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GEOHYDROLOGY AND
GROUND-WATER FLOW

AT VERONA WELL FIELD,
BATTLE CREEK, MICHIGAN

RY
N. C. Grannemann and F. R. Twenter

ABSTRACT

The city of Battle Creek has 30 wells in the Verona well field capable of
yielding 300 to 1,000 gallons per minute each for municipal supply. In early
1984, however, only 9 to 12 of the wells were being used. Water in and near the
other wells was contaminated by volatile hydrocarbons.

Ground water at and near Verona well field generally flows toward Battle
Creek River except where directions are altered by pumping. During summer,
especially during periods when withdrawals are as much as 12,000 gallons per
minute, a large cone of depression develops and water is drawn to the well field
from several thousand feet away. During winter, when withdrawals are as little
as 6,000 gallons per minute, the cone is smaller,

Ground-water flow 1is in three aquifers--a sand and gravel aquifer of
Pleistocene age and upper and lower sandstone aquifers of the Marshall Formation
of Mississippian age. Model-simulated data that best matched measured data
indicate horizontal hydraulic conductivities ranging from 15 to 110 feet per day
for the sand and gravel aquifer, 150 feet per day for the upper sandstone
aquifer, and 550 feet per day for the lower sandstone aquifer. Recharge was
simulated at rates ranging from 8 to 13 inches per year.

Model simulations to evaluate the feasibility of installing new supply
wells immediately north of the present field indicate that pumping 3,750 gallons
per minute from new wells at the site would produce about 7 feet of drawdown in
the lower sandstone aquifer in the vicinity of the new wells. Because the new
wells tap only the lower sandstone aquifer, the pumping would have little effect
on the potentiometric surfaces for the two overlying aquifers.



INTRODUCTION

The city of Battle Creek in Calhoun County, Michigan (fig. 1), obtains its
municipal water supply from wells in the Verona well field . The field, estab-
lished in 1903 in the valley of Battle Creek River, has 30 operational wells on
the east and west sides of the river (fig. 2).

In 1981, volatile organic hydrocarbons were found in water from eight
In an effort to protect the well field by purging contami-

municipal wells.
nants before they reached producing wells, two wells were pumped to waste at a
combined rate of 2,000 gal/min. This effort was discontinued in September 1982

as evidence accumulated that the pumping, rather than producing the desired
might be accelerating the movement of contaminants to the field.

result,
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Figure l.--Location of study area in
Calhoun County, Michigan.

PURPOSE AND SCOPE

‘ This report describes the results of a study to determine (1) the
geohydrology and the direction and rate of ground-water flow at and near the
Verona well field, (2) how pumping affects flow, (3) the feasibility and effect
of LpsFalling new supply wells north of the present field, and (4) pumping
conditions needed to provide a sufficient supply of potable water. To more
accurately evaluate ground-water conditions the study area was extended beyond

the immediate vicinity of the well field.

1
Commonly referred to as "field" in this report.



o
Q
o
o

c

W GRSy

East Avenue

Emmett

0

Aflen{Pgttern

Df A gaa
/

Raymond Road LandY

8201)
MoBagg Transit

A )

D (52
0 8T

EXPLANATION

®E3 WELL LOCATION AND NUMBER--
(DS denotes deep and shallow
wells)

—820~—SURFACE CONTOUR--Shows altitude
S of land surface. Contour interval
= 20 feet. Dashed line is 830-foot
@ ) /s Kellopg Co contour. Datum is sea level

<TT TS DEPRESSION CONTOUR--Topmost
. contour of depressed surface

8 B
®—® LINE OF GEOLOGIC SECTION--
Shown on figures 5—8

A GAGING STATION--Continuous record

8 o STREAMFLOW MEASUREMENT SITE--
Z No gage

0(

~
Baose from U S Geolog Survey | 24,000 quodrangle : EEET

and ond city of Battie Creek topoqraphic maps

Figure 2.--Physical features and well locations in study area.



PREVIOUS STUDIES

Various aspects of the Marshall Formation, the principal aquifer in the
Battle Creek area, have been described by Thomas (1931), Stearns and Cook
(1931), Stearns (1933), and Monnett (1948). Leverett (1918) described the
glacial geology of the area and Vanlier (1966) described the ground-water Table 1.--Selected data for wells installed by
resources. A report by Newcombe (1933) provides a comprehensive description of U.S. Geological Survey
rocks in Michigan.

[Well: D, 8; indicates deep and shallow. Wells E1-E20 have 2-inch
diameter casing; wells E22S, E28S, E3l, and E33S have 1 1/4~-inch
dismeter casing; all other wells have 4-inch diameter casing. Altitude in

feet above sea level]

