Geohydrology and Simulations of
Ground-Water Flow at Verona Well Field,
Battle Creek, Michigan, 1988

By ERIN A. LYNCH and NORMAN G. GRANNEMANN

U.S. Geological Survey
Water-Resources Investigations Report 97-4068

Prepared in cooperation with the
MICHIGAN DEPARTMENT OF NATURAL RESOURCES and the
CITY OF BATTLE CREEK

Lansing, Michigan
1997



U.S. DEPARTMENT OF THE INTERIOR

BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
Gordon P. Eaton, Director

For additional information write to:

Chief, Michigan District

U.S. Geological Survey
Water Resources Division
6520 Mercantile Way, Suite 5
Lansing, Ml 48911-5991

Copies of this report can be purchased from:

U.S. Geological Survey
Branch of Information Services
Box 25286, Federal Center
Denver, CO 80225



CONTENTS

ADSITACE ..ottt ettt es e ettt ae e s a e ekt e b e st s se st e bt e R e s b e e b e R e e e btk e et ke sea e e ekt beea e e e b st e s trea s 1
INETOQUCHION ...ttt sttt s et et e a et s a sttt e e s bbb e b s st et e b b e s s bt e e s beb e s e re s s e bansssenbesbrsesaasebanensesenesasrnenes 1
SHUAY MEMOAS.......coiiriiriiitiiiiiciin sttt ittt sttt a e e st st st s s st se st ae st sbantsesasenssasanessssans 4
PreviOUS STUIES ...ocouiiiiiiiiciiiiic sttt sttt e bbb s et b st eassaent e st an e e naenenssaan 5
ACKNOWICAZIMENLS ...c.coeieriiccecriere ettt st sbe e s bbb s st b ek et sa b e b e e s e et sastebasas s nasasaannasssenenans 5
PRYSICAl SEUINE .....covevenireereiieet ettt ettt st e et ebe st sb et e ses s sea s s be st s se b e b e b eb et et s b e abe s s sessese s oasasentesbasassaasenestennan 5
Sources and PUMPAZE Of WALET........cccceirmieiiiiririeicssnriis et sesses e st sttsas e sa s sesesa s st s s esasessesnasansnenes 5
Contamination Of GIOUNA WALET ........cccouieiriiiiiriiie e trie st s ete e sbe e se st e sbess e e e ssasbasnsaneartasassaessassnasnassensensaraes 6
GEOLOZY -.eveveremieitete ettt ettt et et e sttt s e ekt st s b s as et e ae st e mt e s e e s se e s e s b eu e e b e s € et e R se e b e e meee e e a e eR e e Rt e bt et e a g e saast e e ereeaneneereeneens 7
Marshall SANASIONE .........cciiimieirecintcer ettt et et b bbb e st b s se s bt seen s baseesassessasasessaansses 7
Lithology and THICKNESS .....c.ccvvirmiieriiierecerene ettt st srase st et ese sttt at e e st et esssssnasnassacsanens 7

DeSCription Of FIACHITES .......ocovciiiiieiiiiierircies sttt s sttt st st ae s esesn st sest b 7

Relations of Lithology and Fractures..........cceveriiiiiiriiiniiiiieitiniieesiss et eeensssestssesnons 7

Glacial and ATIUVIA] DEPOSILS.........ecevereereiriecerirrrreristsinsrietrseresisseestss e ses e esestssssssos s sessasesesssssesesssnsenseseasesssssasennen 12
HYATOIOZY ...ttt e bbb sh e s st sh e s e sa s b sh et b s e b st b e s be e e sa s e s st beent s 15
SULTACE WALET ..cocvviriiciiiiiriiitit ittt et b bbbt s b bbb e s ebt b s e bbb e s s se e s s b rabsabesoasastsbasbsssesenssntsrosean 15
GIOUNA WELET ...ttt sttt st e e et s st s e sea e b e st eaee e e s st euas s e s aesab et ene s enesstess 15
RECRAIZE ..ottt ettt ettt s et a s bbb bbb e b e b s bbb s sas b bbb e s ebasa s e s ane 15

Water Levels and Potentiometric SUITACE ..ottt isare s e nesass 15

Hydraulic Properties of AQUITETS........cocivvviinieviiiiiceiiin ittt eess st er et s see e st srassons 15

Data from Previous StUIES .......covevrrrieririererereiee ettt essse s e eseseesessesns e e anseesnenes 15

Aquifer Tests Conducted During This Study .........cocceveiimiimincniciiii ittt 20

Fractures and Ground-Water FIOW ........c.ocuviiiierieinienieniieiieie st cssrs e sesssessesessessssessssesssasessesasesssssessens 20

VEIOCIEY O FIOW c..cvvuiiiiiciiininiircnt ettt sttt st s srsassr st s s st stssspeer e s e st esnsneraens 23

WALET QUAELILY ..ottt ettt s bbb e et sb s sasa bbb sh e R b b s bbb et e e sa seesebaeR e b 23

Conceptual Model of Ground-Water-FIow SYStEIM.........cccceevueiininiiciiniiicsiees et sesssesseseses 25
Simulations of GTOUNd-WaLET FIOW .........ccoreeiiiiieiieirrctereie ettt et e obt e sse s e sse et bt st ssbesmesabssabesabasns e bbanses 27
Development of Numerical MOdel...........covviiviiiiiiiiiiniiiiiicre e 27
ASSUINIPLIONS ...eueveetiuirertrrseee sttt eter sttt sr et es st sb et s et bebeshsb s saersseer e sa s e st er e sbsas s R emEsanshebaebs st ausenssassesassasresbsrnons 27
DISCTEUZAON ..ottt ettt s st a s sa s s b er s s s st st sebar e s nsebesaas e sabsabns 27

BOUNGATIES .....eeeieveseeereiete ettt ettt ettt et e et s bba et se s e e bbb e b b st st s s sbssue b snenrosssnsans 29

Hydraulic PrOPETties......ccccueireiiiieisirirniiiniisisiisesiesisisns it st sasassisis st sss b sb s s sasaa st s b ssssssessrestessssensansensenes 29

HYATOIOZIC SEIESSES ..vverrrninictreriiresicrtsiiretste st st cr et s aa s b s e bbb s as b sbe s e s ars e et ans 29

Calibration of NUmerical MOdel ..........coooviriiriririiirierectee ettt st s st b s arcs e sb s 30
Comparison With Previous Model ...ttt esessesssssens 30

SeNSIIVIEY ANALYSIS ..veveveueeerrriieiieteierereitn ettt sttt s s e b bbb s s bbb bbb ss s bbbt e n s 32

Analysis of Alternatives for Well Field OPerations ..........oococoeiviiiininnniiiiiniesrsiesness s e essasssesens 32
Simulation Using Extraction Wells for Purge SYStem ..........ccuvviiviiniiiiiinieiiinis e ssessesrsss e 36

Evaluation of Increased Ground-Water Production at Verona Well Field...........cccccoeveivrniiinicinicniiieenns 40
Ground-Water-Flow Rates and Directions Northwest of Verona Well Field ... 40

Expansion of Verona Well Field..........cocoeoriviiiiiniiiiiiniintnessms vttt 40

SUMMATY and CONCIUSIONS ....c.cetverrerieeeientiieiete ettt s b bbb e b s e s st b s to b oo s s s st s e b se b n b st e sababasnanaeseinre 44
REFETENCES CHEA ..voveieveeieieieteeeeetriesestee et seat e enssestsse st b es e eassssae st s ere s eresesssse s b bR e et sessr b eassharesubshsnbsassbasssbsabsbssusasaresaentons 44

Contents [}



FIGURES

1-3. Maps showing:

1. Location of study area in city of Battle Creek, Calhoun County, Michigan ..........cccecoveeeeumirivncencririnnnscnenns 2
2. Physical features and well locations in study area, Battle Creek, Michigan ............cccovvvivivirennnccconnincnnennes 3
3. Areal distribution of glacial and alluvial deposits near Battle Creek, Michigan...........cccecevrirereereeercrrercecnnees 8
4. Type geohydrologic column of Marshall Sandstone in Verona well field area,
Battle Creek, MIChIZAN.........coiiiriireririicreecieesietsstsneersraestates e ssessesse s ssssseeseseessabasbsesssressessessssresnsessarsessassensessassanss 9
5. Diagram showing units of Marshall Sandstone identified on natural-gamma logs of
wells E22D, E29, and V17, Verona well field area, Battle Creek, Michigan........c..ccoceveerinnniriceninesicnnceinincnecnenns 12
6. Acoustic-televiewer logs for wells E37D, E38D, and E39D showing fracture
zones A through L, Verona well field area, Battle Creek, Michigan ...........ccococcviiviinivcniicicnnicnnnnnceciinne 13
7. Acoustic-televiewer, caliper, single-point-resistance, and natural-gamma logs for
well E39D, Verona well field area, Battle Creek, MiChigan...........ccoeerermieinnininniinicicnicsisinencscssssanensossones 14

8,9. Maps showing:

8.

9.

Generalized potentiometric surface of the glacial and alluvial aquifer near

Battle Creek, Michigan, August 23, 1988............co ottt sssn e sresneesasis 18
Localized potentiometric surface of the glacial and alluvial aquifer near

Battle Creek, Michigan, August 23, 1988..........c.ocriiiimmriinnieiiienscnsec et sssssssesaesssseseeses 19

10. Graph showing drawdown in well E39D during aquifer test and Theis type curve,
Verona well field area, Battle Creek, MIChigan........c.coccoeiveniiinniiiciiiiiienceicnncnse s sess e ssssenes 20
11. Temperature, single-point-resistance, and flowmeter logs for well E39D, Verona
well field area, Battle Creek, MIChIZAN .......c.ocoiruieieeriiir ettt et eses b e sne e s obsons 22
12-19. Maps showing:

12.

13.

14.

15.

16.

17.

18.

19.

