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A COMPREHENSIVE APPROACH FOR EVALUATION OF GROUNDWATER
VULNERABILITY TO CONTAMINATION
Shafiul H. Chowdhury, Ph.D.

Western Michigan University, 1999

Groundwater vulnerability to contamination from surface sources was
evaluated for Nottawa Creek Watershed, Calhoun County Michigan using AQUIPRQO
and DRASTIC vulnerability methods. A geographic information system (GIS) was
used to analyze and map the data. Forty groundwater samples were collected follow-
ing a statistical sampling protocol from private wells. Samples were analyzed for
nitrate-N and atrazine. Atrazine was not detected (detection limit 0.1 ppb) in any of
the samples. Five samples contained detectable nitrate-N (detection limit 0.05 mg/L).
Due to insufficient chemical data, the relative AQUIPRO and DRASTIC wvulnerability
scores could not be compared with the frequency of occurrences of groundwater
contamination. The wells with detectable nitrate-N have indicated that the shallow
glacial drift aquifers with low AQUIPRO scores and high DRASTIC scores are
susceptible to contamination from surface sources.

In addition, AQUIPRO was used to evaluate groundwater vulnerability to
contamination in Kalamazoo County, Michigan. Computerized water well records of
2,653 wells with partial chemistry data were utilized for this site. A previously

prepared DRASTIC map of Kalamazoo County was utilized to obtain the DRASTIC
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scores of the wells used in AQUIPRO. The relative AQUIPRO and DRASTIC
vulnerability scores were compared with the frequency of occurrences of nitrate-N in
groundwater wells. The average nitrate-N concentrations within each relative
AQUIPRO and DRASTIC vulnerability category were aiso compared. The results
indicated that the groundwater wells containing 5 mg/L or more nitrate-N showed a
positive correlation between the frequency of occurrences of nitrate-N and relative
increase of AQUIPRO (r? = 0.98) and DRASTIC (r* = 0.46) vulnerability. The results
also showed that as the relative AQUIPRO (r* = 0.99) and DRASTIC (2 = 0.33)
vulnerability increases the mean nitrate-N concentration also increases. Overall, the
aquifer vulnerability prediction by AQUIPRO and DRASTIC methods were valid.
However, the results also indicated that the vulnerability prediction by AQUIPRO

proved superior to DRASTIC in this particular hydrogeologic setting.

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



INFORMATION TO USERS

This manuscript has been reproduced from the microfiim master. UMI films the
text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleedthrough, substandard margins, and improper alignment
can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript and
there are missing pages, these will be noted. Also, if unauthorized copyright
material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning
the original, beginning at the upper left-hand comer and continuing from left to
right in equal sections with smali overlaps. Each original is also photographed in
one exposure and is included in reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white photographic
prints are available for any photographs or illustrations appearing in this copy for
an additional charge. Contact UMI directly to order.

®

UMI

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, M 48106-1346 USA
800-521-0600

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



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



UMI Number: 9935406

UMI Microform 9935406
Copyright 1999, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

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



Copyright by
Shafiul H. Chowdhury
1999

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



ACKNOWLEDGMENTS

I wish to express my sincere gratitude to Dr. Alan E. Kehew whose guidance
and help made this work possible. I would like to thank Dr. Duane R. Hampton, Dr.
R. V. Krishnamurthy and Dr. Michael R. Stoline for their critical readings and
research consultations. I would also like to thank Mrs. Lauren Hughes of GEM
Regional Center for her help and support. I am very grateful to Dr. Richard N.
Passero for his help and advice. A special thanks goes to Mr. Greg Anderson of GIS
Resource Center for providing me excellent technical support with GIS. I want to
thank my fellow graduate students for sharing their knowledge and resources with me,
especially Andrew Kozlowski and William Montgomery for their help. I would like to
thank WMU Graduate College, Kalamazoo Foundation and Geological Society of
America for funding the project. I am deeply indebted to Dr. Shirley C. Scott for
preparing me to become a better educator. Finally I would like to thank my wife,

Shuporna, for being encouraging, supportive and helpful during this study.

Shafiul H. Chowdhury

ii

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



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ... ..ttt ii

LIST OF TABLES ..ottt et e et e e e vi

LIST OF FIGURES ...ttt viii

LIST OF PLATES ..ottt et e e e e e xi
CHAPTER

I INTRODUCTION . .....ooiiiice et e 1

ODBJECLIVES ...ttt e 2

Description of Study Area.......c.ccoiiiiiieiee e 3

Nottawa Creek Watershed ... 3

Kalamazoo COUNLY ... cooiiiiiiiieee e e 13

Aquifer Vulnerability/Sensitivity Methods................cccciiiiiininn. 21

AQUIPRO ...t 22

DRASTIC ...t e 25

Previous StUdies ......cc.eumiiieeieee e 34

IT. DATA COLLECTION ..ottt eeec et e 38

Nottawa Creek Watershed Data..................ooii, 38

Sampling DeSiGn .......oveoiiiiiiiiiiiiiii e 40

Sample Grid Generation ...........cccoiiiieiiiiiriirreeeccccee e 40

Well SeleCtion...........oeiiiiiiiiie ettt 41

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



Table of Contents—Continued

CHAPTER

Sample Collection Permission...........cococeeemiiiiiiiiiiiiiiiiiiieeeeeeennn. 43

Sample Collection and Analysis ..., 44

Laboratory Methods. . ....coooeiimmmoiie e, 46
HydrogeoChemustry ... ....cooooiimiiiiiiieiieee et 47