Altitude Distance Depth to Al:itufde of.
of of measuring Well depth bottom of Altitude pote:txo-ettxc
measuring point above below land casing below of surface on
METHODS OF INVESTIGATION point land surface surface land surface bedrock September 1983
Well Location (feet) (feet) (feet) (feet) (feet) (feet)
Hydrologic and geologic data, including pumping information and well » —— — 2.5 7.6 517 §15 Fonloh
records in the files of city and State agencies and the U.S. Geological Survey E2 29DDCC 829.66 0.9 28.5 26{ g: gig;
1 % i g 23. .
were assgmbled and evaluated. Field data were collected during 1981-84. Forty 2 iﬁiﬁ ﬁﬁﬂi 3; ng 230.0 803 823.50
observation wells were drilled to depths ranging from 10 to 170 ft. The first 5 DR i< n 2:0 . i g e £13.61
20 wells were drilled by auger, the last 20 by cable tool. Information about the £6 32CCDA 875.33 3 60.0 44.7 828 822.88
wells is given in table 1. Rock and soil samples were collected and examined ! N S e g i it s
during drilling. Some samples were seived to determine particle size. Borehole E9 32AACC 831.48 53 ;;g %3% iy gﬁ-g
i : : . 2AADB 835.92 4 X : :
geophysical measurements, which included electric, natural gamma, and caliper 4 -
logs, were mad 1 -1 i ; Ell 28CDAC 842.02 3.3 43.0 239.0 <7196 823.35
g ’f : e of sixteen 4-inch yells lnstalled.by the U.S. Geological Survey E12 33DADA 907.43 1.9 100.0 297.1 <806 867.84
and of as many other wells as possible. A composite log, including lithologic £13 33BAAC 856.94 1.8 54.0 532 801 g?.g
and borehole geophysical data, was compiled for each well drilled by the U.S. x19 326ack Sin. 58 5 - s 826 825,38
Geological Survey. Water-level measurements were made in all wells shown on i s s .k - ¢ bl Ry 7 - aTe
i : ; : E - i A 3 X
figure 2 that do not have a V or VT prefix and in well VOl. Continuous water- E17 32ADAD 835.84 1.7 32.0 RS T8 830 818.12
level records were obtained from two wells. A recovery test was made when = g gy = o Lay o o g
withdrawal of water from wells V32 and V35 was discontinued in September 1982 E20 32DBAA 830.44 2.5 21.0 13.5 820 821.72
and a pumping test was conducted at well E36 in August 1983. The discharge of £21 257W SBAAC 831.41 1.4 25.0 1526 815 823.31
Battle Creek River 2 mi north of the well field was measured on July 9 and 2 gl oA L e B pe T
3 . E22D SABCCO2 841.2 » o s .
September 7, 1982. Discharge records obtained by the U.S. Geological Survey at £23 6DABA  B49.04 3.6 155.0 77.4 805 825.63
gaging stations on Kalamazoo and Battle Creek Rivers were analyzed. Base-flow &~ Y - o v i i ol ="
measurements were made at seven sites on five streams to estimate natural = FABDA 82033 1Lk pe0sg 3 o s
- i z E CAA 873.04 2.0 135.0 91.0 A
grii“d water discharge. Water—-quality analyses were made of water from three & lwwﬁnu: 830,13 2.7 80.0 18.0 813 822.70
wells north of the Veron ] i 3 E28S  2S7W SADCCOl  840.98 3.2 10.0 6.8 - 829.38
likel . a well field in an area where new supply wells are E28D SADCCO2  841.99 4.3 130.0 49.7 796 828.06
ikely to be installed. The potentiometric surfaces for different hydrologic o A S0 o
fd JEpIng °°“‘2“;1°“S were determined by contouring water-level data from field 130 s A i 20 200 1040 2 S, B4k 2%
measurements an rom model simulations i E31 1S7W33BCDB 835.79 3.4 10.0 6.6 - <823.00
et itk 8 h h i Purlng the.early part of the study, 32 33BBAD 844.39 TS 60.0 36.4 818 819.26
4 : Waf f‘oPg t that only a single aquifer supplied the well field, a two- E33S 28ACDCO1  845.53 2.7 18.0 415.3 = 825.18
imensiona inite-di i
£ te-difference ground-water flow model was used to analyze the £33D 28ACDCO2  B45.50 %) 170.0 43.3 809 825.67
effects of pumpage on ground-water flow and to determine the effects of proposed E34 28CDCA 838.45 2.9 155.0 J9-L 806 821.94
remedial actions. After it £ d : PLOR E358 33BBBAOL  833.80 2.9 22.0 17.1 -- 822.81
§ ¢ . °T 1t was ound that several aquifers supply the well E35D 33BBBA02  833.36 2.5 81.0 49.5 795 822.98
field, a quasi three-dimensional finite-difference model was developed bt e == = i . =t o

¥ Screened well.



LOCAL WELL NUMBERING SYSTEM

The local well number indicates the location of wells within the
rectangular subdivision of land with reference to the Michigan meridian and base
line. The first two segments of the number designate township and range, the
third segment designates section, and the letters A through D designate
successively smaller subdivisions of the section. Thus, a well designated as 1S
7W 16 CCCB would be located to the nearest 2.5 acres and would be within the
shaded area in section 16 shown below.