Horizontal hydraulic conductivities of glacial and alluvial deposits,

Battle Creek, MIChIZAN ......c.covvieiiiiiiiiiiiiicie ittt rest b se s sas s s e b s n e s n e 26
Boundaries and grid spacing used in layer 1 (glacial and alluvial aquifer) of the

numerical model, Battle Creek, MiChigan...........ccccovvieieiiieniiicritetcntecrc e ebe e 28
Simulated potentiometric surface of glacial and alluvial aquifer for current

purge-system configuration, Verona well field area, Battle Creek, Michigan .............ccccoceiineeiiicninncncininnnn 37
Simulated potentiometric surface of glacial and alluvial aquifer for current

purge system and eight additional purge wells, Verona well field area,

Battle Creek, MIChian ..ot st b s 38
Simulated potentiometric surface of glacial and alluvial aquifer with eight purge

wells, Verona well field area, Battle Creek, Michigan............occviimniieiciiiniiicicccnsrcecseen, 39
Simulated potentiometric surface of lower sandstone aquifer for summer 1983

data, Verona well field area, Battle Creek, MIiChigan ..........cccoveeeeciiinivninsnccicecste et setsae s eeneen 41

Simulated potentiometric surface of lower sandstone aquifer with the addition

of water-supply wells V51, V52, and V53, Verona well field area,

Battle Creek, MIChIZaN........cociiiiiiiiiiniictiientnie ettt sare e saa s et b satssr s saesa s sasonsenes 42
Changes in the potentiometric surface in the upper sandstone aquifer as a result

of simulating pumping with the addition of wells northeast of the Verona well field,

Battle Creek, Michigan (wells V51, V52, and V53)....cccccuvviiiiiiimiicccnininice s esnenes 43

v Contents



TABLES

1.

2.

%

10.

11.

Selected data for observation wells installed by the U.S. Geological Survey since 1983,

Battle Creek, MIChIZaN .....c.cccoiviiiiiriiiiienineiicececsie ettt sttt et st ese s e sr e e e st aeense s eransnens

Selected data for water-supply and purge wells in the Verona well field,

Battle Creek, MIChIZan .......cccooeveiieiiniiiniiierenieie et reereste e st sas s st st e s sesssssanesnsnensane

Lithologic description of rocks and soils in boreholes drilled by the U.S. Geological

Survey since 1983, Battle Creek, Michigan............ccccvviiriiiiniveinicnnieinenes s

Water levels in and characteristics of observation wells used for model calibration,

Battle Creek, Michigan, August 23, 1988............ocviieiminiirierinie et st vessese et e seens
Results of aquifer tests, Verona well field, Battle Creek, Michigan .........cccccocevenineccneecennnnnennn,

Chemical and physical characteristics of water from wells E37D, E38D, and E42D

near Verona well field, Battle Creek, Michigan........cccoccovviiiiininiincinniirccecte e,

Model parameters and adjustments during calibration of numerical model,

Battle Creek, MIChIZan .......ccooviiviiieiieciineicccte ettt st see st et e st st et e
Measured and simulated hydraulic heads for August 1988, Battle Creek, Michigan....................

Measured and simulated hydraulic heads for summer 1983 and winter 1984 stresses,

Battle Creek, MIChIan ........ccociiiniiniiininniiicciticcninen e sesesaistsre st e ses e s esesassseneane

Results of sensitivity analysis on hydraulic heads of the numerical model, Battle Creek,

MICHIBAN ..o ettt et st et a s et et st et e e s s e nenr s

Results of sensitivity analysis on streamflows simulated with the numerical model,

Battle Creek, MIChIiZan ........ccoueciiinriiiiiiiinicrinisiie s sees e s sstar s e es

CONVERSION FACTORS AND VERTICAL DATUM

CONVERSION FACTORS
Multiply By To obtain
cubic foot per second (ft3/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
gallon (gal) 3.785 liter
gallon per minute (gal/min) 0.06308 liter per second
inch (in.) 25.4 millimeter
inch per year (in/yr) 254 millimeter per year
mile (mi) 1.609 kilometer
square foot per day (ftzld) 0.09290 square meter per day

Temperature in degrees Fahrenheit (°F) can be converted to degrees Celsius (°C) as follows:

oC =5/9 (°F - 32).

VERTICAL DATUM

Sealevel: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929)—a geodetic datum derived from a general adjustment of the first-order level nets of the

United States and Canada, formerly called Sea Level Datum of 1929.

.........................

.........................

.........................

.........................

.........................

Contents















December 12 through 14, 1989. Continuous water-
level and pumping records were examined to study the
effects of pumping on ground-water flow. Aquifer tests
were done at wells E37D and E41D. Streamflows of
Wanadoga Creek and Battle Creek River (fig. 2), a
tributary to Battle Creek River about 2 mi north of the
well field, were measured five times during 1989 and
1990. A ground-water-flow model developed by
Grannemann and Twenter (1985) was modified to
incorporate these new data. The ground-water-flow
model was then used to evaluate relocation of the purge
system, re-evaluate the effects of ground-water
withdrawals on ground-water flow, and evaluate the
effects of increased pumpage on ground-water flow.

Water samples from five wells were analyzed for
VOCs. These analyses were done to determine whether
a contaminant plume from the fuel spill northwest of
the well field had reached these wells. Chemical and
physical characteristics of water from three depths in
well E37D were analyzed to examine secondary
porosity and permeability. Finally, chemical and
physical characteristics of water from observation
wells E37D, E38D, and E42D were analyzed to
compare the quality of water northeast of the well field
with water within Verona well field for suitability of
expansion of the well field in that direction.

Previous Studies

Ground-water flow and hydrogeology of the
Verona well field area were described by
Vanlier (1966) and Grannemann and Twenter (1985).
Descriptions of ground-water contamination and
remedial measures related to contamination are
documented in reports by contractors for the USEPA
(Ecology and Environment, 1982; Warzyn Engineering
Co., 1985; CH2M-Hill, 1988, 1989a, 1989b, 1990a,
1990b). Investigation of the gasoline spill is
documented in Kraus and Kriscunas (1988). Well and
aquifer conditions at four water-supply wells at Verona
well field were evaluated by Layne-Northern Company
(1988, 1989).
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PHYSICAL SETTING

The valley of Battle Creek River is 1 mi wide at
Verona well field and ranges in altitude from 820 to
840 ft (fig. 2). Upstream from the well field, the valley
is 1.5 mi wide; downstream, it narrows to 0.5 mi. The
valley walls rise sharply on the east to 910 ft and
gradually on the west to about the same altitude. A dam
near Emmett Street ponds the river at an altitude of
about 824 ft for a 1.5-mile reach that passes through
the well field (fig. 2). North of the well field, no
commercial or industrial developments are within the
study area. South of the field are eight large and several
small companies. A railroad complex, including a
switching yard, lies along the east side of the well field,
and the Raymond Road Landfill is 1 mi southeast. The
Verona Valley subdivision, a residential section
composed of 100 to 150 homes, lies between the well
field and the area of commercial and industrial
development.

Sources and Pumpage of Water

Water for municipal supply and most
commercial and industrial use is pumped from wells
completed in the Marshall Sandstone. Most wells are
100 to 157.5 ft deep, and large-diameter wells can
yield as much as 1,400 gal/min.
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Table 2. Selected data for water-supply and purge wells in the Verona well field, Battle Creek, Michigan

[Well: *, purge well; x, abandoned well. Pump capacity: N, not operational. --, no data]

Altitude of land Well depth Depth to tfonom of Nominal Altitude of top of Pump capacity
well surface (feet below casing diameter of bedrock (gallons per  Year drilled
(feet above sea land surface) (feet below land casing (feet above sea minute)
level) surface) (inches) level)
Vi4 840 129 39 12 802 1,000 1939
V15 836 141 -- 12 804 1,000 1939
V16 834 134 - 12 812 750 1939
V17 831 133 33 12 824 N 1939
V22* 833 113 77 10 793 750 1919
V24* 835 118 41 8 823 300 1926
V25* 835 115 36 8 823 300 1926
V27* 837 116 46 8 815 300 1926
V2g* 836 115 47 8 810 300 1926
V29 835 121 51 8 800 300 1926
V30 831 151 - 8 796 500 1904
V3lix 837 125 76 16 784 1,000 1948
V32x 838 120 57 16 794 1,000 1948
V33x 837 150 49 16 792 1,000 1948
V34x 840 140 67 16 792 1,000 1948
V35x 840 132 59 16 805 1,000 1948
V36 840 147 44 16 825 1,000 1957
V37 832 145 44 16 817 1,000 1957
V38 838 152 - 16 823 1,000 1959
V40 842 148 42 16 812 1,000 1962
V41 840 147 44 16 812 1,000 1962
V42 833 150 - 16 -- 1,000 1968
V43 835 148 26 16 827 1,000 1976
V51 835 148 95 16 -- 1,400 1984
V52 825 149 105 16 - 1,400 1984
V353 825 154 105 16 -- 1,400 1984

Municipal supply wells for the city of Battle contamination. The investigation identified a contami-
Creek range in depth from 110 to 157.5 ft (table 2). nant plume in the well field in which the concentrations
Sixteen of these wells consistently produce about of VOCs were as high as 100 pg/L. On the basis of anal-
1,000 gal/min. Average pumpage from the entire Verona yses of ground-water samples during a 2-year period,
well field was 5,000 gal/min during 1970-81; the investigators concluded that the plume was moving
8,300 gal/min during 1982; and 6,650 gal/min during north and northwest. The investigation also revealed
1983. Pumpage was 12,000 to 14,000 gal/min during three sources of contamination: Thomas Solvent Ray-
periods of peak production. mond Road facility (TSRR), Thomas Solvent Annex

(TS Annex), and Grand Trunk Western Railroad Car
Contamination of Ground Water ?;;’(;‘gmem Paint Shop (GTWRR) (CH2M-Hill,

In 1981, VOCs were detected in water from In 1984, as part of initial remedial action, six
eight municipal wells and 74 private wells in the municipal wells (V22 and V24-V28) were converted to
Verona Valley subdivision. Results of subsequent purge wells to prevent further migration of the contam-
sampling during the next 2 years indicated that 15 of inant plume toward production wells. In 1986, nine
30 city wells produced water with detectable concentra-  purge wells were installed and began operation at the
tions of VOCs. In autumn 1983, the USEPA began an TSRR site (fig. 2). Soil-vapor extraction commenced at
investigation of the extent and potential sources of this site in 1987.
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GEOLOGY

Stratigraphic units underlying Verona well field,
listed in ascending order, are the Coldwater Shale, the
Marshall Sandstone, and glacial and alluvial deposits.
The Coldwater Shale and Marshall Sandstone are of
Mississippian age; glacial deposits are of Pleistocene
age, and alluvial deposits are of Holocene age. The
areal distribution of glacial and alluvial deposits near
Battle Creek is shown in figure 3. Detailed descriptions
of the geology of the area are in Grannemann and
Twenter (1985).