Kalamazoo County Data..........ccoooooiiiiiiiiiiiii e 50

Water ChemiStry ........ooveeieeiiieeeeie e 51

II. METHODOLOGY .ottt e 56
Evaluation of Groundwater Pollution Potential ................................. 56

Nottawa Creek Watershed ..............coooooiiiiiiiie 56

Kalamazoo County.........ccouvemiiimriieeeeten e ceeeeeeneeee 59

Statistical ANalysiS........ccooioeieiiiiie e 59

Data Transformation ..., 61

IV. ANALYSIS OF DATA ..o 64
Nottawa Creek Watershed ............ccoooiiiiiiiiiiiieeee 64

Aquifer Vulnerability........ccoooiiiiiiiiii e 64

Comparison Between DRASTIC and AQUIPRO Scores............ 66

Validation of AQUIPRO and DRASTIC ..., 68

Kalamazoo COUNLY ........oouueeeeee e e e e e e e e e e eec e 69

Aquifer Vulnerability......oooooiieieeee e 69

iv

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



Table of Contents—Continued

CHAPTER
Comparison Between DRASTIC and AQUIPRO Scores............ 71
Validation of AQUIPRO and DRASTIC .......ccccoovmmiieiiiiinen. 73
Significant Factors Identification ...........ccccoeeeeiiiiiiiiiiiiiiee. 84
Discussions of AQUIPRO and DRASTIC ........cooeveeeieeiiei. 86
V. CONCLUSIONS ...ttt ettt e s te e e s e s e e e e em s e s e saeseeanes 88
APPENDICES
A. Generalized Glacial Stratigrpahy of Nottawa Creek
Watershed (Source: Kozlowski, 1999). ... 93
B. Sample of Well Records Used in This Study .........cocoomeiimmiiiiieee. 97
C. DRASTIC Map Layers of Nottawa Creek Watershed ............................. 111
BIBLIOGRAPHY ...ttt ettt e e e eee e e nae e 119
v

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



10.

11.

12.

13.

14.

Is.

16.

LIST OF TABLES

Geologic Column for Calhoun COUNtY ........ccooiiiiiiiiiiieieceieee e 8
AQUIPRO Depth Ranges and Weights ...........ccoooiiiiiiiiiiiiiiieeeeee 24
AQUIPRO Vulnerability Ranges.......c..ccooeiiiiiiiiiiiieeeeeeeee e 25
Assigned Weights and Ratings for DRASTIC Factors...........c.oovveiieeeiiiecneeann. 30
DRASTIC Vulnerability Ranges .........ccooeoiiiiiieieeeieeeeee e 31
Sampling Design With Grid System in Nottawa Creek Watershed................... 43
Temperature, pH and Conductivity of Groundwater
Nottawa Creek Watershed ..., 45
Summary of Partial Water Chemistry Data in Nottawa Creek Watershed............ 46
Summary Statistic for Bedrock Wells in Nottawa Creek Watershed................... 48
Summary Statistic for Drift Wells in Nottawa Creek Watershed......................... 49
Summary of Partial Water Chemistry Data in Kalamazoo County ...................... 51
AQUIPRO and DRASTIC Vulnerability Category..........ccoeeeieiiiiiii e 62
Nitrate Containing Wells in Nottawa Creek Watershed ............cocccoeveiiieiinne. 69
Frequencies of Nitrate (0.1 — 3.99 mg/L) Impacted Wells
and the Relative AQUIPRO Vulnerability ........ccccoovomiiiiiiiiiiiieieieeceeeeeee, 75
Frequencies of Nitrate (=> 5.0 mg/L) Impacted Wells
and the Relative AQUIPRO Vulnerability ...............ocooooo e 76
Frequencies of Nitrate (0.1 — 3.99 mg/L) Impacted Wells
and the Relative DRASTIC Vulnerability..............oooooiie 76
vi

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



List of Tables—Continued
17. Frequencies of Nitrate (=> 5.0 mg/L) Impacted Wells
and the Relative DRASTIC Vulnerability..........ccooooiiiiiiiiiniiie e 76

18. AQUIPRO Vulnerability and Mean Nitrate Concentrations
in Kalamazoo COUNLY «.oooooiiiee e 82

19. DRASTIC Vulnerability and Mean Nitrate Concentrations
in Kalamazoo County ... 82

vil

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



LIST OF FIGURES

1. Location Map of Nottawa Creek Watershed, Calhoun County, Michigan ............ 4
2. Glacial Map of Nottawa Creek Watershed...............coccoooiiiiiiiiiiiie 6
3. Bedrock Map of Nottawa Creek Watershed ...............ccccoooiiiiiiiiiiiiiiiiieeeeeeen. 9
4. Map Showing Well Locations in Nottawa Creek Watershed .............................. 10
5. Depth to Static Water Level Contour Map of Nottawa Creek Watershed ........... 12
6. Map Showing the Location of Kalamazoo County, Michigan.............................. 14
7. Elevation and Areal Extent of Bedrock Surfaces in

Kalamazoo County (Source: Rheaume, 1990). ...........coocoiiiiiiiiiiiiiiieeecen. 15
8. Location of Geologic Cross-Sections and Isopach Map

of Glacial Deposits (Source: Rheaume, 1990).................cooooiiiiiiiiiiiiie. 16
9. Geologic Cross-Sections Showing Thickness of

Glacial Deposits (Source: Rheaume, 1990) ... 17
10. Glacial Map of Kalamazoo County (Source: Rheaume, 1990)............................ 19
11. Depth to Static Water Level Contour Map of Kalamazoo County ..................... 20
12. Location of Sampled Wells in Nottawa Creek Watershed................................... 39
13. Map Showing the Grids Made for Sampling Well Selection ............................... 42
14. The Nitrate-N Cycle (Source: Freeze and Cherry, 1979)..............cccoccoiiiiiie.. 54
15. Map Showing Well Locations in Kalamazoo County................ccccooeieeiiiiiiinnnnn. 60
16. Histogram Showing the Distributions of Nitrate in Different

