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GROUND-WATER FLOW ALONG THE TOTAL SHORELINE OF 
AUSTIN LAKE AND ITS ENVIRONMENTAL CONTRIBUTION 

TO POLLUTION OF THE LAKE

William Thomas Williams, Ph.D.
Western Michigan University, 1982

The vertical direction of ground-water flow in Austin 
Lake was determined by placing minipiezometers along the 
entire shoreline at fifty randomly selected sites. Ground
water samples were taken at each site and the specific con
ductivity of the water samples was determined along with 
the chloride and phosphate content. The data were analyzed 
to determine if there were any relationships among water 
movement, chemical content, and the presence or absence 
of an onshore septic tank. The minipiezometer data show 
that the primary direction of water movement through the 
sediment-water interface is downward but may become re
versed at localized regions as conditions vary. The nega
tive hydraulic differential is greater at the north and 
south ends of the lake than on the east and west sides.
This observation makes a stronger case for reports by 
other researchers that Austin Lake is on the ground-water 
divide and that ground water flows to the north and to 
the south from the lake. Computer analyses of all data 
show relationships among specific conductivity, chloride 
content, and the presence of a septic tank. Offshore from 
septic tanks, the specific conductivity and chloride content
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vary more and have higher average concentrations than off
shore from areas without a septic tank, although visual 
inspection of the data shows pollution to be minimal. 
Phosphate content failed to show relationships with septic 
tanks, but tended to be higher on the west side of the 
lake— an area bounded by outwash and containing older func
tional and non-functional septic tanks.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INFORMATION TO USERS

This was produced from a copy o f a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted.

The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction.

1. The sign or "target” for pages apparently lacking from the document 
photographed is "Missing Page(s)” . I f  it was possible to obtain the missing 
page(s) or section, they are spliced into the film  along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you o f complete continuity.

2. When an image on the film  is obliterated with a round black mark it is an 
indication that the film  inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a good 
image o f the page in the adjacent frame. I f  copyrighted materials were 
deleted you will find a target note listing the pages in the adjacent frame.

3. When a map, drawing or chart, etc., is part of the material being photo
graphed the photographer has followed a definite method in “sectioning” 
the material. It  is customary to begin filming at the upper left hand corner of 
a large sheet and to continue from left to right in equal sections with small 
overlaps. I f  necessary, sectioning is continued again—beginning below the 
first row and continuing on until complete.

4. For any illustrations that cannot be reproduced satisfactorily by xerography, 
photographic prints can be purchased at additional cost and tipped into your 
xerographic copy. Requests can be made to our Dissertations Customer 
Services Department.

5. Some pages in any document may have indistinct print. In all cases we have 
filmed the best available copy.

University
Microfilms

International
300 N. ZEEB RD„ ANN ARBOR. Ml 48106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8215182

Williams, William Thomas

GROUND-WATER FLOW ALONG THE TOTAL SHORELINE OF AUSTIN 
LAKE AND ITS ENVIRONMENTAL CONTRIBUTION TO POLLUTION OF 
THE LAKE

Western Michigan University Ph.D. 1982

University
Microfilms

International 300 N. Zeeb Road, Ann Arbor, MI 48106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V .

1. Glossy photographs or pages_____

2. Colored illustrations, paper or print_____

3. Photographs with dark background_____

4. Illustrations are poor copy_____

5. Pages with black marks, not original copy______

6. Print shows through as there is text on both sides of page______

7. Indistinct, broken or small print on several pages

8. Print exceeds margin requirements_____

9. Tightly bound copy with print lost in spine______

10. Computer printout pages with indistinct print_____

11. Page(s)___________lacking when material received, and not available from school or
author.

12. Page(s)___________seem to be missing in numbering only as text follows.

13. Two pages numbered___________. Text follows.

14. Curling and wrinkled pages______

15. Other ______________________________________________________________

University
Microfilms

International

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

I am grateful to many people whose guidance, advice, 
and information were indispensable in completion of this 
project.

My appreciation goes to my committee members, Dr.
W. Thomas Straw, Chairman, Dr. George G. Mallinson, Dr. 
Richard Passero, and Dr. Joseph G. Engemann for their 
guidance and suggestions for the design and completion of 
the project and editing the manuscript. An extra thank 
you goes to Drs. Straw and Mallinson for their direction 
throughout my student years at WMU.

I also want to thank Dr. Perry D. Haaland of the Up
john Corporation for his advice in analyzing the data and 
the interpretation of the results, Dr. Lloyd Schmaltz and 
the total Geology Department of WMU for the use of their
laboratory and for the basis of much of my financial sup
port, to Dr. Robert H. Poel for the direction and guidance 
that he gave me, and to the many residents around Aus'tin 
Lake who provided me with interesting information of the 
lake's past and present condition.

Lastly, I want to thank my wife, Eva, for her patience
and support she has given me throughout it all.

William Thomas Williams 

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...............................  ii
LIST OF TABLES....................................vi
LIST OF FIGURES...................................vii
Chapter

1. INTRODUCTION.............................  1
Geographical Location   ■ 1
Geology .................................  1
Sources of Water Entering and Leaving Austin 
Lake.....................................  3
Location of Sewer Lines ..................  10
History................................... 10
Assessment of Lake Environments ...........  12
Significance of Study ....................  13

2. REVIEW OF PERTINENT LITERATURE...............15
Ground-water Flow.......................... 15
Ground-water Quality........................ 25

3. PROCEDURE FOR COLLECTING DATA...............28
Determination of Hydraulic Head ...........  28
Water Sampling.............................. 32
Chemical Analysis ........................  32
Importance of Water Quality Parameters 
Measured................................... 33

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OE CONTENTS (continued)

4-. ANALYSIS OE LATA..........    35
Table Descriptions......................  35
Variable Descriptions..................  4-7
Analytical Procedure....................  4-8
Computer Results........................  50

Hydraulic Head......................  50
C onduc t i vi t y........................  5^
Chlorides..........................  56
Phosphates..........................  57

5. DISCUSSION AND CONCLUSIONS..............  58
Ground-water Elow......................  58
Pollution.............................. 63
Summary of Conclusions................... 69

6. RECOMMENDATIONS........................ 72
REEERENCES.....................................  75
REEERENCE NOTES..............   75
APPENDIX A.....................................  76

PEARSON PRODUCT MOMENT CORRELATIONS OE ALL
OBSERVATIONS COMBINED ................... 76

APPENDIX B.....................................  78
PEARSON PRODUCT MOMENT CORRELATIONS OE OBSERVA

TIONS CLASSIEIED ACCORDING TO VALUES ON IN
DEPENDENT VARIABLES— DISTANCE EROM SHORE 
AND PRESENCE OR ABSENCE OE A SEPTIC TANK. . 78

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS (continued)

APPENDIX C.....................................  83
PEAESON PRODUCT MOMENT CORRELATIONS OF OBSERVA

TIONS CLASSIFIED ACCORDING TO THE PRESENCE 
OR ABSENCE OF A SEPTIC TANK ONLY..........  83

APPENDIX D.....................................  86
ANALYSIS OF OBSERVATIONS CLASSIFIED ACCORDING 

TO VALUES ON BOTH INDEPENDENT VARIABLES 
USING A GENERAL LINEAR MODELS PROGRAM . . .  86

APPENDIX E...................................  . 90
ANALYSIS OF OBSERVATIONS CLASSIFIED ACCORDING 

TO THE PRESENCE OR ABSENCE OF A SEPTIC TANK 
ONLY USING A GENERAL LINEAR MODELS PROGRAM. 90

APPENDIX F......................................  94
SCHEMATIC PLOTS FOR THE DEPENDENT VARIABLES . . 94-

APPENDIX G.................................   99
EXAMINATION FOR SKEWNESS USING THE UNIVARIATE

PROCEDURE.............................. 99
APPENDIX H..................................... 104-

FINAL ANALYSIS OF HYDRAULIC HEAD USING THE
GENERAL LINEAR MODELS PROCEDURE............. 104-

APPENDIX 1....................................... 107
FINAL ANALYSIS OF SPECIFIC CONDUCTIVITY,

CHLORIDE CONTENT, AND PHOSPHATE CONTENT
USING THE GENERAL LINEAR MODELS PROGRAM . . 10?