The Coldwater Shale does not crop out in the
study area, but it underlies and, in some areas, grades
upward into basal beds of the Marshall Sandstone.
Thickness of the Coldwater Shale ranges from 500 to
1,100 ft (Newcombe, 1933; Monnett, 1948;

Cohee, 1965).

Marshall Sandstone

The Marshall Sandstone, which conformably
overlies the Coldwater Shale (Harrell and
others, 1990), consists of a lower unit and an upper
unit. A geohydrologic column of the Marshall
Sandstone underlying Verona well field area is shown
in figure 4. Lithology of the Marshall Sandstone and
glacial deposits penetrated by wells installed since
1983 by the USGS is given in table 3.

Lithology and Thickness

The lower unit of the Marshall Sandstone,
informally known as the lower part of the Marshall
Sandstone, in the Battle Creek area ranges from 5 to
50 ft in thickness and is a very fine to fine-grained silty
sandstone. The upper unit of the sandstone, informally
known as the upper part of the Marshall Sandstone,
ranges in thickness from 0 to 160 ft and is a fine- to
medium-grained sandstone interbedded with siltstone
and shale. The Marshall Sandstone crops out in a small
area at the east foot of the dam on the Battle Creek
River near Emmett Street (fig. 2).

Major lithologic units of the Marshall Sandstone
shown in figure 4 can be identified on gamma logs for
wells; logs for three wells are shown in figure 5. The
principal marker beds in the geohydrologic column are
the upper siltstone and shale (Grannemann and
Twenter, 1985).

Description of Fractures

Fractures in wells E37D, E38D, and E39D,
which are about 3,000 ft from water-supply wells in the
Verona well field, were studied to determine whether
an extensive fracture system that may affect ground-
water flow underlies the Battle Creek area. More
specifically, this study was done to characterize
hydraulic conductivity and secondary permeability and
to determine if fractures are related to stratigraphy and
(or) structural features in the Marshall Sandstone.

A suite of borehole geophysical logs of wells
was used to determine if fractures are present in the
Marshall Sandstone underlying Verona well field area.
Acoustic televiewer, caliper, natural-gamma, and
single-point-resistance logs were used to characterize
fractures and lithology. Thermal-pulse-flowmeter
(TPFM), single-point-resistance, and temperature logs
were used to define fracture flow.

Fractures that intersect the borehole were
identified on acoustic televiewer logs. Twelve fracture
zones, within sections labeled A through L (fig. 6),
were identified on televiewer logs from wells E37D,
E38D, and E39D. The fracture zones are at
approximately the same altitude in each well (fig. 6).
The caliper log, which provides a continuous record of
borehole diameter, consistently shows an increase in
diameter at these fracture zones (fig. 7).

Relations of Lithology and Fractures

Drillers’ lithologic logs from wells E37D, E38D,
and E39D (table 3) indicate that fracture zones seem to
be associated with the sandstone units. Natural-gamma
and single-point-resistance logs from the three wells
were used to further examine the relationship between
lithology and fractures. The gamma response in logs
from all three wells is similar. The gamma response
among the 12 fracture zones (fig. 7) ranges from an
increased response in zones A, C, G, and J to a
decreased response in zones I and K to a variable
response in zone L to a relatively constant response in
zones B, D, E, F, H. Gamma logs respond to
radioactive decay of potassium, uranium, and thorium.
Fine-grained detrital sediments, siltstone, and shale
that contain abundant clay tend to contain more
radiogenic minerals than the quartz sand or carbonate
rocks. Therefore the gamma log from zones A, C, G,
and J may be responding to a lithologic change from
sandstone to siltstone, to clay lining the fractures, or to
both.
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Table 3. Lithologic description of rocks and soils in boreholes drilled by the U.S. Geological Survey since 1983, Battle Creek,

Michigan
Depth Depth
Description of material (feet) Description of material (feet)
From To From To
Well E37D Well E39D
Glacial deposits Glacial deposits
Sand (very fine to fine, rounded, ochre to tan) Sand (medium to coarse, rounded, tan) and gravel
and silt (tan to ochre) with traces of gravel (medium, subrounded, tan)..........ccccveevrnrrneenrnnenns 0 8
very fine, rounded, tan) ......ccoverveieicnnnininnns 0- 5 Marshall Sandstone
Marshall Sandstone Sandstone (very fine to fine, rounded, gray)......... 8 18
Sandstone (very fine to fine, rounded, gray)......... 5-59 Shale (black) OF ClaY ........vreermmerrerrercrseceeirneenns 18 - 19
STlESLONE (BrAY).eeveevvruerrentracreererireeerteire s seeesaeeee 59 - 60 Sandstone (very fine to fine, rounded, gray) and 18 23
Sandstone (very fine to fine, rounded, gray)......... 60 - 79 SIltStONE (ZrAY)....ccecvvreerernrireniieiiseieseesnien
Siltstone (light gray) fractured zone ..................... 79 - 81 Sandstone (very fine to fine, rounded, gray)......... 23 - 40
Sandstone (very fine to fine, rounded, gray)......... 81 - 99 Siltstone (light gray to tan), shale, or clay ............ 40 - 41
Fractured zone with oxidized material.................. 99 - 101 Sandstone (very fine to fine, rounded, gray)......... 41 60
Sandstone (very fine to fine, rounded, gray)......... 101 - 119 Siltstone (light gray to tan), shale, or clay ............ 60 62
Shale or siltstone (dark gray)........oec.erereeserennns 119 - 120 Sandstone (very fine to fine, rounded, gray)......... 62 - 170
Sandstone (very fine, rounded, gray) ........ccooecnnn-. 120 - 127 Siltstone (light gray) or shale (gray) or clay
Siltstone (8ray).......ccevvvvrimiresrnsinnisennnninnens 127 - 130 filling (light gray (0 (an) ...ovocrsrrvscrrrrs 70 7
Sandstone (very fine, rounded, gray) ............... 130 - 147 NOTECOTA ..ottt e 71 - 100
SHIESIONE (STAY).rvrrrrereeeersseressmesssesesressrsssrsen 147 - 150 Fractured zone..........cccccovimnnncniincnenienininninnns 100 - 102
Sandstone (very fine, rounded, gray)........cooeunes 150 - 158 Sar?dfstone (very ﬁne to fine, rounded, gray)......... 102 - 110
SILSIONE (BFAY).vrerrr s sreessesesnsessrssnsree 158 - 162 O?Jg;;ef?n?fffff.v,ghrf,ﬂ%e?dresgﬁldsmne ............... 10 - 111
Sandstone (very fine to fine, rounded, gray)......... 111 120
Well E38D ShalE (dArK BAY) .roesveereeseoses s 120 - 122
Glacial deposits Sandstone (very fine, rounded, gray)............cocoee. 122 - 130
Sand (Yery fine to fine, rounded, ochre (o tan) Siltstone (light gray) .........cccovvvivmninniinnncennan, 130 - 132
and silt (Ochre to tan)........ccveereecricnneceeeeenonennenee 0 - 8
Marshall Sandstone Well E401
Sandstone (very fine to fine, rounded, gray)......... 8 - 18 Glacial deposits
Shale (gray to black).........cocevviiivnvniiniinnnnnne, 18 - 20 Marshall Sandstone
SIltStone (Zray)......c.cceermmvmirnineniiese e 20 - 22 Sandstone (very fine to fine, rounded, gray)......... 41 100
Sandstone (very fine to fine, rounded, gray)......... 22 - 42 Well E41D
Sandstone (very fine, rounded, gray) and
siltstone (gray) and shale (gray), layered............ 42 - 56 Glacial deposits
Sandstone (.very fine to fine, rounded, gray)......... 56 - 120 S:‘;;‘é g&i‘éﬁﬁ‘ggﬁ‘gg& tt:‘l‘l tt?) gg‘:); )) .............. 0- 57
Shale and siltstone (8ray).....c.c.cocverserveririricarunnens 120 - 121
Sand (coarse to very coarse, subangular, tan
Sandstone (very fine to fine, rounded, gray)......... 121 - 125 to gray) and gravel (coarser, subangular
Sandstone (very fine, rounded, gray) and to rounded, tan to Gray) ........cevviviereesiieeriiinnns 57 65
siltstone (gray), possibly some thin limestone.... 125 - 148 Till silt (gray) and sand ........ocoocccoeevrvnerersssesssnnns 65 - 96
Chert and imestone ...........cecvmerecrinnnissecessnsnnnes 148 - 149 Marshall Sandstone
Sandstone (very fine, rounded, gray) and Weathered bedrock........ccceveneiinniciinnnennnennennnenn, 96 - 103
S;g;:‘;’;i;fﬁg :’;fs:::ele(g:’)’ blaCk) layered i:: izz Sandstone (very fine to fine, rounded, gray)......... 103 - 112
Sandstone (very fine to fine, rounded, yellow)..... 112 - 115
Fracture zone......co.ooouveinnniinnninineennmesninonenins 115 - 150
Sandstone (very fine to fine, rounded, gray)......... 150 - 175
Shale (dark gray)........cocevmeermrmecrcinenniereeneneesennns 175 - 182
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Table 3. Lithologic description of rocks and soils in boreholes drilled by the U.S. Geological Survey since 1983, Battle Creek,