B A
B A
C D
B A
cccs<%n_°'; 4
c|o
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PHYSICAL SETTING

‘ The valley of Battle Creek River is 1 mi wide at Verona well field and has
altitudes ranging from 824 to 840 ft (fig. 2). Upstream, the valley is 1.5 mi

wide; downstream, it narrows to 0.5 wi. The valley walls rise sharply on the Table 2.--Selected data for city of
east to 910 ft and gradually on the west to about the same altitude. A dam near Battle Creek's wells
Emmett St ponds the river at an altitude of 824 ft for a 1.5-mile reach that
passes ghrough the well field. North of the well field, there are no hiﬁfﬂf:?iﬁ{;th e e
commercial-industrial developments within the study area. South of the field PRHIEINE g iRt shoRlonee Teved
2 P . ’
bowever, are eight large and several small companies. A railroad complex,
including a switching yard, lies along the east side of the well field and a T e
landfill is 1 mi southeast., The Verona Valley Subdivision, a residential
1 : . Depth to
section 'COmP.OSEd Of. 100 to 150 homes, lies between the well field and the Altitude Well depth bottom Diameter Altitude Pump
commercial-industrial development. of below land casing below of of top capacity
Well land surface surface land surface casing of bedrock (gallons Year
number (feet) (feet) (feet) (inches) (feet) per minute) drilled
vi 836 124 45 10 793 N 1915
v2 834 124 41 8 802 N 1915
v3 830 113 47 10 800 N 1918
vé4 830 129 60 6 800 N 1904
V5 832 128 50 10 815 N 1915
vé 831 121 50 6 816 N 1913
v7 833 126 52 8 806 N 1915
vs 833 121 5 Yo 8 819 N 1913
Y13 836 127 18 12 822 1000 1936
V14 840 129 39 12 802 1000 1939
V15 836 141 = 12 804 1000 1939
v1iée 834 134 —— 12 812 750 1939
V1?7 831 133 213 12 824 N 1939
vis 833 126 46 10 819 500 1915
V19 832 125 48 8 817 300 1915
v20 834 140 21 8 822 300 1904
v21 834 131 44 8 822 300 1915
SOURCES v22 833 113 77 10 793 750 1919
»; v23 832 110 46 8 793 300 1913
OF WATER V24 835 118 41 8 823 300 1926
Water for munici : . . . 3o . V25 835 115 36 8 823 300 1926
P e ;1931 supplies and most commercial-industrial activity is v26 836 115 38 8 825 300 1926
P 1? r wae § that tap sandstones in the Marshall Formation; most of these 4 SZ e e 1 iy 51 i
wells are 100 to 160 ft deep. Large-diameter wells in the sandstone can yield v29 835 121 51 8 800 300 1926
several thousand gallons per minute. v30 831 151 -- 8 796 500 1904
i B 837 125 76 16 784 1000 1948
The city of Ba L " v32 838 120 57 16 794 1000 1948
152 y B Ftle Creek municipal supply wells range in depth from 110 to v33 837 150 49 16 792 1000 1948
ft (table 2). Sixteen of these wells consistently yield 1,000 gal/min V34 840 140 67 16 792 1000 1948
3 .
groy 19;88;hrough 1981, average pumpage by the city was about 5,000 gal/min. v3s 840 132 59 16 805 1000 1948
urin avera A : . V36 840 147 44 16 825 1000 1957
gal/mgin Dl’xring pge lpl:lmpage wa; 8,300 gal/min; during 1983 it was 6,650 v37 832 145 44 16 817 1000 1957
. eriods of peak pumpin 12,000 i v38 838 152 -- 16 823 1000 1959
D ping, > to 14,000 gal/min are V39 839 145 37 16 812 1000 1960
V40 842 148 42 16 812 1000 1962
. = V4l 840 147 44 16 822 1000 1962
'Ig Fhe past, water for residential supplies in the Verona Valley V42 833 150 -- 16 - 1000 1968
Subdivision was obtained from 20- V43 835 148 26 6 827 1000 1976

: ! to 60-foot deep wells in the Marshall Forma-
tion and the overlying glacial deposits. Today (1985) most residences are
connected to the Battle Creek municipal system,



GEOLOGY

4 The lithology of the Marshall Formation and glacial deposits in wells
installed by the U.S. Geological Survey is given in table 3 (at end of report).

Table 2.--Selected data for city of
Battle Creek's wells--Continued MARSHALL FORMATION

Lithology and Thickness

Test wells 3 . .
The Marshall Formation underlies much of the Lower Peninsula of Michigan.
The formation is a very fine to coarse sandstone containing layers of shale,

: Depth to
A RE St B e c323°:ﬂ°' it AlsLtude Pump sandy shale, and siltstone, and is as much as 550 ft thick at places.