BIBLIOGRAPHY..................................... 117

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 1: Physical data for each study site. . . 36
Table 2: Water analysis results for each study

site................................40
Table 3: Factors considered in the statistical

analysis of Austin Lake's ground-water 
characteristics...................... 44

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 1:

Figure 2:
Figure 3:
Figure 4:
Figure 5:

Figure 6:

Figure 7: '

Figure 8:
Figure 9:

Figure 10:

Figure 11:

Figure 12:

Figure 13:

Figure 14:
Figure 15:

Figure 16:

Figure 17:

Location of study site in Kalamazoo 
County, Michigan ............   2
Cross sections of Austin Lake.....4
Basal sediment in Austin Lake.......... 5
Drainage basin of Austin Lake.....7
Water sources and losses of Austin
Lake................................8
The primary drainage basins of Kala
mazoo County, Michigan ............. 9
Simplified flow pattern of ground 
water showing ground-water divides . .16
Flow lines and equipotential lines . .18
Effect of topography on regional 
ground-water flow patterns .........  19
Configuration of ground-water flow 
systems around lakes ............... 21
Ground-water divides as shown by 
Deutsch et al. and Allen et al........24
Lateral spread of pollutants in the 
zone of saturation..................27
Approximate locations of sample sites 
on Austin Lake..................... 29
Sampling equipment ................  31
Hydraulic head at each sampling site 
around Austin Lake..................59
Possible ground-water flow patterns at 
Austin Lake......................... 61
Average hydraulic head readings for 
the different types of glacial mate
rial  ......................... 64

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES (continued)

Figure 18: As the hydraulic head becomes more
positive the conductivity increases. . 65

Figure 19: A comparison of the specific conduc
tivity with the presence or absence 
of a septic tank................... 67

Figure 20: A comparison of the chloride concen
trations with the presence or absence 
of a septic tank................... 68

Figure 21: Phosphate concentration averages for
the different types of glacial mate
rial ...............................70

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1

INTRODUCTION 

Geographical Location

Austin Lake is located in the southeastern corner 
of Portage Township, Kalamazoo County, Michigan (Pigure 
1). The lake encompasses parts of sections 23, 24, 25, 
26, 35, and 36, T. 3 S., R. 11 W.

Geology

Austin Lake lies in a region glaciated by a succes
sion of at least four major continental ice sheets. The 
main topographical features of the area were formed dur
ing the recession of the last ice sheet. Austin Lake is 
a "kettle" lake, occupying a depression formed from the 
melting of an isolated block, or blocks, of ice left dur
ing the retreats and readvances of the Lake Michigan lobe 
of the glacier during the last Ice Age— Wisconsinan time 
(Deutsch, Vanlier, & Giroux, 1960). The three-dimension
al shape of the basins suggests that the lake was formed 
by the melting of three blocks of. ice that were partly 
connected (Straw, 1978). Organic sediments have filled 
the lake basins until at the present time the maximal 
surface water depth is less than 10 feet (3-0 m). The 

1
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Figure 1. Location of study site in Kalamazoo County, 
Michigan.
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basins formed by the three blocks of ice range in depth 
from 25 feet (7*6 m) to 50 feet (15*2 m) v/ith the deepest 
being in the southwestern portion of the lake (Figure 2). 
Below the organic material in the basins, the sediment 
varies from coarse gravel to clay (Figure 3). Along most 
of the shoreline, the sediments have been modified by 
waves so that sand and gravel predominate.

Surface glacial deposits surrounding Austin Lake 
are of three types— morainal, outwash, and channel de
posits. Adjacent to the lake on the northeast side are 
morainal deposits that trend northeastward. These mor
ainal deposits were deposited directly from glacial ice 
with running water playing a minimal role in deposition. 
The west and south sides consist of outwash— material 
that was deposited from meltwater streams issuing from 
glacial ice. On the east side of the lake, trending 
southeastward, and from the north part of the lake 
northwestward are channel deposits. These are similar 
in origin to the outwash deposits, but have been rework
ed and covered with finer materials (Deutsch et al., 
1960).

Sources of Water Entering and Leaving Austin Lake

Austin Lake covers an area of 1050 acres (2593-5 
ha), but drains a land area that encompasses only 340
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Figure 3- Basal sediment in Austin Lake (Straw, ”1978).
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acres (839.8 ha) (Straw, 1978). The effective drainage* 
basin is considerably smaller because the permeability 
of the surrounding soil is high (Figure 4). Some sur
face water enters the lake from storm sewers, but other
wise surface water from the immediate drainage basin 
contributes little to .the water budget. Some small 
ephemeral streams are present in areas of moderate to 
steep slopes, but most such drains do not contribute 
water unless rainfall is heavy. Other sources of water 
include canals from Long Lake and West Lake, direct pre
cipitation, the Upjohn recharge pond, surface condensa
tion, and ground-water discharge.

An outlet at the southeastern end of the lake leads 
to Gourdneck Creek. Water also seeps through the bottom 
to become part of the ground-water flow. Some water is 
lost through evaporation from the free water surface 
and through irrigation (Figure 5)•

Austin Lake, with the other lakes in the complex, 
are all considered to be part of the St. Joseph River 
basin (Figure 6). Yet, Allen, Miller, and Wood (1972) 
placed the ground-water divide (major deep ground-water 
flow) on an east-west line through the center of Austin 
Lake with ground-water movement to the north and south 
of the lake (Figure 11).
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Figure 4. Drainage basin of Austin Lake (Straw, -1978).
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Figure 5* Water sources and losses of Austin Lake.
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Figure 6. The primary drainage basins of 
Kalamazoo County, Michigan 
(Allen et al., 1972).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10
Location of Sewer Lines

The dwellings around Austin Lake are served by sew
er lines with the exception of those in the southwestern 
corner. Because sewer lines surrounding the lake are of 
recent origin many residents still use septic tanks.

History

Natural accumulations of organic sediments have 
partly filled the lake since the retreat of the last 
glacier. Radiocarbon dating of the organic sediments in 
certain parts of the lake indicate that the rate of ac
cumulation of these materials was about 1 inch (2.54- cm) 
every 20 years for the period 8000 B. P. (before present) 
to 3000 B. P., 1 inch (2.54- cm) every 12 years for the 
period 3000 B. P. to 1700 B. P., and 1 inch (2.54- cm) 
every 7 years since 1700 B. P. It is likely that sedi
mentation may now be taking place at the rate of 1 inch 
(2.54- cm) every 2 years (Straw, 1978).

In 1962 an attempt was made to pump out the organic 
sediment near the north end of the lake. The objectives 
of the project were to determine (1) how much solid ma
terial could be pumped out in one hour using a four inch 
pipe, (2) if the hole formed by the pumping of muck 
would be filled in by the surrounding material, and (3) 
at what rate the hole would fill (Zeno, Kalamazoo
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Gazette, September 26, 1962). A holding area was con
structed and filled with the pumped muck. The holding 
area was permeable so the water could drain out leaving 
the solids behind. After being filled, the weather 
turned cold, freezing and damaging the equipment. No 
further action was taken (Kyskamp, Note 1).

Also in 1962, concern over the lake level led to a 
plan for a ponding project to hold water to be released 
when the level of the lakes dropped (Kalamazoo Gazette, 
December 4, 1962). In 1963 attention was directed to
wards pumping well water into the lakes to maintain their 
levels (Kalamazoo Gazette, Swptember 21, 1963). In 1964 
a proposal was presented to divert water from the Upjohn 
pond to Austin Lake (Kalamazoo Gazette, February 23,
1964). This became known as the Tri-Lakes Upjohn Pro
ject and, after a series of legal battles, construction 
finally began in December of 1966 (Kalamazoo Gazette,
December 23, 1966). On July 20, 1967, (Kalamazoo Ga
zette) the pipeline construction was completed and five 
million gallons of water a day began flowing into Austin 
Lake.