Concentration Ranges in Kalamazoo County ...............ccoooeeiee cvioiiieeieeeeeecen. 63

viii

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



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

List of Figures--Continued

Groundwater Pollution Potential Map of Nottawa
Creek Watershed (AQUIPRO) ..o e 65

Distribution of DRASTIC and AQUIPRO Relative Vulnerability
Scores in Nottawa Creek Watershed........oooo i 67

Distribution of DRASTIC Scores in Each Vulnerability Category
of AQUIPRO Scores in Nottawa Creek Watershed...................................... 67

Distribution of AQUIPRO Scores in Each Vulnerability Category
of DRASTIC Scores in Nottawa Creek Watershed .................................... 68

Groundwater Pollution Potential Map of Kalamazoo County (AQUIPRO) ........ 70

Distribution of DRASTIC and AQUIPRO Relative
Vulnerability Scores in Kalamazoo County ...............ocoooiiiiiiiiiiiiiiiiie, 72

Distribution of DRASTIC Scores in Each Vulnerability Category
of AQUIPRO Scores in Kalamazoo County.........cccceeeveeeiiiiiieeiiiiiicieeeeeea, 72

Distribution of AQUIPRO Scores in Each Vulnerability Category
of DRASTIC Scores in Kalamazoo County ............oooovmmiiiiiieeieieeeiiiieiieien. 73

Correlation Between AQUIPRO Vulnerability and Frequency
of Occurrences of Nitrate (0.1 —3.99 mg/L)
in Kalamazoo County ... 77

Correlation Between AQUIPRO Vulnerability and Frequency of
Occurrences of Nitrate (0.1 - 3.99 mg/L) in Kalamazoo County........................ 77

Correlation Between DRASTIC Vulnerability and Frequency of
Occurrences of Nitrate (0.1 —3.99 mg/L)
in Kalamazoo COUNLY ..o 78

Correlation Between DRASTIC Vulnerability and Frequency of
Occurrences of Nitrate (=> 5.0 mg/L) in Kalamazoo County ............................. 78

Histogram Showing AQUIPRO Vulnerability and Frequency of
Occurrences of Nitrate (=> 5.0 mg/L) in Kalamazoo County ................c............ 81

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



List of Figures—Continued

30. Histogram Showing DRASTIC Vulnerability and Frequency of
Occurrences of Nitrate (=> 5.0 mg/L) in Kalamazoo County ............................. 81

31. Histogram Showing AQUIPRQ Vulnerability and Mean
Nitrate Concentrations in Kalamazoo County ....................ccccooiiiiiiiiiiiiiieneee. &3

32. Correlation Between AQUIPRO Vulnerability and Mean
Nitrate Concentrations in Kalamazoo County ..........ccceeecvveveiiiiiiiiiiieeeeee. 83

33. Histogram Showing DRASTIC Vulnerability and Mean
Nitrate Concentrations in Kalamazoo County .............c.ccooeoioieiiiiiiiieeiiieeee 85

34. Correlation Between DRASTIC Vulnerability and Mean
Nitrate Concentrations in Kalamazoo County ...............ccccooooviiiiiiiiiiinie, 85

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



LIST OF PLATES

I. Groundwater Pollution Potential Map of Nottawa Creek Watershed (DRASTIC)

II. Groundwater Pollution Potential Map of Nottawa Creek Watershed
(Pesticide DRASTIC)

III. Groundwater Pollution Potential Map of Kalamazoo County
(DRASTIC) (source: Rheaume, 1990)

IV. Groundwater Pollution Potential Map of Kalamazoo County
(Pesticide DRASTIC) (source: Rheaume, 1990)

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



CHAPTERI

INTRODUCTION

The vulnerability of glacial drift and underlying bedrock aquifers to contamina-
tion is a major problem in Michigan and in other parts of the U.S. Groundwater from
these aquifers is utilized not only by industry, agriculture, and municipalities but also
provides the sole source of drinking water for the residents of southwest Michigan
(Rheaume, 1990). Industrial and agricultural contaminants and the widespread use of
septic tank systems have impacted groundwater quality in this region. Currently, the
most commonly used method for determining aquifer vulnerability to contamination is
the U.S. EPA’s DRASTIC (Aller, Bennet, Lehr, Petty, & Hackett, 1987) model which
has been shown to yield inaccurate results for glacial drift and underlying bed rock
aquifers in Michigan (Garret, Willams, Rossol, & Tolman, 1987; Passero, 1992). This
may be partly due to the fact that DRASTIC is unable to consider interfingering clay
layers of glacial deposits. An alternative method, AQUIPRO (Passero, 1990), offers a
computerized method based on data from water well logs. Both methods have been
widely used to construct groundwater pollution potential maps, which offer some
regional perspective as planning tools, even though neither of these methods has been
validated in actual field situations.

Computerized water well records have become available for many midwestern

states in recent years. Now it is essential to develop a better method for assessing

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



aquifer vulnerability by combining methods which consider both surface and sub-
surface factors and can be casily adapted for use by hydrogeologists and environ-
mental scientists. This method must, however, be validated in order to give accurate
results. Once fully developed and validated, this new hybridized method could be
widely used in similar geological settings to prepare more reliable groundwater pollu-
tion potential maps that assist planners, managers, and administrators in evaluating the
relative vulnerability of areas to groundwater contamination. These services would be
of enormous value to private citizens, land-use planners, and local, state, and federal

government agencies.