n::::r ln?:el:§£ace surface land surface casing ofobezzzck (;:r::::y Year

< tfear) (feet) (inches) (feet) per minute) drilled In the Battle Creek area, the upper two-thirds of the Marshall Formation is
T 834 6 oo ; e i o fi?e- to medium-grained sgndstpne with }nterbeddgd layer of giltstone and shale
b g: ?g -- 2 790 = 1903 (flg. 3). The lower one-third is very fine- to fine-grained silty sandstone,
T 834 75 N 2 g g e siltstone, and shale. In general, grain size decreases with depth. The sand-
% e i e 2 820 == 1903 stone and siltstone are gray; the shale is gray to greenish gray. Where the
oS ot B0 - f = = Y9065 formati9n is.near land surface, it is usuglly browp to yellow. The formaFion_
vTe 830 95 10 : ok A i%g ranges in thickness from 0 to 200 ft. This range in thickness results primarily
e o i i = -- e = from differential erosion of the upper surface.
S o e 4 2 -- -- 1904 Extremely hard sandstone is present in the upper few feet of the formation
i e 4 -- : 798 — 5 from Bailey Park through and along the northwestern part of the well field.
VT13 832 4s e . pad e b ngd to very hard sandstone is common at depths ranging from 5 to ﬁO 6 .
VT14 838 53 bt g 2 8 e Differences in the hardness of the sandstong seems to be due to differences in
:;g 3: g; = p 804 s 1904 amount of cement. Poorly cemented, unconsolidated sandstone has been reported
VT17 833 71 ey ; ggg ol ix; at some places; mostly at depths below 80 ft.
VT18 832 51 - 2 802 = 1905
:33 sy iz — 2 e, Py o0d A small outhop of the Marshall FoFmation is at the eastern foot of the dam
vT21 = 18 o 5 e :: 1hts on Battle Creek River near Emmett St gflg. 2). Sandstone of the formaFlon was
s o 14 -- 2 - s 1913 quarried for building stone about 4 mi southeast of the Verona well field.

e = - 1913

:;i; e ;? = : 816 - 1913 Major lithologic units of the Marshall Formation defined on figure 3 can
s oy 23 - 2 a B i be identified on gamma-ray logs for many.wells; logs for three wells are shown
V128 — 20 = = =3 - ;;3 on figure 4. The principal garker peds 1n.the type column are the upper §11t-
vT29 Ea » , ; o £ i stone.and the shale: Geo%oglc sections, figures 5 to 8 show stratigraphic
;;;g 833 25 B 2 819 Dol fo1 relations of the major units.
V132 831 it e 2 2 g 1343
VI33 833 61 - 2 ;f: - {3: The upper sandstone, upper siltstone, and part of the lower sandstone have
V137 e 59 o 5 e e o been eroded near well G6 (figs. 5 and 6) and in the southwestern part of the
i . < = : 792 -- 1921 study area. All bedrock units are present, however, in the rest of the area.
VT40 836 40 e 8 g{g :: }:g:

Drillers' descriptions of materials in most municipal wells identify the
glacial deposits as "sand and gravel" and most of the Marshall Formation as
"hard or soft sandstone'". A "blue shale" unit is identified at the bottom of
many wells (fig. 9). For some wells, notations are made concerning '"openings".
For several wells, as for V36, a more complete description of the materials is
given, revealing that the '"sandstone'" in some zones is silty and shaly and that
a silty or shaly bed was found about half way down the borehole.




Depth below

Geologic land surface Lithologic characteristics Hydrologic
unit ( feet) unit
0 —=
Glacial B Sand and
deposits o s Sendand; gravl gravel aquifer
10 ~———Bedrock surface
i Sandstone very fine to medium
Sandstone , very fine to fine, silty
Sandstone, very fine to medium, some zones
of very fine to fine sandstone and siltstone
Upper Upper
sandstone sandstone
aquifer
Sandstone, very fine to fine; some thin zones
of siltstone and shale
=
Q
©
=
o
s
Upper - Confining
= % Itst
= siltstone Soistons bed
=
hed ©
g Sandstone,very fine to fine, shaly s
g2
3
Sandstone ,very fine to fine ac
Lower = ; os
andstone,very fine to fine,silty; sa shale o
sandstone Wyery ABIY;; g€ sandy | Lower
sandstone
s Sandstone , very fine to fine aquifer
Sandstone ,very fine to fine;silty; or sandy shale
Unit | Siltstone
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In 1983, when pumps were removed from several wells for repair, caliper and
gamma-ray logs of the boreholes were obtained.

V17 constructed from the driller's record compared to one constructed from a

gamma-ray log is shown in figure 10.

The lithologic column for well

The gamma-ray log for this well indicates

that the "sandstone" may be more silty and shaly than shown in the driller's
that a siltstone is present about half way down the borehole. This
favorably with data from many wells installed for the present study,
that drillers' logs contain only those lithologic characteristics

by the driller to have water-yielding significance. Comparing the
interpretation of the gamma-ray log for V17 with the type lithologic
column (fig. 3) reveals a close correlation of units.
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Figure 10.--Lithologic columns of Marshall Formation
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Any sandstone bed in the well field that is hard or silty and shaly seems
likely to contain "openings" or horizontal fractures. The location of the
larger openings detected by caliper logging are shown on the geologic sections
(figs. 5 to 8). An example of a caliper log for one well, well E29, is shown in
figure 11. Some larger "openings" are present at the contacts between sandstone
and siltstone; more '"openings'" were observed in the lower sandstone than in the
upper. Also, as noted in drillers' logs, ''openings" are commonly abundant in a
zone directly under the upper siltstone. Video pictures of boreholes at wells
V17 and V29 indicate some large circular openings. Drillers' records for some
wells in the Verona well field note that there are "sufficient openings to carry
away all drillings", which seems to indicate that the openings have significant
lateral extension. If they are extensive, this could account, in part, for the
excellent yields of the well field (as much as 14,000 gal/min with only 7 to 10
ft of drawdown).
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Figure 11.--Caliper log showing "openings" (probable
horizontal fractures) in Marshall
Formation penetrated by well E29.
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Bedrock Surface

The bedrock surface, now buried under glacial deposits, is rolling and
hilly (fig. 12). It is highest, 860 ft, in the eastern part of the study area.
Northeastward trending major valleys have been carved in the surface. Evidence
seems to indicate that drainage from these valleys was both to the northeast and
southwest away from a high in the vicinity of Verona well field. Geologic
sections A-A' and D-D' (figs. 5 and 8) show the relation of the valleys to the
bedrock high under the well field. The valley south of the well field is as
much as 75 ft deep at Jameson Ave.