The pipeline was instrumental in solving the low 
water-level problem, but because the lake is shallow, 
sunlight is able to penetrate to the bottom stimulating 
the growth of rooted aquatic plants. Changes in the use
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of the lake from predominantly fishing to fishing, boat
ing, and water skiing caused residents to view the growth 
of weeds with concern. Various methods have been pro
posed to alleviate this problem. These methods include 
dredging, aeration, chemical treatment, and harvesting, 
but costs and uncertainity of the results have prevented 
any action. More basic research to reduce the degree of 
uncertainity needs to be done before major steps can be 
taken to improve the lake basin.

Assessment of Lake Environments

This paper is a result of an investigation into the 
movement and quality of ground water as it relates to 
Austin Lake. The purpose of the investigation was to 
locate areas of inflow and outflow near the shoreline of 
Austin Lake and to determine if the lake is being pollut
ed from ground-water sources.

The main hydrogeologic factors that are prerequi
sites for assessing lake environments are: (1) regime
dominance (the relative magnitude of ground water in the 
water budget of a lake); (2) system efficiency (a term 
describing the rate aspects of surface- and ground-water 
movement through a lake system); and (3) position within 
a ground-water flow system (Born, Smith, & Stephenson, 
197^)* This paper is concerned with this last factor
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along with the water quality of the ground water that 
enters the lake.

The best information for determining the position 
of a lake in a ground-water flow system is the ground
water potential distribution beneath the lake bottom, 
and the vertical hydraulic gradient is the ideal crite
rion. If the vertical gradient is positive (potential 
increasing downward) the lake is in a ground-water dis
charge region. If the vertical gradient is negative 
(potential decreasing downward) the lake is in a ground
water recharge region. If the vertical gradient is zero 
or negative at one end and positive at the other, the 
lake is in a region of lateral flow. Measurement of 
this factor must be done onsite with piezometers 
(Born et al., 1974-).

Significance of Study

This study is significant for three reasons: (1)
little research has been done on the ground-water flow 
beneath lakes in Michigan and none on Austin Lake with 
the exception of generalized deep ground-water flow pat
terns. The ground-water flow into and out of the lake 
has not been determined in detail by use of piezometers;
(2) the lakeshore is highly urbanized and there is the 
possibility of substantial pollution; and (3) a detailed
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14
knowledge of the hydrology of Austin Lake must be gained 
before an adequate plan can be developed for the resto
ration of the lake.
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CHAPTER 2

REVIEW OP PERTINENT LITERATURE

Ground-water flow and its association with lakes 
has only recently become the object of detailed research 
studies. Because of this, information on the subject is 
limited. Research on the quality of ground water that 
enters lakes is virtually non-existent. This chapter 
reviews research and writings of ground-water flow as it 
relates to lakes.

Ground-water Plow

Preeze and Cherry (1979) described ground-water 
movement in homogenous and isotropic materials as a flow 
from highlands towards valleys. In this situation the 
water table forms a subdued replica of the topography. 
The symmetry of the system creates vertical boundaries 
beneath the valleys and ridges across which there is no 
flow. These "ground-water divides" usually coincide ex
actly with surface-water divides, and their orientation 
is, for all practical purposes, vertical (Pigure 7). 
Preeze and Weatherspoon (1966) showed that in more com
plex topographic and hydrogeologic environments ground
water movement becomes more complicated.

15
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17
Toth (1963) and Born et al. (1974) described ground

water flow as ground-water movement in response to grav
ity from regions of high to low potential along flow 
lines that describe the path of an individual waiter par
ticle as it moves through the soil. A set of flow lines
oriented so that any two flow lines adjacent at one point 

©in the system remain adjacent throughout the system make 
up a ground-water flow system. All the flow lines in a 
ground-water flow system can be intersected by an unin
terrupted surface across which flow takes place in one 
direction only. Breeze and Cherry (1979) stated that 
flow lines deliver ground water from recharge regions to 
discharge regions (Figure 8).

Breeze and Cherry (1979) described ground-water 
flow beneath a hilly topography. In this situation there 
are numerous subsystems within a major flow system. Wa
ter that enters the flow system in a given recharge re
gion may be discharged in the nearest topographic low* 
(local ground-water flow) or it may be transmitted to 
the regional discharge region in the bottom of the major 
valley. Toth (1963) showed that as the depth to lateral 
extent of the entire system becomes smaller and as the 
amplitude of the hummocks become larger, the local sys
tems are more likely to reach the basal boundary, creat
ing a series of small independent cells (Figure 9)•
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Preeze and Cherry (1979) listed the effects geologi

cal heterogeneity can have on regional ground-water flow. 
Heterogeneity can affect the interrelationship among local 
and regional ground-water flow, the surficial pattern of 
recharge and discharge regions, and the quantities of flow 
that are discharged through the systems.

Born et al (1974-) discussed lakes and their associa
tion with ground water. Lakes situated in ground-water 
recharge regions (recharge lakes) contribute to the 
ground water throughout the entire lake bottom. Lakes 
in ground-water discharge regions (discharge lakes) gain 
ground water throughout the entire lake bottom. In re
gions of lateral ground-water flow, lakes lose to the 
ground water on one side and gain ground water on the 
other side. Such lakes are known as flow-through lakes 
(Pigure 10). Lakes may be associated with the regional 
ground-water flow, local ground-water flow, or both.
It is possible for lakes to intersect both a shallow and 
a deep flow system with the result that ground-water 
movement near the lake margins may be opposite to the 
directions of movement near the lake center.

Manson, Schwartz, and Allred (1968) indicated that 
"muck" is highly impermeable and therefore, where it ex
ists, prevents water from moving in and out of a lake.
They stressed the importance of bottom materials in pre
venting or permitting ground water to enter or to leave
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___ - r

b. Recharge lake

c. Flow-through lake

Figure 10. Configuration of ground-water 
flow systems around lakes 
(Born et al., 197^)
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lakes. They also speculated that glacial lakes— not in
tersecting the water table— upon initial formation did 
not hold water. Finer materials carried in by sheet and 
gully erosion sealed the bottom of the kettles, thereby 
permitting the lakes to hold water. They presented data 
to support the view that the permeability of the soil 
and drift adjacent to the pond or lake are usually much 
greater than that of the bottom. Thus, when the water 
level rises to flood the normal basin, infiltration is 
rapid and the level tends to decline rather promptly to 
the usual level. Their investigation of ponds and small 
lakes in relatively deep depressions showed that inflow 
underground was largely limited to wet periods— and even 
then was not prevalent at all sites.

McBride and Pfannkuch (1975) and Lee (1972) showed 
that seepage into or out of lakes tends to be concen
trated near the shore and decreases with increasing dis
tance from the shore. In many places the rate of de
crease is exponential. Their model indicated that lit
tle of the ground-water flow passes beneath the lake. 
Instead, most of it is diverted upward as it approaches 
the lake, passes through the lake, moves downward, and 
eventually comes back to the horizontal. McBride and 
Pfannkuch (1975) showed that this holds true only where 
the diameter of the lake is at least roughly comparable 
to the thickness of the underlying permeable materials.
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Where ponds have diameters much less than the thickness 
of the sections, seepage occurs almost uniformly across 
the bottoms of the depressions.

McBride and Pfannkuch (1975) in citing Lee's (1972) 
study of Lake Sallie, Minnesota, noted that in the 2 km 
wide lake, one-half of the discharge occurs within 1 7 m 
of shore, 90 percent within 60 m and 99 percent within 
120 m. The edge of the fine-grained sediments in the 
center of Lake Sallie is 300 m from shore. This and sim
ilar research done by Hackbarth (1968) in the Little St. 
Germain Lake Basin in Wisconsin show the importance of 
the geometry of the ground-water system and the relative
ly small role that lake sediments have in controlling the 
distribution of seepage in lakes.