Objectives

The objectives of this study are to test the accuracy and validity of aquifer
vulnerability scores by comparison to the measured distribution of contaminants within
a test area (Nottawa Creek Watershed, Calhoun County, Michigan) and to propose a
method of integrating both the computerized water well records used in AQUIPRO as
well as the information that comprise DRASTIC. This new method, which will be
applied to a larger area (Kalamazoo County, Michigan), will be very useful in deline-
ating contaminant vulnerability in glacial drift and underlying bedrock aquifers and
could be adopted widely in areas with computerized well log databases. This
approach will open potential opportunities to combine surface and subsurface
information for computer analysis using advanced geographic information system

(GIS) technology.
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Description of Study Area

Nottawa Creek Watershed

The Nottawa Creek Watershed covers 92.5 square miles (240 square
kilometers) in south central lower Michigan. It is located in the townships of Athens,
Burlington, Claredon, Eckford, Emmett, Fredonia, Newtown, and Teckonsha in
Calhoun County (Figure 1). The main drainage is Nottawa Creek, which flows
directly into the St. Joseph River, and ultimately to Lake Michigan. Nottawa Creek
Watershed has a level to gently rolling topography. Nearly 68% of the land in the
Nottawa Creek watershed is agricultural (Williams, 1998). Of this farmland, 50% is
used for intensive row crops and livestock production. The remaining is in pasture,
hay, and conservation reserve. Approximately 13% of the watershed is forested and
10% is wetlands, while 9% is urban and rural, non-farm (Williams, 1998). Soil types
vary from well-drained sandy loams located predominantly along the outer ranges of
the watershed boundary, with the medium textured poorly drained soils located pri-

marily inland around lakes and streams (Tardy, 1997).

Geology

Glacial Geology. The surficial deposits of Calhoun County are the result of
Pleistocene glaciation and post-glacial stream erosion and deposition. The surface
topography was formed during the late Wisconsinan glaciation sometime between

20,000 and 14,000 years Before Present (B.P.). The surface topography of the
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watershed consists of rolling hills known as drumlins. Drumlins are subglacial land-
forms that trend southwest in the Nottawa Creek watershed (Kozlowski, 1999).

The Tekonsha moraine and its associated glacial deposits cover the Nottawa
Creek Watershed (Kozlowski, 1999). The Tekonsha moraine is a recessional moraine
that formed after 15,000 years B.P. and before 14,000 years B.P. (Kozlowski, 1999).
Several bedrock valleys, which are interpreted as glacial tunnel valleys and glacially-
modified stream valleys are present in the study area (Kozlowski, 1999). The moraine
is composed of sandy till (Mickelson, Clayton, Fullerton and Borns, 1983) with lenses
of sand or gravel and thin beds of clay, or a combination of these (Kozlowski, 1999).
The outwash deposits that blanket much of the watershed are composed of stratified,
sorted, medium-to-coarse grained sands and gravels. They were deposited as outwash
plains or within buried wvalleys (Figure 2). Alluvial deposits, which consist mostly of
Recent sand and gravel with some clay deposited in the valleys of present-day streams.

A widely distributed thick clay —rich diamicton was identified bneath the sand
and gravel deposits in recent studies within the watershed and in neighboring areas
(Flint, 1999; Gardner, 1997; Nicks, 1999). If present, his unit may serve as a confin-
ing unit. Beneath the clayey diamicton, a variety of materials may be present, includ-
ing sand and gravel, clayey lacustrine sediment, and diamicton. A weathered soil zone
(the Sangamon paleosol) has been encountered in the region. The presence of the
Sangamon soil indicates a long hiatus in deposition between the glacial materials
above and below. The Sangamon paleosol can be recognized by red, orange, or yellow

colors in drill cuttings (Kehew, 1999). The thickness of the glacial deposits varies
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from 10 to several hundred feet in buried bedrock valleys (Kozlowski, 1999).

Bedrock Geology. The bedrock formations, Coldwater Shale and Marshall

Sandstone of Mississippian age, directly underlie the glacial deposits (Table 1). The
Marshall Sandstone underlies the central and western part of the watershed, while
Coldwater Shale underlies the lower western part and northeastern corner (Figure 3)
(Moser & Passero, 1990). The Marshall is composed of siltstone and sandstone in a
circular subcrop band in the Michigan Basin parallel to the Coldwater but narrower in
width. Bedrock within the study area dip gently northeast into the Michigan Basin
and trend northwest. The bedrock surface topography suggests that the land-scape
has been modified by stream erosion and then later enhanced by glacial erosion (Rieck

& Winters, 1979).

Hydrogeology. Both glacial drift and bedrock aquifers are present in the
Nottawa Creek watershed. Glacial drift aquifers are common in the southern and
eastern part of the watershed, whereas in the central and western parts, bedrock
aquifers are dominant. In Nottawa Creek Watershed, domestic and industrial water is
produced primarily from bedrock aquifers and, to a lesser degree, from glacial drift
aquifers. Figure 4 shows the 350 water wells used in this study; 112 (32%) produce
from glacial drift aquifers and 238 (68%) produce from bedrock aquifers. The depth
to static water levels ranges from 0 to 58 ft (0 to 18 m). Assuming that groundwater
flows from high water level to low water level, the static water level contour map

indicates that groundwater flows towards the Nottawa Creek from the surrounding
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Table 1

Geologic Column for Calhoun County Michigan

Era Period Epoch Rock Formation | Aquifers
Formation | Members
Cenozoic Quaternary Recent Alluvium | - Yes
Pliesto- Glacial
cene Drft | ---—--- Yes
Paleozoic Pennsylvanian Lower Saginaw Verne Yes
Limestone
Parma
Sandstone Yes
Mississippian Upper Bay Port | Limestone Yes
Michigan | -----—-- No
Napolean
Lower Marshall | Sandstone Yes
Lower
Marshall! Yes
Sandstone
Coldwater Yes
Devonian No

Source: Moser & Passero, 1990.
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Figure 4. Map Showing Well Locations in Nottawa Creek Watershed.

