

3

1

5

3

1

19

4

3
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Table 7.-Geologic logs of monitoring well boreholes around Vadnais Lake and in Lambert Creek
watershed-Continued

Color

Monitoring Well: E 
Location: 30.22.32BAC 
Land surface altitude: 890.8 feet above sea level

Formation Log

Fine sand

Gravel

Clay and medium to coarse sand

Screened interval

Monitoring Well: F 
Location: 30.22.32BAD 
Land surface altitude: 924.1 feet above sea level

Formation Log

Sandy soil Brown

Medium to fine sand Brown

Fine sand and clay Brown

Fine sand Brown

Silt and clay Brown and gray

Medium sand Brown and gray

Screened interval

Monitoring Well: G 
Location: 30.22.33ACD 
Land surface altitude: 881.9 feet above sea level

Formation Log

Sand and gravel Reddish brown

Sand and organic material Black

Fine sand

Fine sand and clay

Fine to medium sand

Sandy clay

Screened interval

Depth, in feet 
below land 

surface

0-5

5-6

6-25

22-25

0-2

2-14

14-17

17-20

20-28

28-47

44-47

0-3

3-5

5-6

6-7

7-15

15-17

14-17

Thickness (feet)

5

1

19

3

2

12

3

3

8

19

3

3

2

1

1

8

2

3
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Table 7.--Geologic logs of monitoring well boreholes around Vadnais Lake and in Lambert Creek
watershed-Continued

Monitoring Well: H 
Location: 30.22.3 1DCB
Land surface altitude: 885.7 feet above sea level

Formation Log

Clayey sand

Silty sand

Clayey sand

Clayey sand

Organic soil

Medium to fine sand

Medium to coarse sand

Medium to coarse sand

Medium to fine sand

Medium to coarse sand

Screened interval

Monitoring Well: I 
Location: 30.22.29DBD
Land surface altitude: 898.7 feet above sea level

Formation Log

Organic soil

Medium sand

Medium sand and gravel

Silty sand and gravel

Screened interval

Monitoring Well: J 
Location: 30.22.29CCA
Land surface altitude: 906.6 feet above sea level

Formation Log

Medium to fine sand

Medium to fine sand

Medium to fine sand

Screened interval

Color

Brown

Brown

Brown and gray

Dark gray

Black

Gray

Brown

Gray

Brown and gray

Brown

~

Dark brown

Brown

Brown

Brown

--

Gray and brown

Beige

Dark brown

 

Depth, in feet 
below land

surface

0-2

2-3

3-4

4-6

6-8

8-10

10-13

13-15

15-22

22-32

29-32

0-2

2-5

5-8

8-12

9-12

0-2

2-6

6-7

4-7

Thickness (feet)

2

l

1

2

2

2

3

2

7

10

3

2

3

3

4

3

2

4

1

3
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Table 7.--Geologic logs of monitoring well boreholes around Vadnais Lake and in Lambert Creek
watershed-Continued

Monitoring Well: K 
Location: 30.22.28BAA
Land surface altitude: 912.3 feet above sea level

Formation Log

Organic material

Medium to fine sand

Sand and organic material

Medium to fine sand

Screened interval

Monitoring Well: L 
Location: 30.22.22BBD
Land surface altitude: 932.7 feet above sea level

Formation Log

Medium to fine sand

Medium to fine sand

Medium to fine sand

Grades into clay

Screened interval

Monitoring Well: M 
Location: 30.22.22AAD
Land surface altitude: 919.6 feet above sea level

Formation Log

Organic soil

Fine sand

Peat

Fine sand

Grades into clay

Clay

Screened interval

Color

Dark brown

Dark brown

Black

Brown

--

Brown

Reddish brown

Brown

-

--

Black

Gray

Black

Black and brown

Gray

Gray

 

Depth, in feet 
below land

surface

0-1

1-4

4-6

6-42

39-42

0-10

10-14

14-30

30-37

34-37

0-1

1-5

5-22

22-35

35-50

50-68

65-68

Thickness (feet)

l

3

2

36

3

10

4

16

7

3

1

4

17

13

15

18

3
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Table 7.-Geologic logs of monitoring well boreholes around Vadnais Lake and in Lambert Creek
watershed-Continued

Color

Monitoring Well: N (shallow) 
Location: 30.22.22DBA
Land surface altitude: 922.6 feet above sea level

Formation Log

Silt with organic material Dark brown

Medium to fine sand Brown

Screened interval

Monitoring Well: N(deep) 
Location: 30.22.22DBA
Land surface altitude: 922.6 feet above sea level

Formation Log

Silt with organic material Dark brown

Silt and fine sand Brown

Fine sand Brown

Grades into clay Gray

Medium to fine sand Red

Clay

Screened interval

Monitoring Well: O (shallow) 
Location: 30.22.23CBB
Land surface altitude: 929.2 feet above sea level