Deutsch et al. (1960) and Allen et al. (1972), using 
water level data from observation wells, lakes, and 
streams, determined the direction of the regional ground
water flow in the Austin Lake complex. This complex in
cludes Austin, West, Long, Sugarloaf, and Gourdneck lakes. 
These data indicated that the ground-water movement was 
both north and south of an east-west line crossing the 
approximate center of Austin Lake (Figure 11).

Allen et al. (1972) devised a water budget for the 
complex from October 1, 1965 to March 30, 1966 and again 
from April 1, 1966 to September 30, 1966. For their first 
budget, they cited a subsurface inflow of 73 acre-feet
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and a subsurface outflow of *1,070 acre-feet. For the 
second budget, the subsurface inflow is 146 acre-feet 
and the subsurface outflow is 1,010 acre-feet. They 
said the subsurface outflow returns to the surface at 
Gourdneck Creek, a short distance to the south of Austin 
Lake and flowing east. These figures indicate that lit
tle ground water enters Austin Lake as compared with the 
total flow.

Ground-water Quality

Legrand (1965) described contaminant movement from 
waste sites into the subsurface water circulation. This 
movement results in contaminated zones, or enclaves, in 
the zone of saturation. The contaminants tend to be en
trained in ground-water flow and also tend to attenuate 
to varying degrees by dilution in water, decay with time, 
or some other 'die away' mechanism, and adsorption on 
earth materials. Once a contaminated zone is approximate
ly stable, an increase in concentration may cause it to 
remain about the same size under some conditions and en
large in others according to combined attenuation ef
fects. Where attenuation occurs only by dilution the 
contaminated zone will become enlarged with increased 
concentration, and even if attenuated only slightly by 
dilution may become greatly elongated in the direction 
of ground-water flow. Where attenuation occurs through
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decay or adsorption or through both mechanisms, the con
taminated zone may not change appreciably, even if the 
concentration of contaminants increases. Where the con
taminants sink into the ground, the vertical direction 
predominates in the zone of aeration that lies above the 
water table. When they reach the zone of saturation 
contaminants tend to spread laterally (Figure /12).

Lee (*1972), in his study of lakes in a glacial ter
rain, found that septic tank effluent from lakeside hous
es entered the lake within 9 meters of the shoreline in a 
fan-shaped pattern. His study showed that 40 percent of 
the nitrogen entered the lake although the phosphorus was 
fixed in the soil.

Previous studies of the water quality of Austin Lake 
indicate low concentrations of dissolved nutrients. Jones 
and Henry Engineers, Limited (1972) showed that chloride 
concentrations on the western edge of the lake averaged 
56 mg/1 and 20 mg/1 at other sampling points. Orthophos
phates ranged from 0 to 0.45 mg/1.

Allen et al. (1972) listed chloride concentrations 
between 1 and 6 mg/1.

Chemical analyses by the author during a period from 
September to December, 1977i show low levels of phosphorus.

Information on the quality of ground water discharged 
into Austin Lake is not available.
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CHAPTER 5

PROCEDURE FOR COLLECTING DATA

The purpose of this investigation was twofold. The 
first objective was to determine the direction of water 
flow through the sediment-water interface along the total 
shoreline of Austin Lake. The second objective was to 
determine if this water was contributing to the degrada
tion of the lake.

Determination of Hydraulic Head

The total shoreline of Austin Lake was divided into 
segments. Most lots represented one segment. Large lots 
were divided into two or more segments. Areas not desig
nated as lots were divided into segments that were ap
proximately 50 feet in width. Each of the 678 segments 
was assigned a number. Fifty segments were selected at 
random for the study (Figure 13)-

In order to determine the direction of ground-water 
flow, minipiezometers were placed at the approximate 
center point of each segment at distances of 10 feet 
(3*0 m) and 20 feet (6.1 m) from shore.

The minipiezometer, modified from one used by Lee 
and Cherry (1978), consists of a 3/4 inch (1.9 cm) iron 

28
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Figure 13* Approximate locations of sample sites 
on Austin Lake.
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pipe. A 1/2 inch (1.3 cm) iron pipe 8 inches (20.3 cm) 
long was welded to one end. A 7/16 inch (1.1 cm) poly
ethylene tube 8 inches (20.3 cm) long was placed inside 
the 1/2 inch (1.3 cm) iron pipe and the two were drilled 
simitaneously and perforated with a 1/4 inch (0.6 cm) bit. 
The polyethylene tube was then removed, wrapped with a 
fine mesh nylon net and replaced. Care was taken to be 
sure the holes on the pipe and the tube lined up. They 
were then fixed in place with a small bolt through the 
pipe and tube. The 1/2 inch (1.3 cm) pipe was capped 
with a reducer and plugged. The reducer and plug served 
as a driving point.

The pipe was capped and driven to the desired depth.
The cap was then removed and water allowed to rise up 
into the pipe. To facilitate the process, water was 
added until the water level in the pipe was at the level 
of the water in the lake. Subsequent water-level move
ment within the pipe was measured and recorded along with 
water depth and pipe depth into the sediment. Water- 
level movement was checked by varying the.level of water 
in the pipe to determine if the results could be repli
cated. The difference between the water levels of the 
lake and pipe is the hydraulic head. To facilitate the 
measurement of the hydraulic head, a device (manometer) 
was inserted into the minipiezometer. Readings could 
then be made above the surface of the lake (Figure 14).
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Water Sampling

The minipiezometer was pumped dry (not always pos
sible in permeable sediments) and ground-water samples 
taken from water that refilled the pipe from below.

Chemical Analysis

Each sample was frozen at the end of each sampling 
day. When enough samples accumulated, they were thawed. 
The specific conductivity was determined and the sample 
analyzed for its chloride and phosphate content.

Conductivity was measured using model EP-/10 specific 
conductivity meter manufactured by the Myron L. Company 
of Encinitas, California. Results are given in micro- 
mhos/centimeter .

Chloride concentration was determined using the Hach 
mercuric nitrate method. In this procedure, diphenylcar- 
bazone is the indicator and mercuric nitrate the titrant. 
Once all the chloride present in the sample is complexed 
by the mercuric ions, the excess mercuric ions combine 
with diphenylcarbazone to form a purple complex indicat
ing the end point of the titration.

Phosphate concentration was determined using the 
Hach ascorbic acid method. In this phosphate analysis,- 
orthophosphate reacts with molybdate in an acidic medium 
to produce phosphomolybdic acid that is then reduced to
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a heteropoly blue compound. The phosphate concentration 
of the water sample is then determined by measuring the 
intensity of the blue color.

Importance of Water Quality Parameters Measured

Conductivity is a measure of the ability of water 
to conduct an electrical current. It is expressed in 
micromhos per centimeter at 25°C. Pure water has a low 
conductivity. Conductivity increases with increasing 
concentrations of dissolved minerals in the water. Nor
mally the amount of dissolved solids in milligrams per 
liter (mg/1) is approximately 65 percent of the conduc
tivity. Dissolved solids are often contributed to ground 
water by industrial and domestic wastes.

Soluble Orthophosphate— Phosphorus is the dissolved 
form of phosphate that is directly available for plant 
growth. Phosphate is reported rather than phosphorus be- . 
cause the element, phosphorus, does not occur free in 
nature. Instead, it is found in combined forms, the 
most common being phosphates. Phosphorus, like nitrogen, 
is an element essential to plant growth and both elements 
can be derived from sources such as soils and decomposi
tion of organic matter. Phosphorus has become increas
ingly evident in the environment because of its past 
extensive use in detergents and its present use in agri
culture. In streams, phosphorus is an extremely limiting
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element for plant growth and thus an increased supply 
from outside sources such as sewage effluents may pro
vide the stimulus for excessive production.

Phosphate movement in ground water is limited and 
therefore was not expected to be detected in large con
centrations. Comparisons of phosphate concentrations 
with chloride concentrations may yield additional infor
mation regarding these species.

The chloride ion, in combination with one of several 
cations such as sodium, magnesium, and potassium, is a 
common impurity in most natural waters. Chloride com
pounds are readily dissolved from rocks by surface and 
subsurface waters. A concentration of several hundred 
milligrams per liter is necessary before a salty taste 
is imparted to the water or aquatic organisms are harmed.