01



areas (Figure 5).

Glacial drift aquifers of Nottawa Creek Watershed are composed of relatively
clean, permeable sands or gravels, or a mixture of two. The potential yields from
these aquifers are highly variable and range from 5 gallon per minute (gpm) (0.32 L/s)
to 2,850 gpm (179.78 L/s) (Moser & Passero, 1990). Reduced yield may be
attributed to zones of saturation, which are relatively thin and/or lower aquifer perme-
ability related to increased concentrations of silt and clay within the aquifer. Most of
the drift aquifers are unconfined to semiconfined in nature.

Water derived from bedrock aquifers in the watershed is produced primarily,
though not exclusively, from the Marshall Sandstone. Although the Marshall Forma-
tion is utilized as the primary source for domestic and municipal water in the water-
shed, many wells in Athens and Burlington Townships are completed in the Coldwater
Formation. The Michigan Groundwater Survey well database indicates that the Cold-
water Shale, which has a thickness ranging from 565 to 1,080 ft (172 to 329 m), does
supply water to many homes in southwestern Calhoun County, where this rock unit
subcrops beneath thin till (Appendix A). These shales are probably highly fractured
and highly weathered and capable of producing sufficient amounts of water. The
Marshall Formation consists of a fine-to-coarse-grained sandstone that is interbedded
with thin shales and siltstones. Its thickness, which ranges between 0 and 200 ft (0
and 61 m) (Grannemann & Twenter, 1985), is highly variable because of preglacial
differential erosion and the irregular nature of the lower contact of the sandstone

(Vanlier, 1966). Usually the bedrock aquifers are semiconfined to confined in nature.
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Kalamazoo County

Kalamazoo County is located in southwestern Michigan (Figure 6) and has an
area of 576 square miles (1492 square kilometers). Agriculture is the largest land-use
category, constituting approximately 40.3% of the county. About 18% of the county
is considered “developed”, 39.3% vacant and wooded lands and 6.5% in lakes rivers
and streams (Chidester, 1993). The land surface is flat to rolling. The dominant soil

type in the county is sandy loam (Austin, 1979).

Geology

Bedrock Geology. Kalamazoo County is underlain by unconsolidated deposits

that consist of glacially derived deposits of Pleistocene age and alluvial deposits of
Holocene age (Rheaume, 1990). These deposits range in thickness from 50 to 600 ft
(15 to 183 m). Bedrock, which consists of Coldwater Shale and Marshall Formation
of Mississippian age, underlies the glacial deposits and is nowhere exposed at land

surface (Figure 7).

Glacial Geology. Kalamazoo County is characterized by thick glacial

sediments, which were deposited by two lobes of the late Wisconsinan Laurentide Ice
Sheet. The glacial drift ranges in thickness from less than 50 ft (15 m) in the north-
central portion of the county to approximately 600 ft in the northwestern part (Figures
8 & 9). The drift tends to be thickest where moraines overlie bedrock valleys and

thinnest where till plains overlie bedrock uplands. Eight areas with distinct glacial
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landforms have been mapped in Kalamazoo County: the Alamo plain, Kalamazoo
moraine, Tekonsha moraine, the fan complex between Tekonsha and Kalamazoo
moraines, the Climax-Scotts outwash plain, the Richland moraine, the Wakeshma till
plain, and the Kalamazoo River Valley (Chidester, 1993) (Figure 10).

Straw, Passero and Kehew (1992) classified the glacial drift in Kalamazoo
County into following four regional hydrogeologic facies: (1) till and lacustrine plains
characterized by irregular and discontinuous aquifers embedded in till sheets and
lacustrine sediements, (2) moraines composed of tills interbedded with glaciofluvial
deposits, (3) outwash and fan complexes composed of medium to very coarse sand
and gravel deposited by glacial meltwater, and (4) Kalamazoo River valley deposits
composed of medium to coarse sand and gravel with some isolated layers of clayey

silt.

Hydrogeology. The sources of most groundwater supplies in Kalamazoo
County are glacial drift aquifers consisting largely of sand and gravel. The most pro-
ductive aquifers underlie the outwash plains and the downcut glacial drainage chan-
nels, which together cover about two thirds of the county (Figure 10). Allen, Miller,
and Wood (1972) identified an upper unconfined aquifer throughout almost the entire
county and a lower semiconfined aquifer in about one-third of the county. These
upper and lower aquifers are hydraulically connected.

The topographic and water level surfaces of Kalamazoo County indicate that
groundwater flows from topographically high areas to low areas (Chidetser, 1994).

Figure 11 shows the static water level surface contour map for Kalamazoo County.
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The static water level ranges between 0 to 230 ft (0 to 70 m). The greater depths to
water are usually found in moraines and the shallower depths to water are found in
outwash plains and river valleys. The average depth to water is 46 feet. The potential
yield form these aquifers ranges from 100 to 4000 gpm (6 to 252 L/s) (Rheaume,

1990).

Aquifer Vulnerability/Sensitivity Methods

The US Environmental Protection Agency (EPA) defines two broad categories
of assessment methods, aquifer sensitivity and groundwater vulnerability. The EPA
defined aquifer sensitivity as, “the relative ease with which a contaminant applied on
or near a land surface can migrate to the aquifer of interest” (USEPA, 1993). The
groundwater vulnerability is defined as “the relative ease with which a contaminant
(e.g., nitrate) applied on or near a land surface can migrate to the aquifer of interest
under a given set of landuse practice, contaminant characteristics and aquifer sensitiv-
ity conditions”. Aquifer vulnerability is a function of the intrinsic hydrogeologic char-
acteristics of the soils, geologic materials, contaminant characteristics and landuse. In
this study the term “aquifer vulnerability” is used to cover both aquifer sensitivity and
groundwater vulnerability. The focus will be given only to hydrogeologic characteris-
tics. There are many methods used to determine groundwater pollution potential.
Usually these methods use parameter weighting and scoring devices. The reliability of
any method is highly dependent upon using the statistically significant hydrogeologic

and related factors, the applicable choice of rating and scoring, and the user’s
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interpretation of the results. Here, the most widely used USEPA’s DRASTIC (Aller
et al., 1987) method and AQUIPRO (Passero, 1990), a computerized method will be
studied in detail.