Formation Log

Fine sand Brown

Screened interval

Monitoring Well: O(deep) 
Location: 30.22.23CBB
Land surface altitude: 929.2 feet above sea level

Formation Log

Fine sand Brown

Very fine sand Gray

Gravel Gray

Clay Gray

Screened interval

Depth, in feet 
below land

surface

0-5

5-9

6-9

0-5

5-17

17-19

19-29

29-31

31-32

29-32

0-6

3-6

0-28

28-42

42-46

46-48

45-48

Thickness (feet)

5

4

3

5

12

2

10

2

1

3

6

3

28

14

4

2

3
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Table 8.-Geologic logs of Vadnais Lake core samples (Core sample numbers correspond to minipiezometer
site numbers shown on figures 3 and 10)

Depth, in feet
below land

surface

Core Sample 1

Brown medium sand

Gray, clean, fine to medium sand

Peat

Gray, clean, fine to medium sand

Gray, clean, fine to medium sand, thin organic lamina present

Gray, fine to medium sand with organic layers

Light gray, medium sand with scattered coarse sand

Light gray, silly medium sand

Light gray, fine to medium silty sand

Brown, medium to coarse sand

Gray, medium sand

Brown, medium to coarse sand

Gray, medium sand with scattered coarse sand

Core Sample 3

Brown, clean medium sand

Brown, clean medium sand, silty

Brown, clayey coarse sand with pebbles

Reddish brown, clean medium sand with clay and silt lamina

Gray, coarse sand

Reddish-brown, medium sand

Brown, silty clay

Brown, silty clay with sand lenses

Brown, silty clay

Brown, silty clay with sand lenses

Core Sample 6

Dark gray, medium to coarse sand with pebbles and organic matter

Light gray, medium to coarse sand with scattered pebbles

Light brown, mostly brown clay and silt with coarse sand

Brown, coarse sand with scattered fine gravel

Black, medium-grained inorganic material

Reddish brown clay with silty sand __ ___________

0-1.2 

1.2-2.0 

2.0 - 2.1 

2.1-2.7 

2.7-3.1 

3.1-3.4 

3.4 - 3.7 

3.7 - 4.1 

4.1-4.3

4.3 - 4.4

4.4 - 4.6 

4.6 - 4.8 

4.8-6.0

0-0.4 

0.4 - 0.7 

0.7 - 1.3 

1.3-2.1 

2.1-2.7 

2.7-2.9 

2.9-3.2 

3.2-3.4 

3.4-3.6 

3.6 - 4.0

0-0.8 

0.8 - 2.0 

2.0-2.2 

2.2-2.4 

2.4 - 2.8 

2.8 - 4.0
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Table 9.--Geologic logs of wetland cores collected from Lambert Creek watershed
[?, indicates uncertainty]

Depth (feet)

Core sample I no data

Core sample 2

Peat, fibrous, mushy and dark brown

Peat, grades into less fibrous material, dark brown

Peat, leafy, dark brown

Peat, mushy, with white shells

Peat, with sand and gravel

Peat, mushy, with white shells

Peat, leafy, black

Peat, some shells, grades brown to gray

0-1.0

1.0 - 9.0

9.0-10.0

10.0 -13.0

13.0-13.1

13.1 -13.4

13.4 -13.6

13.6 -14.0

Core sample 3

Peat, fibrous, dark brown

Peat, fibrous, dark brown

Peat, fibrous, dark brown, more cohesive

Peat, less fibrous, dark brown

Peat, more decomposed, few fibers

Fine to medium dean sand, gray

0-1.4 

1.4-2.4 

2.4-5.0 

5.0 - 6.9 

6.9-9.0 

9.0 -12.0

Core sample 4

Peat, dark brown, with cattail roots

Peat, silty, light gray

Peat, fibrous, dark brown

Peat, fibrous, dark brown with plant roots

Peat, very fibrous, brown

Peat, grades to much less fibrous, black

Peat, fibrous, dark brown

0-0.5 

0.5 - 1.0 

1.0 - 3.8 

3.8 - 4.0 

4.0-5.3 

5.3 - 6.2 

6.2 - 8.0
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Table 9.--Geologic logs of wetland cores collected from Lambert Creek watershed-Continued

Depth (feet)