Chlorides are essential in the diet and passes 
through the digestive system to become one of the major 
components of sewage. The wide use of salt in water 
softeners also contributes a large amount of chloride 
to sewage. In water, chloride concentrations are atten
uated primarily by dilution and therefore high concen
trations are good indicators of pollution.
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CHAPTER A

ANALYSIS OP DATA

The data were analyzed on an IBM 3033 computer oper
ating from an IBM 32?0 terminal under Time Sharing Option 
(TSO). The language used throughout the analysis was 
Statistical Analysis System (SAS).

Table Descriptions

The data analyzed are listed in Tables 1, 2, and 3*
Table 1, on pages 36, 37, 38, and 39, contains physi

cal data from each sampling point. The data in Table 1 
include the depth of the water at the sampling point (DW), 
the depth the piezometer was driven into the sediment 
(DP), the hydraulic head (HH), and whether or not a func
tioning septic tank was present on the lot onshore from 
the sampling site.

Table 2, on pages 40, 41, 42, and 43, contains the 
results of the ground-water sample analyses for each sam
pling point. The data in Table 2 include specific con
ductivity (COND), chloride content (CHL), and phosphate 
content (P).

Table 3, on pages 44, 45, and 46, contains data on 
other physical factors that may have an effect on ground
water movement and/or chemical properties of the ground

35
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Table 1
Physical Data for Each Study Site

Location
Number

Depth of Water 
(cm)

Depth of Pipe 
in Sediment (cm)

Hydraulic Head 
(mm) Septic 

Tank 
(yes, no)5 m 6 m 3 m 6 m 3 m 6 m

7 - 35 - 56 - -5 no
18 - - 61 61 -35 -10 yes

/  32 25 61 61 46 0 -10 yes
49 - 20 - 61 - -65 yes
68 76 - 61 - +7 - yes
75 17 35 57 47 +3 +5 yes
120 34 96 55 59 --155 -189 yes
144 79 152 87 61 +2 -9 yes
168 62 122 65 55 -190 -280 yes
170 28 51 51 87 0 0 no
176 23 44 47 121 0 0 no
185 51 98 52 123 -3 -5 no
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Table 3

Factors Considered in the Statistical Analysis 
of Austin Lake's Ground-water Characteristics

Drainage 
Location Basin 
Number Altitude 

(«)

7 859 02 0 - 3
18 861 02 0 2 2
32 864 02 0 1 1
49 868 03 0 2 2*
68 868 03 0 2 -
75 868 03 0 1 1
120 876 01 0 3 1
144 868 01 0 2 3
168 872 03 0 3 3
170 870 03 0 2 2
176 860 03 0 2 3
185 861 03 0 2 2
192 870 03 0 2 2
213 868 04 0 3 3
218 868 03 0 3 3
244 869 04 0 3 3
260 868 04 0 3 3
274 864 04 0 3 3
275 864 04 0 2 3
281 863 04 0 3 3

Glacial. Permeability0
i b -----------3 m 6 m
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Table 3 (Continued)
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Location ^Basin56 g .1a Glacialb Permeability0 
Number Altitude Material , c

(ft) 3 m 6 m

287 862 04 0 3 3
505 858 A C 2 2
320 861 B C 2 2
361 861 04 C 3 3
365 861 04 C 3 3
366 861 04 C 3 3
373 861 04 c 3 3
383 861 04 c 2 2
401 861 04 c 3 3
403 861 04 c 3 2
416 861 04 c 3 3
419 861 04 c 3 3
420 861 04 c 3 3
451 859 04 c 3 3
•457 859 04 c 3 3
473 859 04 M 3 3
496 861 04 M 2 2
497 861 04 M 2 2
508 861 04 M 2 2
519 861 04 M 3 2
548 858 04 0 2 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3 (Continued)
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Location
Number

Drainage
Basin
Altitude

(ft)
Soila Glacial^

Material
Permeability0 
3 m 6 m .

560 861 04 0 1 1
563 862 04 0 - 2
579 865 04 0 1 1
585 870 04 0 3 3
596 868 04 0 3 3 •
614 859 A 0 3 3
650 868 02 0 3 3
663 861 A 0 3 2

a01, 02, 03, 04 = varieties of Ostemo 
A = Adrian 
B = Brady

^0 = outwash 
M = morainal material 
C = channel deposits

C1 = excellent
2 = good
3 = poor

\
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water. These factors are the altitude of the drainage 
basin (DBA), the type of soil adjacent to and surrounding 
the lake, the surface glacial material adjacent to and 
surrounding the lake, and a subjective judgment of the 
permeability of the sediment at each sampling point.

The altitude of the drainage basin is the maximal 
altitude in the drainage basin perpendicular to the shore
line at the sampling site. The types of soil adjacent to 
and surrounding the lake include four varieties of Oshtemo 
(01, 02, 03, 04), Brady (B), and Adrian (A). The types 
of surface material adjacent to and surrounding the lake 
are channel deposits (C), outwash (0), and morainal mate
rial (M). Permeability is classified as excellent (1), 
good (2), and poor (3).

Variable Descriptions

Variables are classified according to whether they 
are measurement or classification variables and whether 
they are dependent or independent variables.

Measurement variables have measured values. Classi
fication variables do not have measured values, or if 
they do, they can be simply grouped and given a group 
name. Hydraulic head, depth of the water, depth of the 
piezometer in the sediment, altitude of the drainage basin, 
specific conductivity, chloride content, and phosphate 
content are all measurement variables. The classification
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variables are glacial material, soil, permeability of sed
iment, distance from shore, and presence or absence of a 
septic tank.

Dependent variables are subject to change if condi
tions change. Independent variables are fixed. They do 
not change. Hydraulic head, specific conductivity, chlor
ide content, and phosphate content are dependent vari
ables. Independent variables include all the classifica
tion variables.

Analytical Procedure

The first step in the analyses was to examine inter
dependencies among the variables DP, COND, HH, CHL, and P 
using pairwise Pearson Product Moment correlations (PROC 
CORR). In this procedure correlations were calculated 
considering breakdowns involving the independent vari
ables— septic tank and distance from shore in the fol
lowing manner: (1) all observations combined (Appendix
A); (2) observations classified according to values on 
both independent variables (Appendix B); and (3) obser
vations classified according to the presence or absence 
of a septic tank only (Appendix C).

The second step in the analyses used two-way analy
sis of variance procedures to determine the relationship 
between septic tank and distance from shore on the depen
dent variables HE, COND, CHL, and P. Because of unequal
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sample sizes a general linear models program (GLM) was 
used for this analysis. This analysis was performed in 
the following manner: (1) observations classified accord
ing to values on both independent variables (Appendix D) 
and (2) observations classified according to the presence 
or absence of a septic tank only (Appendix E).

Schematic plots were drawn for each dependent vari
able to determine if visual inspection could identify any 
differences in the effects of a septic tank and/or dis
tance from shore (Appendix E). Examination of the plots 
indicated that other factors might be related to the re
sults. Factors considered were the altitude of the drain
age basin, depth of water at each sampling point, the soil 
surrounding the lake, and the surface glacial material 
surrounding the lake. Those parameters were added to the 
data base along with a subjective determination of the per
meability of the sediment at each sampling site (Table 3)•

The dependent variable data were examined for skewness 
using the univariate procedure. Log transformations were 
made on the data to reduce the skewness for all dependent 
variables except hydraulic head (Appendix G).

In the final analyses the GLM procedure was used be
cause both classification and measurement variables were 
among the independent variables. These analyses included 
the added factors and the-/Log transformations.
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In the final analysis of HH, the classification vari

ables were types of glacial material, types of soil, and 
permeability of the sediment. The measurement variables 
were the altitude of the drainage basin, depth of the 
piezometer, and the depth of the water (Appendix H).

In the final analysis of the other dependent vari
ables (COND, CHL, P) the classification variables were 
septic tank, distance from shore, glacial material, soil, 
and permeability. The measurement variables were hydrau
lic head, altitude of the drainage basin, depth of the 
piezometer, and depth of the water (Appendix I).