Bedrock is exposed at the northeast abutment of the dam on Battle Creek
River at an altitude of 818 ft. Near well E20, bedrock may form the streambed
of the river. From the dam eastward along Emmett St, bedrock forms a ridge
that, under present pumping conditions, approximates the location of a major
ground-water divide.

Geologic Structure

Rocks of the Marshall Formation in Michigan were deposited in horizontal
layers about 350 million years ago. Tectonic forces since deposition
downwarped the rocks into a basin--the Michigan Basin--and produced smaller
folds, fractures, and faults. This regional downwarping accounts for the slight
(less than 1 percent) northeastern dip of the formation at Battle Creek.

Figure 5 shows differences in altitude of lithologic units that resulted from
the downwarping. For example, the top of the shale in well E26 is at an
altitude of 745 ft; in well E33D it is at 680 ft.

Several geologic structures, based on the location and orientation of
buried bedrock valleys, are possible in the study area. A major structure--the
Verona structure--passes northeastward through the Verona well field (fig. 12).
Several minor structures seem to trend northwestward; at places these structures
are indicated by offsets in the trend of buried valleys and by major bends in
Battle Creek River. The nature of the structures is not certain; they could be
folds, fractures, faults, or a combination of all three. In any case, they
apparently weakened the bedrock enough to promote significant erosion.

Major traces of the Verona structure are oriented at 28°, 42°, and 61° from
true north (fig. 12). Minor structures are oriented at 133°. These orienta-
tions agree closely with the orientation of fractures in northern Michigan
(Holst, 1983) and geologic structures in southwestern Michigan (Prouty, 1983).

Some structures may have resulted from lateral faults that horizontally
offset rocks; such faults have been noted in other parts of Michigan (Prouty,
1983). If lateral faulting did occur, it is probable that many horizontal
"openings'" could have resulted from rock displacement along bedding planes.
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GLACIAL DEPOSITS

Unconsolidated materials of glacial and fluvial origin overlie the Marshall
Formation in most of the study area. These materials were deposited by glaciers
and glacial meltwater streams more than 12,000 years ago and by streams of nore
recent age. Glacial deposits consist of till, outwash, and channel deposits.

The areal distribution of glacial deposits near Battle Creek is shown on figure
135

Figure 13.--Areal distribution of glacial deposits.

Till

Till is a mixture of sand, silt, clay, gravel, and, in places, boulders.
These materials, picked up, transported, and deposited by ice, formed end
moraines where glacial ice maintained its outer edge for some period of time,
and ground moraines where the ice sheet retreated. Ground moraines underlie
most of the area except where they have been eroded by subsequent stream action.
The following grain-size distribution of materials in well E26 between 55 and 57
ft below land surface is typical of till:

Percent
distribution,
Grain size by weight
Gravel i

Very coarse sand
Coarse sand
Medium sand

Fine sand

Very fine sand
Silt and clay

NN
.

O WNNNYNUL W
.
N WWN -~

—

The above analysis indicates that all grain sizes are well represented and
that about 50 percent of the particles are medium-sized sand or larger.

Thickness of till differs considerably throughout the area; it is thickest
in morainal areas (Leverett, 1918). In the Kalamazoo moraine, it is as much as
125 ft thick. It is 45 ft thick at well E6 and 20 ft thick at well E26. Thin
till layers probably underlie most outwash deposits, but underlie channel
deposits in only a few places.

2 2 : A . :
Channel deposits consist of recent alluvium and glacial-stream deposits
that are interconnected and have similar hydrologic characteristics. In
this report, they are considered as one unit.
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Clay was found in six wells installed by the U.S. Geological Survey. No
clay was found in wells installed by Ecology and Environment, Inc. (1982). Two
wells in the Verona well field, wells V23 and V34, had clay or clayey material
directly overlying sandstone. At Grand Trunk repair shop, glacial deposits
contain a thick zone of sandy, silty clay (Environmental Data, Inc., 1982).
Here the deposits are consistently more fine grained than till and may
represent another origin, such as deposition in an ice-dammed lake.

Outwash

Outwash, deposited by water from melting glaciers, is mostly fine to coarse
sand containing some gravel. Much of the upland area directly east and west of
the well field has outwash at land surface. The following grain-size distribu-
tion of materials in well E23 between 20 and 35 ft below land surface is typical
of outwash:

Percent
distribution,

Grain size by weight
Gravel 2.4
Very coarse sand 13759
Coarse sand 30.9
Medium sand 36.4
Fine sand 11.9
Very fine sand 15357/
Silt and clay 2.8

About 85 percent of the particles are medium sand or larger.

Thickness of outwash varies depending largely on depth to the underlying
bedrock. Maximum thickness is 100 ft near well E12.