Michigan—Continued

Depth Depth
Description of material (feet) Description of material (feet)
From To From To
Well E42D Well E44D—Continued
Glacial deposits Glacial deposits—Continued
Sand (coarse to very coarse, subangular, tan to Sand (medium to very coarse, subrounded) and
gray) and gravel (coarser, subangular to gravel (coarse, subrounded) .........cocoiviiininccinnn 65 - 81
subrounded, tan to gray)........c.cceeevviremniniiinieninnns 0 66 Clay (gray) and silt (gray) and sand (very fine,
Till, silt (gray) and sand.........c.cccovvveccrrerniincnnncne. 66 96 rounded, tan) till........c.ocovvveeiineriiinnenierrieenneeenes 81 - 100
Marshall Sandstone Boulder, sand and gravel.........c.ccccocovinieenriennen. 100 - 102
Weathered bedrock........c.covvenienieceniecrnneniinnnnnen, 96 - 102 Clay (gray) and silt (gray) and sand (very fine,
Sandstone (very fine to fine, rounded, gray)......... 102 175 rounded, taAN).......ouivierieninrniinnieeieseineresessssanes 102 - 111
Very hard drilling, possible chert nodule............... 175 - Marshall Sandstone
Sandstone (very fine to fine, rounded, gray)......... 111 - 114
Well E43D Sandstone (very fine, rounded, gray).........cccoueeee 114 - 120
Glacial deposits Siltstone (gray) and shale (gray), layered.............. 120 - 143
Sand (coarse, subrounded, tan to gray) and gravel 0 57 Well E45D
(coarse, subrounded, tan (0 gray) ... Peat and muck (black)......cccooveriirmreerireveeiriereeccnnnns 0- 5
Sand (coarse to very coarse, subrounded, tan to Glacial deposits
gray) and gravel (coarse, subangular to
subrounded, tan to gray).........cceueurueeereecnriereens 57 65 Sand (medium to coarse) and gravel.................... 5- 42
Silt (gray) and sand (fine to medium) 65 96 Sand and gravel.........ccooeveiinicniiinncnncneennes 42 - 60
Marshall Sandstone Till (sandy, silty clay) .....ccoeevvriminininniiininininn 60 - 67
Weathered sandstone (fine to medium, Marshall Sandstone
rounded, gray-brown).........ccoeeeviiecirvrninirinnnenen. 96 - 103 Weathered rock with Some Clay .........coovueresirnens 67 - 80
Sandstone (very fine to fine, rounded, gray)......... 103 - 170 Sandstone (very fine to fine, rounded, gray)......... 80 - 97
SAltStone (ray)....cceeevsiviissemseneisennisssiinnnes 170 - 175 SIMSEONE (ZTAY)ervvnerrerrrenisnirenrsinsssnasesserssssansssnsans 97 - 101
Sandstone (very fine, rounded, gray) and Sandstone (very fine, rounded, gray).......c........... 101 - 105
SHESIONE (LAY ) ceevmrsrnrsrssrmrssmmrssssnssscsssseeses 175 - 177 STUSIONE (ZFAY).rvreveersersrreessessesssensessessnes 105 - 110
Shale (dark gray)......ccocceveveeenrnsnnesniensnecinerens 177 - 190 Sandstone (very fine, rounded, gay) ... 110 - 112
Siltstone (gray) 112 - 115
Well E44D SHAIC (BFAY).vervrererrersr s st 115 - 122
Peat and muck (black)........ccovevevreeeeiniccrcrnnenne 0 5
Glacial deposits
Sand (medium to coarse, angular to subangular,
tan) and gravel (fine to medium, angular).......... 5 65
Geology 1"
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Figure 5. Units of Marshall Sandstone identified on natural-gamma logs of wells E22D, E29, and V17, Verona well field
area, Battle Creek, Michigan (from Grannemann and Twenter, 1985).

Shifted single-point resistance logs show a
decrease at all fracture zones except A and J (fig. 6).
Single-point-resistance logs measure the electrical
resistance of any geologic medium. Electrical
resistance is affected by composition of the rock
and any fluid in the rock. A shifted single-point
resistance log shows only changes that can be
attributed to changes in the resistivity of the rock.
Either an increase in the gamma response or a decrease
in the resistivity response indicates a possible increase
in the clay mineral content of the rock because of the
more radioactive nature of clay minerals as well
as their more conductive electrical properties.
Therefore, the deposits at zones A and J may be
siltstone or shale units or areas of clay-lined fractures.
Fracture zones E, G, and J are associated with siltstone
or shale units identified in the driller’s log (table 3).
Fracture zones A, B, C, D, F, H, and I do not appear to

be associated with lithologic changes noted on the
driller’s log. Fracture zones A and C may show an
increased gamma response because of clay lining of
fractures. As explained later under the section
“Fractures and Ground-Water Flow,” this conclusion
for fracture zones A and C is consistent with a limited
amount or lack of fluid flow.

Glacial and Alluvial Deposits

Unconsolidated glacial and alluvial materials
overlie the Marshall Sandstone in most of the study
area. These materials were deposited by glacial ice and
glacial meltwater streams more than 12,000 years ago
or by streams of more recent age. The areal distribution
of these materials which consist of till, outwash, and
channel deposits is shown in figure 3.
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Figure 6. Acoustic-televiewer logs for wells E37D, E38D, and E39D showing fracture
zones A through L, Verona well field area, Battle Creek, Michigan (from Paillet, 1991).
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Verona well field area, Battle Creek, Michigan (from Paillet, 1991).
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HYDROLOGY

Annual precipitation in the Battle Creek area
averages 29 in. (National Oceanic and Atmospheric
Administration, 1989). Of this, about one-third
recharges the aquifer system; the remainder flows to
streams and lakes or is lost from the area by
evapotranspiration (Grannemann and Twenter, 1985).
Two major rivers, the Battle Creek and the Kalamazoo
Rivers, flow through the study area; these rivers have
numerous tributaries. Numerous small lakes also are
present.

Surface Water

Since 1934, a gaging station on Battle Creek
River at the dam near Emmett Street (fig. 2) has been
operated by the USGS Average annual streamflow at
the station is 204 ft¥/s. Daily mean streamflow durmg
October 1989-September 1990 ranged from 67 ft>/s on
September 3 and 4 to 1,670 ft*/s on March 13; monthly
mean streamﬂow during this 12-month period ranged
from 96.4 ft3/s in August to 578 ft*/s in March
(Blumer and others, 1991).

Ground Water

Ground water is the source of municipal,
commercial, and industrial supplies in the Battle Creek
area. The Marshall Sandstone is the principal aquifer;
water from glacial deposits also is tapped for domestic
use.

Recharge

Recharge from precipitation in the drainage area
between Bellevue and Battle Creek has been estimated
at 12 in/yr (Grannemann and Twenter, 1985). This
value includes loss from the Battle Creek River to
ground water at Verona well field, estimated at
2.5 ft’/s. A recharge of 8 in/yr from precipitation was

estimated for the drainage area of Wanadoga Creek,
about 1.5 mi north of Verona well field.

Water Levels and Potentiometric Surface

Water levels measured in observation wells
completed in the glacial and alluvial aquifer and
Marshall Sandstone aquifer in August 1988 (table 4)
were used in combination with lake and stream
elevations to prepare potentiometric-surface maps for

the study area. Most water levels in wells used to
prepare the potentiometric-surface maps reflect water-
table conditions even though some wells are cased into
the upper sandstone aquifer (fig. 4). A potentiometric-
surface map for the glacial and alluvial aquifer is
shown in figure 8; a similar map for the Verona well
field area is shown in figure 9. In most of the study
area, ground water flows toward and discharges to
Battle Creek and Kalamazoo Rivers and their
tributaries or is withdrawn by wells. In some areas,
particularly near Verona well field, aquifers are
recharged by streams (Grannemann and Twenter,
1985).

Hydraulic Properties of Aquifers

Porosity and permeability are the primary factors
affecting movement and storage of water in aquifers.
Porosity and permeability are typically enhanced by
fractures, such as those present in the Marshall
Sandstone. Hydraulic properties of the aquifers in the
Battle Creek area have been determined by use of
aquifer tests and grain-size analyses in previous studies
and during this study.

Data from Previous Studies

Previous studies have shown that aquifers
underlying the Verona well field have higher
transmissivities than those in peripheral areas. This
may be due to the large diameters of municipal water-
supply wells, which allow for more effective
development of the aquifer than is possible with small
domestic wells. Most high-production capacities of
wells open to the sandstone aquifers seem to be related
to fractures. Transmissivities for the lower part of the
Marshall Sandstone range from 3,000 to 27,000 ft2/d
based on a constant hydraulic conductivity of 150 ft/d
and thicknesses ranging from 5 to 50 ft. Trans-
missivities for the upper pan of the Marshall Sandstone
range from O to 15,000 ft%/d based on a constant
hydraulic conductivity of 550 ft/d and thicknesses
ranging from O to 100 ft (Grannemann and Twenter,
1985).

Hydraulic conductivities of glacial deposits were
estimated by Grannemann and Twenter (1985). These
conductivities were based on grain-size analysis and
conductivities of similar deposits in Michigan. A
horizontal hydraulic conductivity of 110 ft/d was
estimated for channel deposits, 70 ft/d for outwash, and
15 ft/d for till.
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Table 4. Water levels in and characteristics of observation wells used for model calibration, Battle Creek, Michigan,
August 23, 1988

[Well: D, deep; I, intermediate; S, shallow. See figure 2 for location of wells. --, not measured or not recorded; <, actual value is less than value shown ]