In all analyses using the GLM procedure, the results 
referred to are from using the Type IV sum of squares.
The Type IV sum of squares is the most appropriate for 
this study because it is adjusted for differences in 
sample size.

Computer Results

Hydraulic Head

In the initial correlational procedure observations 
were not grouped according to the independent variables 
septic tank and distance from shore. Here hydraulic head 
was seen to have a significant relationship to conductiv
ity, r (84) = 0.21843, p £ 0.0433- At locations without 
a septic tank, there was a highly significant relationship
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between hydraulic head and conductivity at a distance of 
3 meters, r (25) = -0.49835? P - 0.0082. At 6 meters, the 
relationship of hydraulic head to conductivity was mar
ginally significant, r (24) = 0.36871, p  ̂0.0638. At 
locations with a septic tank the relationship of hydraulic 
head to conductivity was marginally significant at 3 me
ters, r (14) = 0.43058, p  ̂0.0959- At 6 meters from 
shore, the relationship of hydraulic head to conductivity 
was not found to be significant, but the relationship of 
hydraulic head to phosphates was significant, r (15) = 
-0.48480, p  ̂0.0486. Because the relationship of hydrau
lic head to phosphates was shown to be significant in only 
one correlation set, it is likely that this statistic is 
the result of chance alone.

In the second series of correlations in which dis
tance from shore was not a factor, the relationship of 
hydraulic head to conductivity was significant to local
ities where a septic tank was not present, r (51) = 
0.34441, p  ̂0.0116. When a septic tank was present, the 
relationship of hydraulic head to phosphates was marginal
ly significant, r (31) = -0.32440, p  ̂0.0655-

The GLM procedure showed an overall significant rela
tionship to hydraulic head, F (3, 86) = 3-5^? P - 0.0179- 
Individually there was a significant relationship of 
hydraulic head to the presence of a septic tank, F (1, 86)
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= 5•'14, P - 0.0259, and. a significant relationship of 
hydraulic head to distance from shore, F (1, 86) = 4.31, 
p  ̂0.0408. The interaction between septic tank and dis
tance from shore for hydraulic head was not found to be 
significant, F (1, 86) = 0.41, p £ 0.5228.

The schematic plot showed that the hydraulic head 
decreased with distance from shc-re and decreased in the 
presence of a septic tank.

In the final analysis of hydraulic head, the inde
pendent variables were the class variables (glacial mate
rial, soil, and permeability) and the measurement variables 
(altitude of the drainage basin, water depth, and the depth 
of the piezometer). This model was highly significant,
F (12, 74) = 4.0, p  ̂0.0001, and explained about 39 
percent of the variability.

Overall, the relationship of hydraulic head to the 
type of glacial material was significant, F (2, 74) = 3.87, 
p * 0.0251. The least squares means for channel deposits 
and outwash were -52.8 and 49-5 respectively and the 
least squares mean for morainal material was -130.6.
This indicates a greater outflow in the area of the lake 
that is bounded by morainal material.

The relationship of hydraulic head to soil type was 
marginally significant, F (5, 74) = 2.10, p  ̂0.0738.
Because of this overall marginal significance little 
emphasis is placed on it.
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The relationship of hydraulic head to the permeability 

of the sediment was highly significant, F (2, 74) = 9-62, 
p « 0.0002. From the least squares means, poor permea
bility, with a least squares mean of -30.19, was asso
ciated with the highest hydraulic head (most positive 
number and lowest outward flow) as compared to excellent 
permeability with a least squares mean of -159.0.

The relationship of hydraulic head to the altitude 
of the drainage basin was significant, F (1, 7̂ ) = 5-33, 
p  ̂0.0237- The estimate of the linear coefficient on the 
effect of the drainage basin altitude is -22.66. This is 
the slope of the linear regression line and being negative 
gives a result of a more negative head with an increase 
in the altitude of the basin.

The relationship of hydraulic head to the depth of 
the piezometer in the sediment was significant, F (1, 7̂ )
= 4.32, p  ̂0.0411. The estimate of the linear coeffi
cient on the depth is -0.80. This means that the deeper 
the piezometer is placed in the sediment, the greater the 
negative hydraulic potential differential.

The relationship of hydraulic head to water depth was 
significant, F (1, 74) = 4.29, P - 0.0419- The estimate 
of the linear coefficient on the water depth is -0.77- 
This is negative, therefore the greater the depth, the 
greater the negative hydraulic potential differential.
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Conductivity

In the initial correlational procedure that did not 
group observations according to the independent variables 
septic tank and distance from shore, the correlation of 
conductivity with hydraulic head was significant as re
ported in the previous section. In addition, when no 
septic tank was present, conductivity had a significant 
relationship to chlorides at 3 meters, r (27) = 0.38365, 
p  ̂0.0399, and a highly significant relationship to chlo
rides at 6 mevers, r (26) = 0.53692, p  ̂0.0032.

In the second series of correlations when distance 
from shore was not considered in the analysis, again con
ductivity had a significant relationship to hydraulic head 
as reported previously. Conductivity had a very high sig
nificant relationship to chlorides, r (55) = 0.4-3355, 
p  ̂0.0008, when no septic tank was present. With the 
presence of a septic tank, conductivity had a marginally 
significant relationship to the depth of the piezometer, 
r (31) = -0.30350, p  ̂0.0860.

The schematic plots for conductivity showed a margin
al increase in the presence of a septic tank. There was 
a marginal increase with distance when the septic tank 
was absent and a decrease with the presence of a septic 
tank.

In the final analysis, the independent class variables
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are glacial material, soil type, permeability, distance 
from shore, and septic tank. The independent measurement 
variables are hydraulic head, altitude of the drainage 
basin, depth of the piezometer in the sediment, and depth 
of the water.

The full model for the log of conductivity was not 
found to be significant, F (15, 67) = 'I - '17 9 P - 0.3151*
In this model conductivity had a marginally significant 
relationship to hydraulic head, F (1, 67) = 3*19» P - 
0.0788. The estimate of the linear coefficient for the 
effect of the hydraulic head was 0.0004. This is positive 
and means that the greater the hydraulic head the greater 
the conductivity. In other works, the faster the water 
is flowing out of the lake, the lower the conductivity.

None of the other variables was found to be signifi
cant and these variables are not considered further.

A reduced model was designed for the log of conduc
tivity. This model contained only the factors that show
ed significant values in the full model. These factors 
were hydraulic head and septic tank. This model was sig
nificant, F (3, 82) = 3.29, p - 0.0246, and explained al
most 11 percent of the variability. In this model conduc
tivity had a significant relationship to hydraulic head,
F (1, 82) = 6.01, p  ̂0.0164. The presence of a septic 
tank no longer showed a particularly strong relationship, 
but when considered separately from hydraulic head, the
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relationship became marginally significant. This implies 
that the conductivity is greater in the presence of a 
septic tank.

Chlorides

In the correlational procedures, significant relation
ships were not found other than that of conductivity pre
viously mentioned.

The GLM procedure showed a marginal significant re
lationship between chloride content and septic tank pre
sence, F (1, 87) = 3.22, p  ̂0.0761.

The schematic plot for chlorides showed a fairly 
strong relationship with the presence of septic tanks. 
Chloride content was greater and varied more in the pre
sence of a septic tank.

In the final analysis, the independent variables were 
the same as in the analysis of the log of conductivity.
The full model for the log of chlorides was not found to 
be significant, F (15, 68) = 1-53, P - 0.1198. Chlorides 
had a marginally significant relationship to permeability,
F (2, 68) = 2.38, p = 0.1001, and a significant relation
ship to the depth of the water, F (1, 68) = 4.13, p - 
0.04-59. The estimate of the linear coefficient for water 
depth was negative (-0.0016), therefore the deeper the 
water, the lower the level of chlorides.
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None of the other relationships was strong enough to 

consider.

Phosphates

The initial correlations did not reveal any signifi
cant relationships between phosphate content and the 
several variables.