In this study, AQUIPRO and DRASTIC methods will be used to test the accu-
racy and validity of aquifer vulnerability scores by comparing the measured distribu-
tion of contaminants within Nottawa Creek Watershed, Calhoun County, Michigan
and in Kalamazoo County, Michigan. Statistically significant hydrogeologic factors
will be identified which affect contaminant concentrations and distribution. A new
aquifer vulnerability model will be proposed considering the statistically significant

factors by combining DRASTIC and AQUIPRO.

AQUIPRO

The AQUIPRO model is a parameter/factor weighting system for rating the
pollution potential of an aquifer. The factors used in this model are the clay and
partial clay layer thickness and the well depth. Water well records, both driller’s logs
and wells logged by geotechnical experts, are the commonly available data source for
the factors.

The pollution potential or aquifer vulnerability is calculated using the equation:
A=D[B3).C/A+r/10)+ 1), P/(1+r/10)]
0,1 0,1

Where A is the AQUIPRO score, D is the well depth factor, C is the thickness

of the clay layers above the aquifer, P is the thickness of partial clay layers above the
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aquifer, and r (0, 2, 3, .... n) are the ranks of the clay and partial clay layers on a well
record equaling the thickest layer (0), the second thickest (2), etc.

To calculate an AQUIPRO score, the number and thickness of the clay and
partial clay layers are read from a well record. The thickest clay layer is assigned an r
of zero. Thus, this layer is divided by one. This means that the entire thickness of the
thickest clay layer is included and it has the highest weighting. The thinner layers are
assigned higher values of r (2, 3, 4, .... etc.) and are divided by higher values (1.2, 1.3,
1.4, etc.) which progressively reduces their contribution to the resulting score. The
results are summed and multiplied by three, which is the weighting assigned to clay.

The same procedure is followed for partial clay layers, which are mixtures of
clay, silt, sand and gravel. The only exception is that the partial clay is assigned a
weight of one indicating that the clay layers provide greater protection than partial
clay layers. The assumption is that as the thickness of a clayey layer decreases it is
less effective as a barrier to migrating contaminants and is probably less laterally
extensive. The sums of the clay and partial clay layers are added and multiplied by the
well depth factors (Table 2). The weight of depth-factor increases with depth.

The lowest possible AQUIPRO score is zero. This indicates that a well has no
clay or partial clay layers. Ideally, as AQUIPRO scores increase aquifer protection
increases and vulnerability decreases. Descriptive rankings can be assigned to ranges
of AQUIPRGO scores in order to indicate, in a relative manner, the vulnerability and/or
protection of an aquifer (Table 3). The categories should be adjusted to the particular

hydrogeology of an area.
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Table 2

AQUIPRO Depth Ranges and Weights

24

Depth Ranges (ft) Weights
<5to=5 1.0
>5t0<=20 1.5
>20to<=50 2.0
>50to <=100 2.5
> 100to <= 150 3.0
> 150to <=200 35
>200to <=250 4.0
>250to <=300 4.5
>300to<=350 5.0
>350to <=400 5.5
> 400 to <=450 6.0
>450 to <= 500 6.5
> 500 to <=550 7.0
> 550to <=600 7.5
> 600 8.0
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Table 3
AQUIPRO Vulnerability Ranges

Relative Vulnerability AQUIPRO Score Verbal Description
Ranges
1 =>201 Low Vulnerability
(High Protection)
2 101-200 Moderate Vulnerability
(Moderate Protection)
3 1-100 High Vulnerability
(Low Protection)
4 0 Very High Vulnerability
(Very Low Protection)
DRASTIC

DRASTIC (Aller et al., 1987) is a standardized system for evaluating ground-
water pollution potential using hydrogeologic settings. This system was designed for
use by planners, managers, administrators and the general public to assist them in the
task of evaluating the relative vulnerability of land areas to groundwater contamina-
tion. The DRASTIC system of mapping is divided into two basic tasks: define the
area's hydrogeologic setting; and define the physical characteristics of those settings
that may affect potential for groundwater pollution. The United States has been clas-
sified into 15 different and unique Groundwater Regions (Heath, 1984). Within each
of those regions, numerous hydrogeologic settings can be identified and mapped. To

define an area's hydrogeologic setting, all of the major geologic and hydrogeologic
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factors that can control groundwater movement must be considered. Mappable areas
with common hydrogeologic characteristics would also have common vulnerability to
contamination.

The Nottawa Creek Watershed and Kalamazoo County study sites lie in region
7, the Glaciated Central Region. Hydrogeologic settings form the basis of the system
and incorporate seven major hydrogeologic factors which affect and control ground-
water movement: (1) D - Depth to Water, (2) R - (Net) Recharge, (3) A - Aquifer
Media, (4) S - Soil Media, (5) T - Topography, (6) I - Impact of Vadose Zone Media,
and (7) C - Conductivity (Hydraulic) of the Aquifer.

These factors, which form the acronym DRASTIC, are incorporated into a
relative ranking scheme that uses a combination of weights and ratings to produce a
numerical value called the DRASTIC index.

A specialized type of the DRASTIC mapping process, known as pesticide
DRASTIC, has also been used to produce a pesticide DRASTIC map of the study
area. Pesticide DRASTIC evaluates an area’s relative vulnerability to contamination
by pesticides through consideration of important processes that affect pesticide rate of

transport.