Channel Deposits

Unconsolidated materials deposited in the floodplain of Battle Creek River
by glacial meltwater streams and by more recent flood waters are referred to as
channel deposits. The grain size of materials in these deposits is generally
larger than that in outwash. However, size distribution varies from place to
place depending on location of the deposit relative to the main stream channel.
The following grain-size distribution of materials in well E30 between 31 and 33
ft below land surface is typical of channel deposits:

Percent
distribution,

Grain size by weight
Gravel 353
Very coarse sand 31.8
Coarse sand 351
Medium sand 2270
Fine sand Tial.
Very fine sand 1.9
Silt and clay 2.2

About 90 percent of the particles are medium sand or larger.



In many wells in channel deposits, gravel-sized coal particles were
encountered at depths ranging between 20 and 30 ft. At wells E3, Ell, E31, and
E36, black, organic deposits are present near land surface (table 3).

Thickness of channel deposits varies depending largely on the topography of
the underlying bedrock surface. In Bailey Park, where bedrock is near land
surface, channel deposits are 6 to 8 ft thick. One-half mile north of the park,
the deposits are 5 ft thick; bedrock was encountered during excavation for the
area's sewer system. At wells E33 and E22, channel deposits are 34 and 37 ft
thick, respectively.

HYDROLOGY

Precipitation, the primary source of water in the Battle Creek area,
averages 33 in. annually (National Oceanic and Atmospheric Administration,
1981). Of this, one third infiltrates the ground and percolates to the water
table; the remainder flows to streams and lakes or is discharged from the area
by evapotranspiration.

SURFACE WATER

Since 1935 a gaging station on Battle Creek River at the dam near Emmett St
has been operated by the U.S. Geological Survey. Annual average discharge at
the station is 200 ft3/s. Discharge between October 1981 and September 1982,
ranged from 52 to 2,510 f 3/s; average monthly discharge during this 12-month
period ranged from 398 ft”/s in March to 83 ft”/s in August (U.S. Geological
Survey, 1982). The lowest expected discharge for a 7-day period with a
probability of occurring at l0-year intervals is 33 ft~/s.

Discharge measurements were made at a site 2 mi northeast of the gaging
station (fig. 2) on July 9 and September 7, 1982. These measurements indicate
that the flow of Battle Creek River decreased 2.5 ft”/s on July 9 and 1.0 ft”/s
on September 7 between the ga§ing station and the3upstream site. (Discharge at
the gaging station was 102 ft”/s_on July 9; 56 ft”/s on September 7. This takes
into account an inflow of 4.5 ft°/s from purge wells V32 and V35.) On the basis
of these measurements, and using stagdard U.S. Geological Survey techniques of
evaluation, an average loss of 2.5 ft”/s from the river was estimated. Most of
the loss represents water induced from the river by municipal pumping; a minor
part may have resulted from evapotranspiration. Accurate measurements could not
be made nearer the well field because of slow-moving currents in that reach of
the river.

GROUND WATER

Recharge

Ground water that discharges to streams and sustains perennial flow is
ground-water runoff. By estimating ground-water runoff to Battle Creek River
and assuming a steady-state condition (a condition wherein the amount of ground
water discharged from the aquifers equals the amount of recharge they receive),
it is possible to obtain a reasonable estimate of recharge. Ground-water runoff
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values, based on baseflow separations, of hydrograph records during_years with Table GorWater Lovels In Ehseryalisn veli
nearly average streamflow, are 133 ft”/s at Battle Creek and 79 ft~/s at [Altitude in feet above sea level]
Bellevue (8 mi northeast of Battle Creek). Thus, the amount of ground-water

discharge to the river between Bellevue and Battle Creek is 54 ft3/s. To this,
2.5 ft°/s was added to account for the loss to Verona well field. Using the

Date of measurement

8 i i .
resulting 56.5 ft”/s and a drainage area between the two gages of 63 miZ, ol M A e il - e ol B L e
ground-water recharge is estimated to be 12 in./yr 3, similar calculations for
Vanadoga Creek’ 1.5 mi north of Verona well fleld, indicate reCharge to be 8 Wells installed by U.S. Geological Survey
in./yr.
El 829.39 829.01 828.12 829.04 B830.4 830.82 830.48 829.59 828.22 828.48
E2 82438 B823.82 823.37 82459 825.49 825.12 8244 823.98 823.34 823.91
: : E3 824.4 823.93 823.10 824.33 B825.17 825.45 825.36 82479 824.85 825.17
Water Levels and Potentiometric Surfaces E4 825.24 B824.98 822.88 825.97 826.30 827.18 826.30 825.4 823.50 8244
ES 823.04 822.52 B821.34 823.93 825.04 B824.54 819.94 820.22 819.62 818.90
Water levels in wells (table 4) installed by the U.S. Geological Survey, B6 - 823.44 821.97 825.00 B825.96 826.21 825.57 824.81 822.88 824.26
Eco : . E7 838.05 837.77 837.03 838.4 839.24 840.10 839.98 839.4 837.8 838.35
moslétigyr:?gef:v1rgnmentl;1 Inc. (.19.82), and Environmental Data, Inc. (1982), £8 - 824.81 823.74 826.96 828,42 828,51 828.02 827.11 825.26  826.59
y water—-table conditions even though some wells are cased into the :zo ::::35 ::::g: ::;g :i?::g :2;:; Si;’%}, :ﬁ;g ::::;g :féz)i ::::Z

upper sandstone aquifer (fig. 3). A few wells cased into the lower sandstone

aquifer reflect confined conditions. In areas of channel deposits, water moves Bl 82473 824.08 823.04 825.03 826.13 825.75 825.27 824.57 823.35 824.79