In the full model for the log of phosphates, the 
independent variables were the same as in the analyses of 
the other full models. The overall model was not found 
to be significant, F (15, 66) = 1.27, P - 0.24-50. Glacial 
material had the only significant relationship to phos
phate content, F (2, 66) = 3*75, p - 0.0288. The least 
squares mean for outwash is 0.24-2 as compared to channel 
deposits at 0.074- and morainal deposits at 0.004-. This 
means that outwash has a greater level of phosphates, 
but overall, phosphate content was not found to be 
significant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5

DISCUSSION AND CONCLUSIONS 

Ground-water Plow

The first objective of this investigation was to de
termine the direction of ground-water flow through the 
sediment-water interface along the total shoreline of Aus
tin Lake. This was done by placing minipiezometers in the 
sediment beneath the water surface and measuring the hy
draulic head. The data obtained show that at most sites 
the water movement has a downward component. The greatest 
downward flow appears to be at the northern, southern, and 
southwestern portions of the lake (Pigure 15)« Few meas
urements show ground water moving into the lake. The com
pass direction of flow cannot be determined from the data, 
but can be inferred from previous data as presented by 
Deutsch et al. ('I960) and Allen et al. (1972). Their mod
els suggest that ground water moves to the north and to 
the south from Austin Lake. Austin Lake is situated on 
the ground-water divide.

During the collection of hydraulic head data, three 
conditions were found to exist: (1) a negative hydraulic
head for both samples at the sampling site; (2) a positive 
hydraulic head for both samples at the sampling site; and 
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(3) a zero or a positive hydraulic head at 3 meters and a 
negative hydraulic head at 6 meters.

In the first situation, water is seeping through the 
lake seal and becoming part of the ground-water flow (re
charge point). In the second situation, the ground-water 
movement is upward and into the lake (discharge point).
The third situation suggests a combination of the first 
two. Ground water is moving into the lake at 3 meters 
and moving out of the lake at 6 meters (Figure 16). This 
last situation could occur if there is a slight local ele
vation of the water table near shore and would be enhanced 
by the presence of a channel for ground-water movement in
to the lake. These channels may be present. During sam
pling it was noticed that the sediment was layered at many 
points around the lake. These layers were narrow— from 
one to several centimeters in thickness. They were made 
of sand interbedded with finer material with organic mate
rial scattered throughout. At some of these sites the 
piezometer was driven deeper. The hydraulic head then 
became negative.

Computer analysis shows several factors affecting the 
hydraulic head. One factor is the depth of the piezometer 
in the sediment. This was expected. The deeper the pie
zometer is in the sediment, the more equipotential lines 
intersected, the greater the hydraulic head (Figure 8).

Another factor affecting the hydraulic head is the
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depth of the water. As the depth of the water increases, 
the hydraulic head becomes more negative. This statistic 
is probably the result of the greatest outward flow being 
at the areas of the lake that were the deepest, namely the 
northern, southern, and southwestern portions.

The permeability of the sediment affects the hydraulic 
head. The largest hydraulic head differential occurs 
where the permeability is the greatest. At one sampling 
site that exhibited excellent permeability, a siphoning 
hose was placed from the lake into the minipiezometer.
Water ran into the piezometer (out of the lake) for some 
time until the hose was removed. This indicates a thin 
seal in the lake. Once through the seal, the sediments 
are permeable.

The statistical analysis of the relationship of 
drainage basin altitude to hydraulic head is significant 
but not in the way expected. The higher the altitude of 
the drainage basin, the more negative the hydraulic head. 
Examination of the sampling results show high negative 
hydraulic head (outward) readings in the southwestern 
region of the lake. This region contains some of the 
highest points in the drainage basin. The southwestern 
region is illustrated on the cross-section of Austin Lake 
(Eigure 2). The left side of A-A' is the surface of 
Gourdneck Lake. This surface of Gourdneck Lake is below 
the surface of Austin Lake. It is reasonable to assume
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that this lower surface has a major effect on ground-water 
flow from Austin Lake towards Gourdneck Lake and that the 
.topographic high between the two lakes is overshadowed by 
this effect.

The northern shore of Austin Lake also shows a large 
negative head. The surface-water divide is to the north 
(Figure 6). This neans that surface water flows to the 
south and ground water flows to the north in this region. 
Therefore altitude of the drainage basin has a minimal 
effect on the total ground-water flow at Austin Lake.

In glacial sediment, morainal material shows the 
greatest outward flow (Figure "17) • It is unclear whether 
this is a true picture of what is happening because of the 
small extent of morainal material adjoining the lake.
These glacial materials are surface deposits and may have 
only a minimal effect on regional ground-water flow.

Pollution

The second objective was to determine if the lake is 
being polluted by ground water by examining the specific 
conductivity, chloride content, and phosphate content of 
ground-water samples from beneath the lake.

Three factors, hydraulic head, depth of the piezometer 
in the sediment, and presence or absence of a septic tank, 
affect the specific conductivity. The more positive the 
hydraulic head, the greater the conductivity (Figure 'IS).
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In other words, the faster water is moving out of the 
lake, the lower the conductivity. The deeper the piezo
meter was placed in the sediment, the greater the conduc
tivity. Conductivity is higher when a septic tank is 
present (Figure 19). Consequently, it appears that sep
tic tank effluent is entering the lake. These results 
seem to indicate that at certain times during the year, 
at some points and under certain conditions, ground wa
ter moves into the lake bringing in dissolved compounds. 
Later when the ground-water direction is reversed, the 
compounds are carried downward and away from the lake, 
therefore the higher concentrations will be at the lower 
level. This idea is strengthened by the fact that a late 
summer check of the hydraulic head on the west side of 
Austin Lake indicated an outward flow even though some 
of the points had indicated an inward flow earlier in 
the spring and summer.

Chlorides exhibit some of the same relationships as 
conductivity. Offshore from septic tanks chloride content 
varies considerably. At locations without a septic tank 
chloride content varies little (Figure 20). This differ
ence in variance indicates some inflow of effluent from 
septic tanks.

Significant relationships were not found between 
phosphates and any of the dependent variables. This is
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Figure 19- A comparison of the specific conductivity with the presence or 
absence of a septic tank.
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as expected as phosphates are rapidly attenuated in sedi
ment. One interesting result is that a greater concentra
tion of phosphates was present near glacial outwash. This 
area contains mostly older homes and the possibility ex
ists that phosphates are entering the lake from older 
functional or non-functional septic systems (Figure 21).

Summary of Conclusions

The conclusions directly related to the objectives
are:

1. The primary direction of water flow is downward 
through the sediment-water interface.

2. Under certain conditions ground water moves up 
through the sediment-water interface.

3. Upward movement of ground water brings in dis
solved materials from onshore septic systems.

4. The amount of septic tank effluent entering the 
lake is minimal.

5. The lake-bottom sediment forms a thin seal that 
retards, but does not prevent, downward movement 
of water.

Conclusions not related to the objectives but that 
are consistent with those of other researchers are:

1. The deeper the piezometer is in the sediment, the 
greater the hydraulic differential.
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2. Water movement is primarily north and south of 
Austin Lake, with little east or west flow.
This suggests that the divide is along an east- 
west line that crosses Austin Lake and probably 
changes position during the year as the lake 
varies from recharging to discharging at par
ticular points.
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CHAPTER 6

RECOMMENDATIONS

Recommendations for future investigations include:
1. A study of the near shore hydrology. What are 

the effects of the layered sediments on local 
ground-water flow? Could these layers shed any 
light on historical development of the lake?

2. A study of conditions necessary for water move
ment into the lake. Does water move into the 
lake at all points or is it limited in extent—  
near topographic highs or near the ground-water 
divide on the east and west sides?