Well depth Depth t.o bottom Altitude of Distance of. A;t;t:r?c: f Altitude of
Well (feet below land of casing (feet measuring point measuring point (feet potentiometric
surface) below land (feet above sea level) above land surface above sea surface (feet
surface ) (feet) level) above sea level)
Wells Installed by U.S. Geological Survey
El 57.0 1517 865.42 23 815 826.26
E2 28.5 26.6 829.66 9 802 829.66
E3 275 23.4 830.73 3.6 800 822.28
E4 81.0 170.0 883.16 2.0 803 823.27
E6 60.0 447 875.33 3 828 822.24
E8 31.0 1289 847.89 2.6 <814 823.48
E9 17.0 15.1 831.48 9 816 821.89
E10 35.0 130.0 835.92 2.0 824 818.14
E13 54.0 53.2 856.94 38 801 817.37
El4 70.0 162.8 878.79 22 832 818.37
E17 32.0 1278 835.84 1.7 830 816.65
El8 24.0 17.4 848.92 3.6 834 830.52
E19 34.0 24.6 831.86 1.4 819 821.94
E20 21.0 13.5 830.44 2.5 820 821.54
E21 25.0 16.6 831.41 1.4 815 82291
E228 14.0 h0.1 840.21 34 - 824.27
E23 155.0 77.4 849.04 3.6 805 824.53
E24 163.0 98.0 890.42 25 821 849.03
E28S 10.0 16.8 840.98 32 -- 828.11
E32 60.0 36.4 844.39 1.6 818 816.70
E33S 18.0 153 845.53 27 -- 845.53
E35S 22.0 171 833.80 29 -- 822.16
E35D 81.0 49.5 833.36 25 795 82043
Wells Installed by Ecology and Environment, Inc.
Tl 39.0 28.0 845.90 - 815.90 822.41
T2 39.0 25.0 838.38 -- 816.38 823.12
T3 39.0 35.0 833.43 -- 798.43 823.46
T4 39.0 35.0 835.47 -- 800.47 824.68
TS 39.0 25.0 843.28 -- 818.28 825.77
T6 39.0 39.0 846.45 -- 807.45 825.75
T7 39.0 30.0 845.84 -- 820.84 821.91
T8 39.0 25.0 851.78 -- 826.78 828.18
T9 39.0 15.0 855.08 -- 841.58 831.95
T10 39.0 35.0 841.53 -- <802.53 820.76
Ti11 39.0 300 839.39 -- <800.39 819.58
Ti2 39.0 385 831.87 -- <792.87 817.72
Ti3 39.0 30.0 829.62 -- <790.62 818.32
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Flowmeter logs measure vertical flow of ground water
within the borehole. Lateral flow also affects the
flowmeter log (Keys, 1988). Under static conditions,
flowmeter logs were recorded in wells E37D, E38D,
and E39D. Under pumping conditions, well E38D was
pumped and flowmeter logs were recorded in wells
E37D and E39D. Paillet’s analysis (1991) follows:
The temperature and single-point resistance logs
obtained in the three observation boreholes (wells E37D,
E38D, and E39D) indicated that pumping in the
municipal well field (Verona well field) produced
hydraulic head differences between individual
subhorizontal openings (indicated in figure 6 in this
report). These hydraulic-head differences produced
flows which resulted in a variation of the salinity of
borehole fluid indicated by the resistance log, and
isothermal intervals indicated on the temperature log.
For example, the resistance log indicates an abrupt
change in borehole fluid salinity in the interval from 110
to 115 ft in depth in borehole E39D (fig. 11A, in this
report). The temperature log for this borehole is
isothermal over the interval from 115 to 70 ft, and shows
an unexpected decrease in temperature with depth
below 120 ft. If flowmeter logs were not available, the
temperature and resistance logs alone would indicate
major inflow near 70 ft and major outflow near 115 ft,
with other small inflows and outflows indicated by the
irregular temperature log at other depths along the
borehole.

TPFM (thermal-pulse flowmeter) measurements
made in borehole E39D before pumping from one of the
other observation boreholes confirm the suspected
pattern of flow (fig. 11B, in this report). However, the
details of the flow distribution are somewhat more
complicated than inferred from the character of the
resistance and temperature logs alone. The TPFM data
indicate inflow at several depths, and both above and
below the major contact in borehole fluid salinity. The
TPFM did not give repeatable flow measurements in the
interval between 55 and 80 ft in depth, so the increase in
flow between reliable measurements at 45 and 92 ft in
depth has been lumped into a single increase in
borehole flow near the depth associated with the top of
the isothermal interval on the temperature log. This
instability in TPFM readings in the interval from 50 to
80 ft was later identified as the result of thermal
convection in the borehole. The convection was driven
by the entrance of relatively warm water between 60 and
90 ft in depth. Although the hydraulic-head differences
between zones caused the average flow in the borehole
to flow downward from these depths, the buoyancy of
the warm water entering the borehole apparently
produced convective overturning superimposed on this
flow regime. This convective flow is assumed to have
caused the observed instability in TPFM readings in the

interval where convective flow was occurring. This
explanation is supported by the stability of TPFM
measurements in the same interval when the net
downward flow was reversed by pumping from one of
the adjacent observation boreholes.

The changes in vertical flow induced in borehole
E39D by pumping at about 80 gal/min from borehole
E38D are also indicated in figure 11B. The changes in
vertical flow associated with this local pumping were
almost instantaneous, so that transients were not
measured. The local pumping reversed the flow in the
upper part of the borehole, although the major inflow still
occurred from fracture zone D. The flow reversal is
attributed to the effects of a hydraulically conductive
connection in the upper levels of the formation that
transmitted the decreases in hydraulic-head induced by
pumping in borehole E38D to borehole E39D. Closely
spaced, repeated TPFM measurements indicated that a
single, well defined fracture set in zone D is the source
of the inflow. The major cross-connection between
boreholes E39D and E38D is provided by fractures or
solution openings in zones A and B. The local pumping
apparently transmitted a lower hydraulic head to
borehole E39D, resulting in reduction or reversal of
downward flow, and accentuation of upward flow in the
deeper zone.

The significant hydraulic-head differences that
occur at several thousand feet from the municipal well
field indicate that the subhorizontal solution openings or
fractures project over large lateral distances, and are
poorly connected to other such horizontal permeability
zones. The changes in vertical flows induced in borehole
E39D and E37D during local pumping from borehole
E38D indicates that at least some of the other solution
openings indicated by the BHTV (acoustic borehole
televiewer) logs (fig. 6) are as permeable as those that
appear hydraulically connected to the municipal well
field. However, figure 6 indicates the significant
differences in appearance of individual solution
openings over the relatively small distances separating
the observation boreholes. The secondary permeability
system model that seems best suited to this situation is
one of individual solution openings that are locally
variable in hydraulic aperture and probably somewhat
intercannected within beds from 5 to 20 ft thick. At the
same time, these locally interconnected and variable
flow paths appear to remain isolated from each other
within lithologic sub-units over lateral distances of
several thousand feet. The data also indicate that the
deeper openings are more continuous than the other
apparently larger openings in the overlying sandstone,
because the deeper fractures near the contact between
sandstones and shale transmit the effects of the well
field pumping to the observation boreholes even though
the production wells are screened in the overlying
sandstones.
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Water samples were collected from well E37D at
depths of 40, 95, and 125 ft by use of a depth-discrete
sampler. Specific conductance and pH measurements
of the water were made. Samples were analyzed for
dissolved constituents as described in table 6 and in the
section “Water Quality.” A significant increase in
concentration of dissolved solids (residue at 180°C)
was noted in water sampled from 125 ft in comparison
to water sampled from 40 and 95 ft. This observation
supports the above interpretation of the decrease in the
resistance log below 115 ft. An increase in
concentration of dissolved solids in water decreases the
resistivity of that water and therefore, as indicated by
the specific conductance reading, increases the
conductivity.

Velocity of Flow

Average velocity of ground-water flow depends
on the gradient of the potentiometric surface, hydraulic
conductivity, and effective porosity of the aquifer
according to the following equation (Lohman, 1979,
p. 10):

9= 4t (1)

where:
¥ is average velocity, in feet per day;
K is hydraulic conductivity, in feet per day;
“_ijﬁ is gradient of the potentiometric surface,
! in feet per feet; and
0 is effective porosity, dimensionless.

Along parts of the margin of the Battle Creek
River flood plain, the gradient of the potentiometric
surface in the glacial and alluvial aquifer is high. The
highest gradients are associated with till of the
Kalamazoo and Battle Creek moraines, where
hydraulic conductivities are estimated to be 30 ft/d.
Velocity of flow in this area is estimated to be 2.7 ft/d.

Within the flood plain, the gradient is lower and
hydraulic conductivity is estimated to be 110 ft/d
(Grannemann and Twenter, 1985). The average
velocity in August 1988 between the Emmett Street-
Raymond Road intersection and pumped wells V38—
V43 in the well field was calculated to be 1.2 ft/d. The
highest velocity, 2.4 ft/d, was at the intersection;
velocities elsewhere were 0.9 ft/d near the river and
0.6 ft/d in the southern part of the well field. An

effective porosity of 0.25 (David B. Westjohn,
U.S. Geological Survey, oral comm., 1990) and
gradients from figure 9 were used for all calculations.
Ground-water-flow velocities were calculated for
the sandstone aquifers; these velocities, however, are
less accurate than those for the overlying aquifer
because a value for effective porosity of the fractured
bedrock cannot be determined accurately. For these
calculations, a porosity of 0.3 was used. This value is
greater than that of the matrix porosities for the
Marshall Sandstone, which were determined by
Westjohn and others (1990) to be 0.18 to 0.25. This
value was increased over the matrix porosity because
of the fractures but should be considered a minimum
effective porosity. Primary hydraulic conductivity of
this unit was determined to be less than 1 ft/d on the
basis of laboratory tests of core from well W6D
(Westjohn and others, 1990). Because of fracturing, a
horizontal hydraulic conductivity of 150 ft/d was used
for the upper sandstone aquifer. If a gradient of 0.0045
is assumed for the potentiometric surface, then an
average velocity of flow of 2.25 ft/d for the upper
sandstone aquifer results. Fractures in the lower
sandstone aquifer are more productive than in the
upper sandstone aquifer such that an estimate of
effective porosity would be unreliable. Therefore a
flow velocity is not calculated for the lower sandstone
aquifer.

Water Quality

Water from wells E38D, E40I, E42D, H, and
Bailey Park was analyzed for VOCs. Four of these
wells are in Bailey Park, just west of Verona well field;
well E42D is about 1.5 mi northeast of Verona well
field (fig. 2). Concentrations of VOCs in water from
four of the five wells sampled were less than the
detection limits. Water from well E40I (1/3/90)
contained 0.30 pug/L of 1,2-dichloroethane, the only
compound detected. These data indicate that a
hydrocarbon plume from the Davis Oil spill site had
not reached these wells at the time of sampling.