El2 867.82 867.88 867.66 B866.80 866.92 867.43 867.68 867.93 867.84 867.29

;aslly between these deposits and the upper part of the upper sandstone aquifer £13 822.34 821.20 = 823.15 824.33 823.70 823.08 822.4  820.13 823.13
n areas of till and : . : ; : K4 820,65 820,73 818.73 823.54 824.42 82413 823.59 822.63 820.58 823.59
outwash underlain by till, however, resistance to vertical ElS  823.55 823,45 821.90 82419 825.01 825.48 825.34 824.87 823.38 824.11

flow between aqui ig i : . . .
quifers is increased by finer grained particles of the till. £l6  818.93 820.01 817.82 823.40 824.24 B823.65 823.03 822.14 820.22 823.35

El7 818.63 818.38 8l6.64 821.76 823.53 822.4 821.82 820.23 817.56 820.93

. Wflt:er levels in adjacent deep and shallow wells indicate differences in E18 - 833,37 832,59 832.58 83438 83482 83448 833.84 832,65 832.31
direction of vertical f1l 19 - 822,35 821.89 823.69 824.89 82415 823.21 822.35 821.76 822.35
+E84 ow. For example, at wells E33D and E33S which are 5 ft £20 - 822.00 821.16 823.71 825.27 B824.69 823.51 822.68 821.72 822.29
g;;t, water levels in well E33D were as much as 0.5 ft above levels in well S & s % b ¥ £ skt
. At this location, ground water in the bedrock is moving slowly upward x228 - - -- ——  828.28 828.35 827.76 826.95 82497 826.4
Levels at wells E22 were 0.38 to 0 : g £22D - - - - 827.75 827.89 827.22 826.30 824.38 826.02
hallow: : o 0.65 ft lower in the deep well than in the £23 B g e s S po s 825.65 825.63  825.48
Bhal £ levels at wells E28 were 1.09 to 1.73 ft lower in the deep than in the E24 - - - i - - NG 851.00 850.36 B8#.%4
; % ].OV.dAt these sites, ground water in the shallow aquifer is moving slowly £25 st i o -+ i s e 816.67 815.02 816.58

i : - - - - - - - ¥ 6. 819.
t‘;;‘;";;y'b‘;‘h;;’:e SLEESORE-aE 30 wolls Clyothel Lgblelthone ortlL e @ ien A R e e A
er or lower than in the other dependin 2288 - - - - 832.29 832.65 831.86 831.09 829.38 830.37
¥ g on amount of recharge. £28D - - - - 831.10 831.37 830.77 829.36 828.06 829.14
529 - - - - - - —= — 839.97 84.4&2
£30 — -- - - - - = 847.09 B846.22 B846.18
K31 - - - - 826.70 825.80 824.44 822.91 DRY  825.06

82 == - - - - - — — 819.26  822.67
£338 - - - - 827.57 827.14 826.70 825.98 825.18  825.94
£33D - - - - 828.04 827.66 827.16 826.42 825.67 826.45
E34 e - - - - - - 823.17 821.94 823.75