3. A study of the water movement through the organic 
sediment filled basins. Are the basins imperme
able? Do they act as sinks for dissolved 
materials?
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APPENDIX A
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APPENDIX B

PEARSON PRODUCT MOMENT CORRELATIONS OF OBSERVATIONS 
CLASSIFIED ACCORDING TO VALUES ON INDEPENDENT 
VARIABLES— DISTANCE FROM SHORE AND PRESENCE 

OR ABSENCE OF A SEPTIC TANK
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APPENDIX C

PEARSON PRODUCT MOMENT CORRELATIONS 
OE OBSERVATIONS CLASSIFIED ACCORDING 

TO THE PRESENCE OR ABSENCE OF A SEPTIC TANK ONLY
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APPENDIX D

ANALYSIS OF OBSERVATIONS CLASSIFIED ACCORDING 
TO VALUES ON BOTH INDEPENDENT VARIABLES 
USING A GENERAL LINEAR MODELS PROGRAM
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S T A T I S T I C A L  A N A L Y S I S  S Y S T E M  18:20 FRIDAY, OCTOBER 23, 19S1 
GENERAL LINEAR MODELS PROCEDURE 

CLASS LEVEL INFORMATION 
CLASS LEVELS VALUES
SINK 2 0 1
01 ST 2 10 20

NUHBER OF OBSERVATIONS IN DATA SET « 95

GROUP OBS DEPENDENT VARIABLES
1 90 Hll
2 90 COND
3 91 CHL
N 88 P

: VARIABLES IN EACH GROUP ARE CONSISTENT WITH RESPECT TO THE PRESENCE OR ABSENCE OF HISSING VALUES.
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S T A T I S

OCPENDENT VARIABLE: HI!
SOURCE
MODEL
ERROR
CORRECTED TOTAL 

SOURCE

I C A L  A N A L Y S I S  S 
GENERAL LINEAR MODELS PROCEDURE

18:20 FRIDAY, OCTOBER 23. 1961

SUM OF SQUARES 
72366.99259259 
5B6290.79629630 
658657.78866889

TYPE I SS
35025.55790791 39535.21111111 2806.22907907

MEAN SQUARE 
29122.33086920 
6817.33989065

F VALUE 
3.59

0.02590.02700.5228

0.0179 
STO OEV 

82.56715352

35025.5579079129907.82907907
2806.22907907

R-SQUARE 
0.109870 157.0099 

HH MEAN 
•52.58888889

0.02590.09080.5228

DEPENDENT VARIABLE: COND 
SOURCE 0
MODEL
ERROR 8
CORRECTED TOTAL 8

SOURCE D

M I S T I C A L  A N A L \  
GENERAL LINEAR MODELS

18:20 FRIDAY, OCTOBER 23. 1981

SUM OF SQUARES 
13386.11693588 
278891.93711968 
292228.05555556

TYPE I SS
7172.1599391360.097333926153.86666263

MEAN SQUARE 
9962.03997863 
3292.39810609

0.2596 
STO DEV 

56.99162016

R-SQUARE C V.
0.095807 17.3221

COND MEAN 
328.72222222

F VALUE
2.270.251.90

0.13530.61910.1719
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SOURCE

ERROR
CORRECTED TOTAL

source

S T A T I S T I C A L  A N A L Y S I S  S 
GENERAL LINEAR MODELS PROCEDURE

16:20 FRIDAY, OCTOBER 21, 19B1

SUM OF SQUARES 
98.92960937 

1363.99297305 
1U82.lt175B2U2

TYPE I SS
51.3050953219.2589901327.86052392

MEAN SQUARE 
32.80820312 
15.90796521

F VALUE 
2.06 0.1095 

STD DEV 
3.98897906

R-SQUARE
0.066395 13.1029 

CHL MEAN 
30.93956099

51.2613592131.1308671527.86052392

F VALUE 
3.22

18:20 FRIDAY, OCTOBER 23. 1981 10

DEPENDENT VARIABLE: I
SOURCE
MODEL
ERROR
CORRECTED TOTAL

SOURCE
SINK
STNK*DIST

GENERAL LINEAR MODELS PROCEDURE

M OF SQUARES 
0.29921609 
9.63927032 
9.87898636

TYPE I SS
0.116109390.059963070.06819358

MEAN SQUARE 
0.08190535 
0.11969369

F VALUE 
0.71

0.31720.97170.9930

R-SQUARE
0.029722

C.V. 
129.6888 

P MEAN 
0.26111636

0.112959200.029997290.06819358
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ANALYSIS OP OBSERVATIONS CLASSIFIED ACCORDING 
TO THE PRESENCE OR ABSENCE OF A SEPTIC TANK ONLY 

USING A GENERAL LINEAR MODELS PROGRAM
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DEPENDENT VARIABLE: 
SOURCE

ERROR
CORRECTED TOTAL

SOURCE
STNK

S T A T I S T I C A L  A N A L Y S I S  S' 
GENERAL LINEAR HODELS PROCEDURE

17:09 FRIDAY, OCTOBER 30. 19S1

SUH OF SQUARES
35025.55700701 
623632.231081118 
658657.78888889

TYPE I SS
35025.55700701

MEAN SQUARE 
35025.55700701 
7086.72990320

F VALUE PR > F
0.90 0.0288

PR > F R-SQUARE
0.0288 0.053177
STD OEV 

0.18271737

TYPE IV SS F VALUE 
35025.55700701 0.90

160.0770 
HH MEAN 

-52.58888889

OtPENDENT VARIABLE: t
SOURCE
HODEL
ERROR
CORRECTED TOTAL

SOURCE
STNK

A T I S T I C A L  A N A L Y S I S  S 
GENERAL LINEAR HOOELS PROCEDURE

17:09 FRIDAY. OCTOBER 30. 1981

SUM OF SQUARES
7172.15003913 

285055.90111603 
292228.05555556

TYPE I SS
7172.15003913

7172.15003913
3239.27160360

F VALUE 
2.21

R-SQUARE
0.020503

C.V. 
17.3139 

CONO MEAN 
328.72222222

TYPE IV SS 
7172.15003913

F VALUE 
2.21
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SCHEMATIC PLOTS FOR THE DEPENDENT VARIABLES
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APPENDIX G

EXAMINATION POR SKEWNESS 
USING THE UNIVARIATE PROCEDURE
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APPENDIX H

PINAL ANALYSIS OP HYDRAULIC HEAD 
USING THE GENERAL LINEAR MODELS PROCEDURE
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13:23 SATUROAY, NOVEMBER 1 
GENERAL LINEAR MODELS PROCEDURE 

CLASS LEVEL INFORMATION 
CLASS LEVELS VALUES

NUMBER OF OBSERVATIONS IN DATA SET « 95
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APPENDIX I

PINAL ANALYSIS OP SPECIFIC CONDUCTIVITY, 
CHLORIDE CONTENT, AND PHOSPHATE CONTENT 
USING THE GENERAL LINEAR MODELS PROCEDURE
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FULL HODEl FOR LOO OF PHOSPHATES 
GENERAL LINEAR HOOELS PROCEDURE 

CLASS LEVEL INFORMATION 
CLASS LEVELS VALUES

111:01 SATURDAY, NOVEMBER Hi, 1981 13

NOTE: ALL DEPENDENT VARIABLES ARE CONSISTENT WITH ROBSERVATIONS II DATA SET CAN BE USEO IN THIS ANALYSIS.

OF OBSERVATIONS IN DATA SET » 95

SPECT TO THE PRESENCE OR ABSENCE OF HISSING VALUES. HOWEVER, ONLY 82

DEPENDENT VARIABLE: LNP
SOURCE

ERROR
CORRECTED TOTAL

H OF SQUARES 
0.72250670 
2.99979115 
3.22229785

TYPE I SS
0.283096830.196962960.199273850.030925600.000020990.029916630.001809850.036308220.00029683

MEAN SQUARE 
0.09816711 
0.03767562

0.780.050.96
0.01

F VALUE 
1.27

029090221570373998133819827933119359

0.2950 
STO OEV 

0.19961661

TYPE I'

R-SQUARE
0.229221

SS
0.283790770.119101590.195378950.003276910.001871600.019509690.000378390.032315990.00029683

LNP MEAN 
0.21598100

0.02880.68060.15980.76960.82960.97550.92070.35900.9359

DBA LINEAR OW LINEAR DP LINEAR
•0.00286996-9.9993595E-050.00112667-0.00023928

0.028660210.001231860.00121976

17
UU
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