Core sample 5

Peat, with cattail loots, dark brown

Peat, with smaller roots, decomposed, black

Peat, without roots, black

Peat, dark brown

Peat, non-fibrous, dark brown to green

Peat, with some plant parts, dark brown and slightly green

Peat, slightly fibrous, dark brown

Peat, with shells, dark brown to green

Peat, with some plant seeds, dark brown

Peat, with seeds and shells, yellow to dark brown

Peat, with leaves and seeds, firm but breaks apart easily, dark brown

Peat, with leaves and seeds, firm but breaks apart easily, dark brown to yellow

Peat, homogeneous, dark brown, breaks apart

Peat, homogeneous, dark brown

Silty day, gray

Clay, gray

0-1.0

1.0 - 2.0

2.0 - 4.0

7.5-9.0

9.0-11.0

11.0-14.0

14.0 -15.4

15.4 -17.8

17.8 -18.0

18.0-18.5

18.5 -19.1

19.1 -19.5

19.5-21.0

21.0-23.5

23.5-25.0

25.0 - 28.0

Core sample 6

Peat, fibrous, brown

Peat, less fibrous, with seeds, dark brown

Peat, less fibrous, with seeds, black

Peat, with shell fragments and some silt, dark brown

Peat, with some sand and silt

Peat, with some fine sand, light brown

Sand, medium-fine, light brown

Peat, black

Peat, with some sand, black

Sand, with some peat, light brown

Silt, fine sand, yellow to brown

0-0.8 

0.8 - 3.8 

3.8 - 4.8 

4.8-5.5 

5.5 - 6.3 

6.3 - 8.0 

8.0 - 8.4

8.4 - 8.5

8.5 - 8.6

8.6 - 8.9 

8.9 - 9.4

Core sample 7

Peat, with roots

Peat, with smaller roots, dark brown

Peat, with some sand and seeds, slightly fibrous

Silt, with some shell fragments, light gray

Clay, gray

Sand, fine to very fine, clean, light brown

Silt, with some shell fragments and day

0-2.5 

2.5 - 4.5 

4.5-5.5 

5.5-75. 

7.5-8.1 

8.1-8.6 

8.6 - 9.5
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Table 9.--Geologic logs of wetland cores collected from Lambert Creek watershed-Continued

Depth (feet)

Core sample 8

Peat, fibrous, dark brown 0-1.0

Peat, very fibrous, dark brown 1.0 - 3.0

Peat, with plant pans, dark brown 3.0 - 4.0

Peat, with plant pans, dark brown, shell fragments present 4.0 - 6.0

Peat, with layer of plant material at 7.1 feet, yellow brown 6.0 - 7.5

Peat, with seeds, dark brown 1.5 - 9.4

Peat, with seeds, yellow to brown 9.4 -10.8

Gyttja? firm texture, with seeds, dark brown 10.8 -13.7

day? gray 13.7 -17.5

Core sample 9

Peat, with seeds, non-fibrous, dark brown 0 -1.5

Peat, with seeds, slightly fibrous, dark brown 1.5 - 5.0

Peat, with seeds, slightly fibrous, mushy, dark brown 5.0 - 7.8

Peat, more firm, yellow to brown 7.8 - 8.2

lighter in texture 8.2 - 8.7

Peat, with seeds, yellow to brown 8.7 -10.0

Gyttja, firm texture, breaks apart, gray to brown 10.0 -11.6 

Gyttja, firm texture, breaks apart, gray to brown, clayey________________________________11.6 -12.5
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Figure 13.--Water-level measurements for monitoring well A. (Elevation 
of land surface datum, in feet, above sea level is 894.6.)
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Figure 14.-Water-level measurements for monitoring well B. (Elevation 
of land-surface datum, in feet, above sea level is 890.1.)
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Figure 16.-Water-level measurements for monitoring well D. (Elevation 
of land-surface datum, in feet, above sea level is 903.4.)
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Figure 17.--Water-level measurements for monitoring well E. (Elevation 
of land-surface datum, in feet, above sea level is 890.8.)

49



0.0

10.0

LLJ
o
2
cc
=>
0) 

Q

9 20.0
CD

LU 
LU 
LL

LU 
>
LU

CC
30.0

40.0

1 I I I I I I I I I 1 I I I I I

JFMAMJJASONDJFMAMJ JASONDJFMAMJ 

1989 1990 1991

EXPLANATION
Water-level measurement

Figure 18.--Water-level measurements for monitoring well F. (Elevation 
of land-surface datum, in feet, above sea level is 924.1.)
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Figure 19.--Water-level measurements for monitoring well G. (Elevation 
of land-surface datum, in feet, above sea level is 881.9.)
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Figure 21.-Water-level measurements for monitoring well I. (Elevation 
of land-surface datum, in feet, above sea level is 898.7.)
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Figure 22.--Water-level measurements for monitoring well J. (Elevation 
of land-surface datum, in feet, above sea level is 906.6.)
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Figure 23.--Water-level measurements for monitoring well K. (Elevation 
of land-surface datum, in feet, above seallevel is 912.3.)
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Figure 25.--Water-level measurements for monitoring well M. (Elevation 
of land-surface datum, in feet, above sea level is 919.6.)
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