Hydrogeologic Factors

Depth to water (D) is considered to be the depth from the ground surface to
the water table in the unconfined aquifer conditions or the depth to the top of the

aquifer under confined aquifer conditions. The depth to water determines the distance
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a contaminant would have to travel before reaching the aquifer. The greater the
distance the contaminant has to travel, the greater the opportunity for attenuation to
occur or restriction of movement by relatively impermeable layers.

Net recharge (R) is the total amount of water reaching the land surface that
infiltrates into the aquifer measured in inches per year. Recharge water is available to
transport a contaminant from the surface into the aquifer and also affects the quantity
of water available for dilution and dispersion of a contaminant. Factors included in the
determination of net recharge were contribution due to infiltration of precipitation,
infiltration from rivers, streams and lakes, irrigation and artificial recharge.

Aquifer media (A) represents consolidated or unconsolidated rock material
capable of yielding sufficient quantities of water for use. Aquifer media accounts for
the various physical characteristics of the rock that provide mechanisms of attenua-
tion, retardation and flow pathways that affect a contaminant reaching and moving
through an aquifer.

Soil media (S) refers to the upper six feet of the unsaturated zone that is char-
acterized by significant biological activity. The type of soil media can influence the
amount of recharge that can move through the soil column due to vanations in soil
permeability. Various soil types also have the ability to attenuate or retard a contami-
nant as it moves throughout the soil profile. Soil media is based on textural classifica-
tions of soils and considers relative thickness and attenuation characteristics of each
profile within the soil.

Topography (T) refers to the slope of the land expressed as percent slope.
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The amount of slope in an area affects the likelihood that a contaminant will run off
from an area or be ponded and ultimately infiltrate into the subsurface. Topography
also affects soil development and often can be used to help determine the direction and
gradient of groundwater flow under water table conditions.

Impact of vadose zone media (I) refers to the attenuation and retardation pro-
cesses that can occur as a contaminant moves through the unsaturated zone above the
aquifer. The vadose zone represents that area below the soil horizon and above the
aquifer that is unsaturated or discontinuously saturated. Various attenuation, travel
time and distance mechanisms related to the types of geologic materials present can
affect the movement of contaminants in the vadose zone. Where an aquifer is
unconfined, the vadose zone media represents the materials below the soil horizon and
above the water table. Under confined aquifer conditions, the vadose zone is referred
to as a confining layer.

Hydraulic conductivity (C) of an aquifer is a measure of the ability of the
aquifer to transmit water, and it is also related to groundwater velocity and gradient.
Hydraulic conductivity is dependent upon the amount and interconnectivity of void
spaces and fractures within a consolidated rock unit. Higher hydraulic conductivity
typically corresponds to a higher vulnerability to contamination. Hydraulic conductiv-
ity considers the capability for a contaminant that reaches an aquifer to be transported

throughout that aquifer over time.
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Weighting and Rating System

DRASTIC uses numerical weighting and rating system that is combined with
the DRASTIC factors to calculate a groundwater pollution potential index or relative
measure of vulnerability to contamination. The DRASTIC factors are weighted from
1 to S according to their relative importance to each other with regard to contamina-
tion potential (Table 4). Each factor is then divided into ranges or media types and
assigned a rating from 1 to 10 based on their significance to pollution potential (Table
4). The rating for each factor is selected based on available information and profes-
sional judgement. The selected rating for each factor is multiplied by the assigned
weight for each factor. These numbers are summed to calculate the DRASTIC or

pollution potential index. The equation for calculating a DRASTIC index is:

DRASTIC index = DgDw + RgRw+ ArAw + SRSw+ TrTw + [rlw + CrCw

Where R = rating and W = weight.

Once a DRASTIC index has been caiculated, it is possible to identify areas that
are more likely to be susceptible to groundwater contamination relative to other areas.
The higher the DRASTIC index, the greater the vulnerability to contamination. The
index generated provides only a relative evaluation tool and is not designed to
produce absolute answers or to represent units of vulnerability. Pollution potential
indexes of various settings should be compared to each other only with consideration

of the factors that were evaluated in determining the vulnerability of the area.
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Table 4

Assigned Weights and Ratings for DRASTI

DRASTIC Features
Depth to water Recharge Aquifer Media Soil Media T
(f) (inches/yr) ' 1
Range | Rating | Range | Rafing Type Rating Type Rating | Ra
0-5 10 «0-2 1 massive shale 2 thin / absent 10 0
5-15 9 2-4 3 igneous/meta- 3 gravel 10 2
morphic (IM)
15-30 7 4-7 6 weathered IM 4 sand 9 6-
30-50 5 7-10 8 glacial till 3 peat 8 12
50-75 3 10" 9 bedded Sst, 6 aggregated 7 1
Lst, shale clay
75-100 2 - - massive 6 sandy loam 6
sandstone(Sst)
100* I - - massive 6 silty loam 5
limestone(Lst)
- - - - sand and 8 clay loam 4
gravel
- - - - weathered 9 muck 2
basalt )
- - - - karst Lst 10 compact I
clay
Weight: 5 Weight: 4 Weight: 3 - Weight: 2
Pesticide Wt.: 5 Pesticide Wt.: 4 Pesticide Wt.: 3 Pesticide Wt.: 5 Pe:
Source: Aller, L., Bennet, T., Lehr, J. H., Petty, R. I.
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Table 4