Chemical and physical characteristics of water
for wells E37D, E38D, and E42D are given in table 6.
Well E37D is 95 ft southwest of well E38D in
Bailey Park (fig. 2). Water samples were collected from
depths of 40, 95, and 125 ft in well E37D. Concentra-
tions of all constituents, with the exception of alkalin-
ity and dissolved sulfate, increased with depth.
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Table 6. Chemical and physical characteristics of water from wells E37D, E38D, and E42D near Verona well field,

Battle Creek, Michigan

[ <, actual value is less than value shown. °C, degrees Celsius; uS/cm, microsiemen per centimeter at 25°C; --, not determined]

Constituent E37D (8/8/89) E38D E42D
onstituent or property 40 feet 95 feet 125 feet (12/6/89) (12/6/89)
Properties
Specific conductance (LS/CM) ....cceevververervrverererieiaenens 626 872 7,050 973 497
PH (standard units)............coeeueeerevvenrienreeseereeenieiieneenns 6.9 7.5 8.0 7.3 7.5
Temperature (CC).....ccovveeirereecerenernninresieseeeseereseesessens -- - -- 11.0 10.5
Color (platinum-cobalt Units).........ccoccccreerrvrcerireererrneene -- -- - 3 3
Turbidity (FTU) ..ottt venevens -- - -- 43 1.5
Major constituents, in milligrams per liter
Hardness, total (as CaCO3).......cccoorvuermnrnneiniennnesiianns - - -- 440 270
Calcium, disSOIVed..........c.ceeerreeeecrnneseriernaeeseeeeraneenes 62 92 140 120 72
Magnesium, dissolved ........cccoveciinceinenensenennin 19 30 44 34 21
Sodium, dissolved........... 13 24 1,200 32 2.8
Potassium, dissolved 14 1.3 12 1.3 .70
Sulfate, dissolved............ 270 170 9.0 95 39
Alkalinity (as CaCO3).c.ouemcivercciriieenieirinceeiii s 14 192 115 287 235
Chloride, disSOIVEd ..........ccccorererrrrnrieriesenniarrseeeseressens 21 64 2,300 89 29
Fluoride, disSOIVed..........ccocveiieerrricrnreneerennirssessenssaneene -- -- - 10 .10
Silica, disSOLVEd .......cuiveeeiiirmenniisnreeneeesretsrseese o - - -- 13 15
Solids, residue at 180°C, dissolved .........ccoveerervrererennee 427 557 3,780 567 274
Solids, sum of constituents, dissolved ........coeeceevrrerrenene -- -- -- 558 285
Cyanide, total ..........coervervecirerenreniriere et ssecenssenes -- -- -- <.010 <.010
Trace constituents, in micrograms per liter
Aluminum, total recoverable.........cccevcerreerrnerrreresrrens -- - -- <10 <10
ATSENIC, tOtAl....cvvviveenrirreeeriararieecessreesesrernensssesrenesisns -- - - <1 2
Barium, total recoverable...........cccoerrernenrincnreininierennens -- - -- <100 <100
Beryllium, total recoverable ............cevivemniennvccinennn, - -- -- <10 <10
Boron, total recoverable...........ccccorenrcrniinniecinrenieienenee -- -- -- S0 20
Cadmium, total recoverable..........cccrverenvenrnrerenerriannens -- -- -- <1 <l
Chromium, total recoverable ........ccoocrrirmrimnsrrcnrnicnennens -- -- -- <1 <l
Cobalt, total recoverable........... -- -- -- 1 <1
Copper, total recoverable ...... -- - - 1 2
Iron, dissolved.........coccrvruenenn -- -- -- 1,200 480
Iron, tota] recoverable.... -- -- -- 1,500 540
Lead, total recoverable...........ccrvrnvinnniinnnnnninan, -- -- -- 2 2
Lithium, total recoverable.......c.cocvvviverviineneiiirencnnenne. -- - - <10 <10
Manganese, dissolved...........coviinnininriniinnninninnn - - -- 120 46
Manganese, total recoverable ..........covurnirnririireniinens - -- - 130 50
Mercury, total recoverable .........ccceuvvvemeerennecrniirenrennnens -- - -- <.10 <10
Molybdenum, total recoverable.........c.ceoviiinniniiniennns - -- -- <1 1
Nickel, total recoverable........coeciinrviniirnninienenissnn -- -- - 2 <l
Selenium, total ........cevecerneriereesereseeerrerreereesesreseesenes -- -- -- <1 <1
Silver, total recoverable .........ccccovniiiiciinniinineeein - -- -- <1 <1
Strontium, total recoverable.........ccoveriennveeniniveeneninns -- -- -- 110 60
Zing, total recoverable .........coucverecineerineenereeneseesnenns -- -- -- 30 130
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Boundaries

Hydrogeologic boundaries can be represented
with the following conditions: no-flow, constant-head,
or variable-head. No-flow and variable-head
boundaries are used in the numerical model developed
for this study.

Boundaries of the numerical model (fig. 13)
developed for this study generally coincide with those
for the ground-water-flow model previously developed
(Grannemann and Twenter, 1985). These boundaries
follow surface-water features and ground-water divides
in the glacial and alluvial aquifer.

External boundaries are identical in type and
location in all three layers except where streams
intersect them. Where this occurs, the lower 2 layers
have no-flow boundaries. Cells along most of the south
and southwest boundaries, south of the Kalamazoo
River (fig. 13), are no-flow cells. No-flow cells are also
located along the west boundary, west of Wabascon
Creek (fig. 13). All of these cells follow ground-water
divides. Various combinations of constant-head and
variable-head boundaries along the remaining external
boundaries were tried during model construction.
Varying boundaries as to constant-head cells and
variable-head cells, however, had little effect on
model-generated heads.

With regard to differences between model-
generated flows and field-measured or estimated flows,
little variation also is expected with changes in cell
type along boundaries. Estimates of flow were made
for seven streams. When model boundaries were varied
between constant-head and variable-head, residual flow
varied. Two streams account for most of this variation.
Parts of these two streams are along the edges of the
model grid. By changing the boundaries, one could
expect to change flows in these streams. Variation of
boundaries from constant head to variable head has
little to no effect on streams internal to the model and
near the well field. Therefore, the remaining
boundaries were simulated as variable-head cells.

Boundaries internal to the model include river
cells and no-flow cells. The river cells represent the
locations of rivers and lakes and are limited to layer 1.

The no-flow cells also occur in layer 1 and represent
bedrock highs where the water table is in bedrock
(layer 2) (fig. 13).

Hydraulic Properties

Hydraulic conductivity describes the rate at
which a unit volume of water is transmitted through a
cross section of unit area per unit time. As described
previously for the conceptual model, the glacial and
alluvial aquifer is zoned according to type of material.
In the ground-water-flow model, these zones are
defined by groupings of layer 1 cells. Each group of
cells is assigned a horizontal hydraulic conductivity
according to the material type it represents; 15 ft/d for
till, 70 ft/d for outwash deposits, and 110 ft/d for
channel deposits.

Layers 2 and 3 cells are assigned horizontal
hydraulic conductivities of 150 and 300 ft/d,
respectively. These conductivities are applied equally
over each layer. Vertical leakance from layer 1 to layer
2 and from layer 2 to layer 3 is modeled with a value of
0.004/d. Riverbeds and lakebeds are modeled with a
hydraulic conductivity of 4 ft/d. Cells representing
rivers and lakes are limited to layer 1.

Hydrologic Stresses

Lateral zoning of recharge from precipitation is
based on the location of outwash, channel, and till
deposits and on the location of urban areas, as
described in the conceptual model. Groupings of cells
in layer 1 represent these land covers. At bedrock
highs, the water table is in layer 2 cells (fig. 9), and
recharge is applied to the layer 2 cells. Recharge also
results from infiltration of water from the Battle Creek
River induced by pumping of water-supply wells in
Verona well field. The rate of surface-water infiltration
is estimated to be 2.5 ft*/s.

Discharge in the model is by pumping from
wells and ground-water flow to rivers and lakes.
Pumping in Verona well field is simulated as being
from model layers 2 and 3. For the simulation under
August 1988 conditions, Verona well field pumping
rate was modeled at 10,100 gal/min; of this amount,
about 1,200 gal/min is pumped from purge wells
(V22,V24,V25,V26, V27, and V28).
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Calibration of Numerical Model

Calibration of a numerical flow model refers to a
demonstration that measured hydraulic heads and flows
can be simulated by the model. Calibration is
accomplished by finding a non-unique set of
parameters, boundary conditions, and stresses that
produce simulated heads and flows that match
measured values within a preestablished range of error
(Anderson and Woessner, 1992). The preestablished
range of error is based on the range of measured
values.

Steady-state calibration was achieved by
adjusting individual model input parameters within
maximum and minimum limits (table 7) and observing
the changes in head and flow. When simulated heads
matched measured heads (table 8) and simulated flows
matched measured flows, especially loss (infiltration)
of water from the Battle Creek River to the well field,
the model was considered calibrated. Certain water-
level measurements were considered to be more critical
to match than others—those farthest from stresses,
because they are the most stable, and those in layer 2
near the river, so that loss from the river to the well

field would be accurately simulated. The range in
historical head data served as the range of error for
simulated heads.

Calibration of the model under August 1988
pumping conditions resulted in an increase in the
vertical leakance of the till from 1.8x10™> to 1.8x10"%/d
and a decrease in the horizontal hydraulic conductivity
of the lower part of the Marshall Sandstone from 550 to
300 ft/d. All other parameters remained as described in
the section “Conceptual Model.”

Comparison With Previous Model

Input files to the current ground-water-flow
model were rediscretized on the basis of the model
developed by Grannemann and Twenter (1985). Their
model consists of 3 layers, 99 rows, and 116 columns,
whereas the model developed for this study consists of
3 layers, 40 rows, and 43 columns. The models are
referred to hereafter as “99x116” and “40x43” models,
respectively. Model boundaries and types are similar in
the two models, but river cells were redigitized for the
40x43 model. Layer 1 in the areas where the water
table is within bedrock are represented by no-flow cells
in the 40x43 model. In the 99x116 model, the same
area is represented by variable-head cells.

Table 7. Model parameters and adjustments during calibration of numerical model, Battle Creek, Michigan

Model layer Starting value Minimum Maximum Final

Horizontal Hydraulic Conductivity (feet per day)

Layer 1 - till.....cceenrenreereeneneereeesesinennene 15 11.25 18.75 15

Layer 1 - outwash........ccoocvcviviremniniccnnicns 70 52.5 875 70

Layer | - channel deposits ........ccoceeeriverccnnnnne 110 825 137.5 110

Layer 2 (upper Marshall Sandstone aquifer).. 150 75 350 150

Layer 3 (lower Marshall Sandstone aquifer).. 550 300 750 300
Vertical Leakance (per day)

Layers 1, 2 - il ... svaessseenens 1.8x10° 1.8 x 10 1.8x 10 1.8x 10

Layers 1,2 - OUWAS ..v.vvvvveereoevenseeresrreesens 40x10° 40x 10 4.0x 10" 40x10°

Layers 1, 2 - channel deposits..........o....oo..... 2.5% 102 25% 103 25x 107! 2.5x%102

LAYEIS 2, 3ccvooeneeeeverenseseseesensesseessssasssssnens 1.2x 1072 1.2x103 1.2x 107! 12x10%
Riverbed and Lakebed Conductivity (feet per day)

Layer 1 only ....ocoevvvccviviminincnseineenniaens 4 04 40 4
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Table 8. Measured and simulated hydraulic heads for August 1988, Battle Creek, Michigan

Hydraulic head Measured
Cell (feet above sea level)  head minus
Well (row, simulated

column)  measured  Simulated head

(ifeet)

Model Layer 1, Glacial and Alluvial Aquifer

B1 21,25 826.63 827.42 -0.79
B9 21,24 825.66 826.03 -37
B17 23,24 828.17 826.53 1.64
DNR1 26, 27 844.48 838.93 5.55
DNR2 25,27 839.75 839.02 73
E3 18, 17 822.28 823.52 -1.24
E8 22,23 82348 824.93 -1.45
E22S 19,24 824.27 824.44 -17
E28S 21,26 828.11 829.17 -1.06
E33S 29,12 825.53 826.20 -.67
E35S 23,16 822.16 824.23 -2.07
GI1B 18, 29 817.49 822.97 -5.48
G2 19, 29 818.07 827.47 -9.40
G3A 17, 30 817.33 823.71 -6.38
G5 17, 28 816.91 819.09 -2.18
G7 16, 29 815.82 819.47 -3.65
G8 17, 30 818.50 823.71 -5.21
G9 20, 26 825.69 826.58 -.89
Tl 22,22 82241 822.80 -39
T2 18,23 823.12 823.27 -.15
T3 18,24 823.46 823.50 04
T4 19, 25 824.68 824.12 .56
TS 21,24 825.77 826.03 -.26
T6 23,24 825.75 826.53 -.78
T7 24,22 821.91 823.34 -1.43
T8 25,23 828.18 826.98 1.20
T9 24,24 831.95 826.91 5.04
T10 22,21 820.76 821.46 -70
T11 23,21 819.58 821.45 -1.87
Ti2 18, 26 817.72 821.32 -3.60
T13 19, 28 818.32 823.87 -5.55
w2s 23,20 818.08 819.64 -1.56
wi3s 22,20 814.72 819.39 -4.67
w48 21,22 821.16 822.86 -1.70
WsS 19,23 822.81 824.17 -1.36
W7S 824.54 825.25 -71
W8S 21,23 823.08 824.77 -1.69
BN 22,24 826.08 826.45 -37
P1 20,17 824.64 824.42 22
P3 21,17 824.54 824.37 17

Hydraulic head Measured
Cell (feet above sea level) head minus
Well (row, simulated
column)  pMeasured  Simulated head
(ifeet)
Model Layer 2, Upper Part of the
Marshall Sandstone Aquifer
El 15,15 826.26 825.59 0.67
E2 20, 16 822.83 823.38 -.55
E4 13,18 823.27 824.16 -.89
E6 14,22 822.24 822.79 -.55
E9 21,18 821.89 819.34 2.55
E10 22,17 818.14 821.06 -2.92
El3 27,17 817.37 820.89 -3.52
El4 25,20 818.31 820.75 -2.44
E17 22,19 816.65 817.08 -43
El8 18,12 830.52 827.87 2.65
El9 20, 18 821.94 821.63 31
E20 19,20 821.54 821.54 .00
E21 17,24 822.91 822.84 .07
E32 25,17 816.70 818.27 -1.57
E35D 23,16 820.43 821.97 -1.54
G9A 20, 26 826.63 823.21 3.42
Wi 24,19 816.44 817.29 -.85
W21 23,20 818.05 819.34 -1.29
W4l 21,22 821.05 822.57 -1.52
W6l 22,23 822.72 822.89 -17
wsl 21,23 822.81 822.84 -03
wiél 22,24 825.98 82241 3.57
Model Layer 3, Lower Part of the
Marshall Sandstone Aquifer
E23 13,27 824.53 821.71 2.82
E24 23,30 849.03 828.76 20.27
GIC 18,29 816.68 825.40 -8.72
G5A 17, 28 817.71 823.70 -5.99
G7A 16, 29 814.96 823.89 -8.93
W4D 21,22 820.99 822.11 -1.12
Wé6D 22,23 822.86 823.15 -.29
WS8D 21,23 823.55 822.93 .62
WI11D 21,25 826.59 824.12 247
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The two models were run with identical stresses,
and the results were compared. Stress and measured
data used to calibrate the 99x116 model were used in
the model comparison. Comparison of resultant
hydraulic heads at measurement points for summer
1983 data indicates a close correlation between the two
models (table 9). The average difference in hydraulic
head at measurement points in layer 1 between models
is 2.0 ft. By eliminating observation well E12 (where
head difference between models is 23.0 ft), the average
head difference decreases to 1.2 ft. Observation well
E12 is located adjacent to no-flow cells representing
the bedrock high. The large head difference my be the
result of a boundary effect. The average difference in
head at measurement points in layer 2 is 1.6 ft. The
average difference in head at measurement points in
layer 315 0.9 ft.

A close correlation between hydraulic heads at
measurement points for winter 1984 data also is
expected. The average difference between the models
for heads at measurement points in layer 1 is 2.8 ft. The
average head difference is 3.1 ft for layer 2 and 1.5 ft
for layer 3. These values do not correlate as closely as
those for summer 1983 data, but the differences are still
within reason. Rediscretization of the 99x116 model
did not significantly affect model results. The addition
of no-flow cells, to the 40x43 model, in the areas where
the water table is within bedrock showed a significant
change in simulated water level in only one observation
well.

Sensitivity Analysis

Sensitivity analysis is done to quantify the
uncertainty in the calibrated model caused by
uncertainty in the estimates of aquifer parameters,
stresses, and boundary conditions (Anderson and
Woessner, 1992). During a sensitivity analysis,
calibrated parameters are systematically changed
within established limits. The magnitude of change in
hydraulic heads from the calibrated-model solution is a
measure of the sensitivity of the model to variations in
the value of that particular parameter. The results of the
sensitivity analysis are reported as the effects of the
parameter change on the average measure of error
selected as the calibration criterion. The effect of

changes in parameter values on streamflow also can be
examined in the sensitivity analysis. The results of the
sensitivity analysis on hydraulic heads for the
calibrated model are summarized in table 10. The
model is shown to be most sensitive to recharge and
vertical leakance of outwash and upper part of the
Marshall Sandstone. A 50-percent increase in recharge
results in a 0.95-foot increase (for layer 1) and a
0.5-foot increase (for layers 1 and 2) in the average
residual for hydraulic heads at observation wells. With
respect to hydraulic heads, the model is relatively
insensitive to other parameters. For example the model
is the next most sensitive to horizontal hydraulic
conductivity of layer 3. A 50-percent increase in
horizontal hydraulic conductivity of layer 3 results in a
0.12-foot increase in the average residual for hydraulic
heads at observation wells.

The results of the sensitivity analysis on
streamflow for the calibrated model are summarized in
table 11. Similar to the results of the sensitivity
analysis on hydraulic heads, the parameter having the
greatest effect on streamflow is recharge. A 50-percent
increase in recharge results in an increase in
streamflow of 0.239 ft%/s. With respect to streamflow,
the model is relatively insensitive to most parameters
except vertical leakance of outwash deposits to the
upper part of the Marshall Sandstone.

Analysis of Alternatives for Well Field
Operations

A calibrated ground-water-flow model can be
used as a tool to evaluate/analyze the potential effects
of changes in stress on the ground-water-flow system.
The model prepared for this study was used in
combination with the particle-tracking program
MODPATH to evaluate the feasibility of relocating the
present purge system, to reevaluate the effects of
current and increased ground-water withdrawals on
ground-water flow, and to estimate the rate and
direction of ground-water flow northwest of Verona
well field.
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Table 9. Measured and simulated hydraulic heads for summer 1983 and winter 1984 stresses, Battie Creek,

Michigan
[99 x 116, 99 rows by 116 columns; 40 x 43, 40 rows by 43 columns; --, no data]
Heads, summer 1983 Heads, winter 1984
Well x
Moasured %0 e Camaimed  Measuwred 2 Ceimunted
Model Layer 1, Glacial and Alluvial Aquifer

E2 823.34 823.1 8233 823.91 824.0 823.7
E3 824.85 823.6 822.7 825.17 824.3 822.8
E8 825.26 8279 8243 826.59 829.4 826.0
Ell 823.35 827.0 8249 824.79 828.8 826.2
El12 867.84 862.8 839.8 867.29 863.5 840.0
E22S 824.97 8244 823.7 826.40 825.3 8244
E28S 829.38 8303 829.9 830.37 830.9 8304
E31 -- - - 825.06 823.7 825.2
E33S 825.18 829.1 826.7 825.94 830.2 827.2
T1 823.84 826.0 821.6 825.40 827.6 824.0
T2 823.71 823.6 822.4 82491 8244 823.1
T3 823.86 822.6 822.1 825.42 8234 822.8
T4 825.34 8229 823.1 826.83 823.7 823.7
TS 827.46 827.6 826.5 828.55 828.7 8275
T6 829.20 829.9 828.7 828.30 831.2 829.6
T7 823.92 827.6 -- 825.82 829.8 -

T8 830.40 833.8 -- 831.03 835.2 --

i 834.59 831.3 -- 835.04 8324 --

T10 822.26 822.2 820.5 824.51 825.2 8234
Ti1 821.26 821.7 820.2 823.94 825.3 823.5
T12 817.74 820.6 820.7 818.51 820.9 821.1
T13 818.70 822.0 823.7 819.20 822.2 824.0
T4 820.81 830.1 827.6 821.46 830.6 8279
Ti5 835.47 834.5 8334 835.78 835.0 833.9
T16 828.57 830.3 830.1 829.63 831.1 830.8
GLLAB 818.23 821.0 822.5 818.69 821.3 822.7
G2,A 818.87 825.2 827.6 819.22 825.6 827.9
G3,A 818.08 8219 822.0 818.61 8224 8223
G4,A 817.91 819.5 819.7 818.42 819.7 819.8
G5 817.30 819.0 818.8 817.87 819.2 818.9
G7 816.68 819.2 818.7 817.64 819.4 818.8
G8 817.91 823.7 822.0 818.82 824.2 822.3
G9 827.56 8273 826.9 828.68 828.1 8274
M 823.85 8234 822.4 825.21 824.3 823.1

Model Layer 2, Upper Part of the Marshall Sandstone Aquifer

El 828.22 821.8 823.0 829.48 822.8 823.1
E4 823.50 820.3 820.9 824.40 820.8 820.7
ES 819.62 817.0 818.9 818.90 817.6 817.8
E6 822.88 819.8 820.2 824.26 820.9 820.3
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Table 9. Measured and simulated hydraulic heads for summer 1983 and winter 1984 stresses, Battle Creek,
Michigan—Continued