Assigned Weights and Ratings for DRASTIC Features

DRASTIC Features
Media Soil Media Topography Vadose Zone Conductivity
(% slope) (gpd/ft?)
Rating Type Rating | Range | Rating Type Rating | Range | Rating
2 thin / absent 10 02 | 10 confining 1 1-100 1
layer
3 gravel 10 2-6 9 silt / clay 3 100- 2
) 300
[ 4 sand 9 6-12 5 shale 3 300- 4
700
5 peat 8 12-18 3 limestone 6 700- 6
) ] 1000
6 aggregated 7 18" I sandstone 6 1000- 8.
clay 2000
6 sandy loam 6 - - bedded Lst, 6 2000* 10
) Sst, shale -
6 silty loam 5 - - sand/gravel 6 - -
) with clay
8 clay loam 4 - - ™M 4 - -
9 " muck 2 - - sand and 8 - -
gravel
10 compact 1 - - karst Lst 10 - -
clay
t: 3 Weight: 2 Weight: 1 Weight: 5 . Weight: 3
Wt.: 3 Pesticide Wt.: 5 Pesticide Wt.: 3 Pesticide Wt.: 4 Pesticide Wt.: 2

L., Bennet, T., Lehr, J. H, Petty, R. J., and Hackett, G, 1987,
TIC: A standardized system for evaluating ground water pollution

ial using hydrogeologic settings: National Water Well Association,
-600/2-87-035.
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Pesticide DRASTIC

A special version of DRASTIC was created because application of pesticides
in the study area is a big concern and majority of the study area represents agricultural
land. The weights assigned to the DRASTIC factors were changed to reflect the
processes that affect pesticide movement into the subsurface with particular emphasis
on soils (Table 4). In this study pesticide DRASTIC was used to evaluate ground-
water vulnerability to agricultural chemicals. The process for calculating the pesticide
DRASTIC index is identical to the process used for calculating the general DRASTIC
index. Descriptive rankings were assigned to ranges of DRASTIC scores according to

the guideline given in the DRASTIC manual (Table 5).

Table 5

DRASTIC Vulnerability Ranges

Relative Vulnerability | DRASTIC Score Ranges Verbal Description
1 =<150 Low Vulnerability
(High Protection)
2 151-175 Moderate Vulnerability
(Moderate Protection)
3 176-200 High Vulnerability
(Low Protection)
4 =>201 Very High Vulnerability
(Very Low Protection)
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Limitations of DRASTIC and AQUIPRO

A significant body of literature reports that the commonly used aquifer
vulnerability methods yield erroneous results for many hydrogeologic settings,
especially for glacial drift aquifers because of their complex geology (Banton &
Villeneuve, 1989; Benton, 1991; Chidester, 1993; Dutta, Das Gupta, & Ramnarong,
1998; Garret et al,, 1987; Passero, 1990). Both of these methods assume that the
contaminants have the mobility of water. An area of 100 acres (40.4 hectares) or
larger is required to apply DRASTIC. In DRASTIC, although the factor I (Impact of
Vadose Zone) should account for subsurface information above the water table, it is
unable to account for interfingering clay layers in glacial deposits. It is also unable to
account for interbedded low permeability rocks in sedimentary rocks of higher
hydraulic conductivities.

On the other hand, AQUIPRO does not consider any surface or related hydro-
logic factors such as soil characteristics, slope and recharge. The criteria of land use,
importance of the aquifer system and population density are ignored by both
DRASTIC and AQUIPRO. Neither of these methods have been field validated. It is
also unknown which of these hydrogeologic factors are statistically significant with
respect to contaminant distribution and occurrences.

One study observed that DRASTIC gave a much higher vulnerability score to
the sand and gravel aquifer setting than to the till over fractured bedrock aquifer set-
ting (Garret et al., 1987). But the study also showed that the bedrock aquifer is more

vulnerable to contamination than was scored by the DRASTIC method. In fractured
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bedrock aquifers the groundwater velocity is much higher because of very small
effective porosity; and in DRASTIC this cannot be considered. The quantitative
weight functions in DRASTIC result in a simplistic index of unclear meaning that is
less useful and less distinctive than desired (Rosen, 1994). The index is unclear
because the system tends to overestimate the vulnerability of porous media aquifers
compared to aquifers in fractured media. The rating tables need to be revised so that
more weight could be given to specific surface and effective porosity, and less to
hydraulic conductivity. The applicability of the results would be enhanced and the risk
of misuse reduced if the results were more clearly directed toward scientifically
defined factors, e.g. sorption, travel time and dilution.

The chemical characteristics of the potential contaminants, which are not con-
sidered in the DRASTIC and AQUIPRO models are important. One of the problems
with comparing the DRASTIC and AQUIPRO vulnerability scores with water quality
criteria is that these methods cannot quantify the pollution potential in terms of actual
concentration. One study compared the DRASTIC vulnerability scores with a simu-
lation model, PRZM (Carsel and et. al. 1984), and found no correlation between
DRASTIC scores and PRZM leaching indexes (Banton and Villanuve, 1989). Theo-
retically, however, areas with high DRASTIC scores or low AQUIPRO scores should
have more frequent occurrences of groundwater contamination events than areas with
low DRASTIC and high AQUIPRO scores given similar land use, well construction,
and well densities. The relationship between AQUIPRO and DRASTIC scores and

levels of contamination, however, has not been well documented. This study focused
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primarily on the field validation aspect of these methods and the relative comparison
of DRASTIC and AQUIPRO with respect to the occurrences and distribution of

nitrate in Kalamazoo County, Michigan.

Previous Studies

Benton (1991) and Chidester (1993) studied the aquifer wvulnerability of
Kalamazoo County. Benton (1991) concluded that the AQUIPRO model could be
used to determine the vulnerability of glacial drift aquifers in areas with one dominant
source of contamination. His study indicated that the hydrogeologic factors that
appear to affect nitrate concentration were clay thickness, total well depth, and well
depth below static water level. The results of his study also showed that partial clay
thicknesses of less than 50 feet di<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>