Heads, summer 1983 Heads, winter 1984
Well X X X d
Messured %0 et simuistea Messured % Cemuiated
Model Layer 2, Upper Part of the Marshall Sandstone Aquifer-—Continued
E7 837.86 824.4 825.6 838.35 826.9 827.3
E9 821.73 816.1 815.6 822.37 819.1 819.2
El0 816.92 815.0 820.3 818.66 819.6 822.1
El3 820.13 821.4 8229 823.13 825.6 825.8
Ei4 820.58 820.1 820.0 823.59 824.5 824.2
El5 823.38 819.3 820.4 824.11 820.3 8204
El6 820.22 816.5 817.7 823.35 821.6 822.3
E17 817.56 813.5 815.5 820.93 819.4 821.1
El8 832.65 825.3 825.1 832.31 826.6 825.5
E19 821.76 815.8 819.9 822.35 818.9 821.2
E20 821.72 816.9 819.6 822.29 819.9 820.8
E21 823.31 820.5 821.7 824.59 821.9 822.2
E32 819.26 817.0 819.5 822.67 822.6 823.0
G9A 827.55 821.9 8223 828.70 823.9 823.5
R 825.26 820.5 821.9 825.74 821.5 821.7
Model Layer 3, Lower Part of the Marshall Sandstone Aquifer
E22D 824.38 821.1 821.3 826.02 823.0 822.5
E23 825.63 819.6 819.0 825.48 820.5 819.3
E24 850.36 825.9 827.1 816.58 827.5 829.1
E25 815.02 817.9 815.7 816.58 818.6 816.0
E26 816.63 822.2 821.7 819.64 823.1 822.2
E27 822.70 818.9 821.1 824.02 823.3 823.4
E28D 828.06 8224 822.7 829.14 824.3 823.9
E29 839.97 824.6 824.4 840.42 827.3 826.5
E30 846.22 824.6 824.5 846.18 8263 825.5
E33D 825.67 826.8 826.2 826.45 828.5 826.9
E34 821.94 822.2 823.7 823.75 825.5 825.4
E35D 822.98 817.8 820.3 824.12 822.2 822.0
E36 822.36 8225 823.7 824.04 825.7 825.4
GIC 818.68 8229 822.5 819.80 824.2 823.3
GS5A 818.31 822.1 821.3 819.35 8234 821.9
G6 82294 822.8 822.8 824.98 8243 823.7
G7A 816.02 8214 820.9 817.16 8225 821.4
G8A 818.37 8224 822.0 819.76 823.6 822.6
S1 824.45 824.0 824.5 824.44 826.6 825.7
H 821.82 818.0 819.3 822.70 817.8 818.2
Vo1 819.32 814.6 816.7 822.27 819.8 821.1
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Table 10. Results of sensitivity analysis on hydraulic heads of the numerical model, Battle Creek, Michigan

Hydraulic parameter

Average measured minus simulated
hydraulic head (feet)

Model layer 1 Model layers 2 and 3
Name sir\r,\:IIl:e d l:efrz:::‘aggee (gla'acial Yar:nd (upperyand lower
alluvial aquifer) Marshall sandstone)
Recharge 19.5 50 3.03 3.17
(inches per year) 13.0 0 2.08 2.67
6.5 -50 2.40 2.81
Riverbed conductivity 6.0 50 2.06 2.67
(feet per day) 4.0 0 2.08 2.67
2.0 -50 2.16 2.69
Model Layer 1, Glacial and Alluvial Aquifer, Till
Horizontal hydraulic conductivity 225 50 2.12 2.68
(feet per day) 15.0 0 2.08 2,67
7.5 -50 2.05 2.66
Model Layer 1, Glacial and Alluvial Aquifer, Qutwash
Horizontal hydraulic conductivity 105.0 50 2.16 2.71
(feet per day) 70.0 0 2.08 2.67
35.0 -50 2.20 2.64
Model Layer 1, Glacial and Alluvial Aquifer, Channel Deposits
Horizontal hydraulic conductivity 165.0 50 1.87 2.70
(feet per day) 110.0 0 2.08 2.67
55.0 -50 271 2.66
Model Layer 2, Upper Part of the Marshall Sandstone Aquifer
Horizontal hydraulic conductivity 2250 50 2.17 2.79
(feet per day) 150.0 0 2.08 2.67
75.0 -50 1.96 2.65
Model Layer 3, Lower Part of the Marshall Sandstone Aquifer
Horizontal hydraulic conductivity 450.0 50 1.95 2.53
(feet per day) 300.0 0 2.08 2.67
150.0 -50 2.18 3.67
Model Layers 1 and 2, Glacial and Alluvial, Till and Upper Part of the Marshall Sandstone Aquifers
Vertical leakance 27 %10 50 1.87 2.62
(per day) 1.8x 10 0 2.08 2.67
0.9%x10* -50 1.92 2.86
Model Layers 1 and 2, Glacial and Alluvial, Qutwash and Upper Part of the Marshall Sandstone Aquifers
Vertical leakance 60x 10 50 1.89 2.56
(per day) 40x10° 0 2.08 2.67
20%10 -50 1.94 291
Model Layers 1 and 2, Glacial and Alluvial, Channel Deposits and Upper Part of the Marshall Sandstone Aquifers
Vertical leakance 38x 107 50 1.88 2.61
(per day) 25x% 102 0 2.08 267
1.3x 102 -50 1.89 3.02
Model layers 2 and 3, Upper Part and Lower Part of the Marshall Sandstone Aquifers
Vertical leakance 1.8x1072 50 1.88 2.63
(per day) 12x 102 0 2.08 2.67
0.6 102 -50 1.85 2.74

Simulations of Ground-Water Flow
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Table 11. Results of sensitivity analysis on streamflows
simulated with the numerical model, Battle Creek, Michigan

Hydraulic parameter Average mea-

sured minus
simulated
N Value Percentage streamflow
ame .
simulated of change (cubic feet
per second)
Recharger 19.5 50 0.967
(inches per year) 13.0 0 728
6.5 -50 1.689
Riverbed conductance 6.0 50 744
(feet per day) 4.0 0 728
20 -50 736
Model Layer 1, Glacial and Alluvial Aquifer, Till
Horizontal hydraulic 225 50 903
conductivity 15.0 0 728
(feet per day) 7.5 -50 .879
Model Layer 1, Glacial and Alluvial Aquifer, Outwash
Horizontal hydraulic 105.0 50 865
conductivity 70.0 0 728
(feet per day) 35.0 -50 564
Model Layer 1, Glacial and Alluvial Aquifer, Channel Deposits
Horizontal hydraulic ~ 165.0 50 740
conductivity 110.0 0 728
(feet per day) 55.0 -50 709
Model Layer 2, Upper Part of the Marshall Sandstone Aquifer
Horizontal hydraulic ~ 225.0 50 771
conductivity 150.0 0 728
(feet per day) 75.0 -50 699
Model Layer 3, Lower Part of the Marshall Sandstone Aquifer
Horizontal hydraulic 4500 50 826
conductivity 300.0 0 728
(feet per day) 150.0 -50 712

Model Layers 1 and 2, Glacial and Alluvial, Till and Upper Part of the
Marshall Sandstone A quifers

Vertical leakance 2.7x 104 50 852
(per day) 1.8x10% 0 728
0.9x10% -50 621

Model Layers 1 and 2, Glacial and Alluvial, Qutwash and Upper Part
of the Marshall Sandstone Aquifers

Vertical leakance 6.0 x 1073 50 129
(per day) 4.0x% 109 0 728
2.0x 107 -50 71

Model Layers 1 and 2, Glacial and Alluvial, Channel Deposits and
Upper Part of the Marshall Sandstone A quifers

Vertical leakance 3.8x 102 50 732
(per day) 2.5x%x 102 0 728
1.3x 102 50 717

Model Layers 2 and 3, Upper and Lower Parts of the
Marshall Sandstone Aquifers

Vertical leakance 1.8x 102 50 731
(per day) 1.2x 102 0 728
0.6 x 102 -50 720

Simulation Using Extraction Wells for Purge
System

Three simulations were run to determine the
feasibility of relocating the present purge system while
still protecting Verona well field from the identified
sources of contamination. The current purge system
configuration was simulated first. In this simulation,
six purge wells (V22,V24, V25, V26, V27, and V28)
form a line along the southeast edge of the well field
(fig. 14). This simulation shows that water from the site
of Thomas Solvent Raymond Road facility (TSRR)
and Grand Trunk Western Railroad car department
paint shop (GTWRR) flows vertically down to the
upper part of the Marshall Sandstone and is captured
by production wells V39 and V41 (fig. 14). Most water
from the Thomas Solvents annex (TS annex) flows to
the Battle Creek River, but a small part flows to the
upper part of the Marshall Sandstone and to production
wells V17, V39, and V41. Water at the Davis Oil site
flows vertically from the glacial and alluvial aquifer to
the upper part of the Marshall Sandstone. Thus this
simulation indicates that the current purge system does
not completely protect the well field from possible
contamination.

A configuration of wells incorporating the
current purge system plus eight additional purge wells
south of the current purge wells (fig. 15) was simulated
second. The eight purge wells (BW1 through BW8)
pump from the upper part of the Marshall Sandstone.
With these additional purge wells, water from TSRR
and TS annex is captured in the upper part of the
Marshall Sandstone by purge wells BW3 and BW4.

A small part of water from TS annex flows to Battle
Creek River. Water from GTWRR flows to the upper
part of the Marshall Sandstone and is captured by
purge wells V26, V27, and V28. Water from Davis Oil
flows vertically from the glacial and alluvial aquifer to
the upper part of the Marshall Sandstone. With this
configuration of purge wells, the simulation results
indicate that the well field is protected from
contamination from the identified source areas.

The third simulation uses the eight purge wells
(BW1 through BW8) just described. In this simulation
however, the current purge system is turned off
(fig. 16). Water from TSRR flows to the upper part of
the Marshall Sandstone and is captured by purge wells
BW3 and BW4. Most water from TS annex flows to the
Battle Creek River, and the rest is captured in the upper
part of the Marshall Sandstone by purge wells BW3
and BW4. Water from GTWRR flows to the upper part
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