58 = - - - - - - -- 822.81 -
£35D = - - - - - - - 822.98 824.12
6 =5 = - - - - = - 822.36 824.04

3 :
uF?r l/(alamazoo River, south of the study area, recharge is estimated to be
in./yr.
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Table 4.--Water levels in observation wells—-Continued
Date of measurement
Well June 2, July 8, Aug. 26, Mar 8, A
’ . . » . Pr. 21, May 26, June 16, July 11, Sept.
mber. 13 IRy 192 19 AR 108 e 9B ToRY Tk O bk
Wells installed by Ecology and Envirooment, Inc.
Tl 823.08 823.47 822.11 825.77 827.10 8 R
. . . 27.05 826.51 825.51 823.84 825.
;: :;:.06 823.86 822.98 825.41 826.73 826.53 826.01 825.28 823.71 824.19“1)
3 '26.76 824.42 823.57 825.90 827.20 827.18 826.64 825.84 823.86 825.42
s : .35 825.87 825.07 827.45 828.71 828.84 828.21 827.40 825.34 . 826.83
27.61 827.34 826.45 829.08 830.35 830.68 830.14  829.31 827.46 828.5%
T6 829.18 828.95 828.06 830.52 831.76 832.18
. 5 v . 831.81 831.03 829.20 830.28
;; 822.81 823.37 821.76 826.03 827.24 827.45 826.99 825.93 823.92 825.82
830.51 830.16 829.32 831.20 832.12 833.17 832.94 832.15 830.40 831.03
;:o 834.84 834.45 833.66 835.30 836.16 837.04 836.90 836.27 834.59 835.04
820.67 821.69 819.98 824.69 825.80 825.56 825.02 824.00 822.26 824.51
Til 820.04 820.67 818.86 823.96 825.02 824.73 824.1
. 5 7 % .14 822.88 821.26 823.94
Ti2 819.05 818.32 817.9% 819.08 820.04 819.76 818.91 818.35 817.74 818.51
;ii - 819.14 818.73 819.58 820.53 820.53 819.78 819.24 818.70 819.20
— 820.59 820.20 820.72 821.84 821.99 821.9 821.63 820.81 821.46
T1S i 835.79 835.14 836.30 837.52 837.91 837.34 836.71 835.47 835.78
T16 829.05 828.61 827.79 830.21 831.36 830.94 831.21 830.41 828.57 829.63
Wells installed by Environmental Data, Inc.
Gl — B 818.07 818.64 820.06 819.65 819.26 817.64 818.27 818.73
Gla 2 S 817.83 — — - bt - 818.19 818.65
GIlB -— — 818.06 818.60 820.03 819.64 819.23 819.90 818.22 818.68
Glc -— - 818.18 818.86 819.84 820.11 820.18 820.14 818.68 819.80
G2 - - 818.67 819.10 820.60 820.25 819.86 819.35 818.83 819.21
(7 - - 818.66 819.10 820.59 820.23 819.85 819.35 818.91 819.22
Gl - - 817.88 818.42 819.91 819.54 819.19 818.70 818.09 818.62
G3A - e 817.86 818.44 819.89 819.53 819.18 818.70 818.07 818.60
G4 o~ == 817.80 818.39 819.79 819.36 818.92 818.44 817.91 818.43
GAA - - 817.77 818.39 819.76 819.36 818.88 818.44 817.87 818.40
cS - — - - - - - - 817.30 817.87
GSA — - -— - —-— - - - 818.31 819.35
A o = = = = - -- --  822.94  824.98
c7 2 _ i — = - - - 816.68 817.64
GIA e == == s — - - - 816.02  817.59
c8 &2 = = - - - - - 817.91  818.82
caa == o = = - - - - 818.37  819.76
9 ar = = — — - - --  827.56 828.68
GC9A e o -— - - - - — 827.55 828.70
Miscellaneous Wells
81 - - - - 826.97 826.63 826.09 825.34 824.45 B24.44
Vol - 820.15 817.39 - 823.45 822.26 821.32 821.27 819.32 822.27
| | - 823.45 821.33 824.63 824.81 825.43 824.93 823.82 821.82 822.70
R S 826.19 825.15 826.63 828.31 828.21 827.71 826.83 825.26 825.74
N oo 823.75 823.28 825.64 826.95 826.84 826.27 825.47 823.85 825.21

Water levels listed in table 4 and shown by potentiometric surfaces in
figures 14, 15, and 16, reflect natural conditions except in the Verona well
field. 1In the well field, the surface may be depressed 7 to 10 ft.

The general configuration of the potentiometric surface in the study area
(fig. 2) and nearby areas is shown in figure 14°'. Water levels range from 800
ft along Kalamazoo River west of Verona well field to 900 ft in the highland
areas southwest and east of the well field. Ground-water flow is toward the
Battle Creek and Kalamazoo Rivers and their tributaries.

The potentiometric surface at and near the well field for September 1983
(fig. 15) represents summer conditions. During this part of the year, when
pumpage in the field is relatively high, flow in the shallow aquifer is almost
directly northward to the well field from the Emmett St-Raymond Rd intersection.
The potentiometric surface during winter, as represented by measurements made in
February 1984 (fig. 16), reflects reduced pumping rates in the field and
increased recharge. During winter, flow from the Emmett St-Raymond Rd inter-
section is northwestward to its discharge point at Battle Creek River.

Hydraulic Properties of Aquifers

The size and degree of interconnection of rock pore spaces and other
openings, such as fractures, are the primary factors controlling the movement
and storage of water in aquifers. Good aquifers have large, interconnected
spaces, such as are present in fractured sandstone of the Marshall Formation or
in the sand and gravel of the outwash and channel deposits.

Hydraulic properties of the aquifers in the study area have been determined
by pumping, specific capacity, and recovery tests. Most high-production capaci-
ties of the sandstone aquifers seem to relate to secondary permeability caused
by fractures or faults. Materials in the Marshall Formation and most of those
in the glacial deposits were deposited in water. As such, plate-shaped grains
in the sediments (principally clay particles) tended to be deposited with their
flat surfaces oriented parallel to the bedding plane. This orientation reduces

vertical permeability (Weeks, 1969).

4 4 ; s .
Area of map is larger than that of study area in figure 2 in order to
include modeled area discussed in section titled "Ground-water flow

simulations".

®Based on water quality data provided by the Michigan Department of Public
Health, a significant source of contaminants is an area near the Emmett St-

Raymond Rd intersection.
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Figure 14.--Generalized average potentiometric surface of study area and area
included in model (for model area see section titled "Ground-water
flow model").
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A.pumping test of the lower sandstone aquifer at well E36 indicates a
transmissivity of 25,?00 ft2/d, a storage coefficient of 1.5 x 10-5, and a
leakance of 0.004 d~!. The hydraulic conductivity, based on an aquifer thickness
of ?5 ft, is 550 ft/d. A plot of measured drawdown in observation well E34
during the pumping test shows a good fit to the Theis (1935) type curve for
about 10 minutes (fig. 17); the plot then begins to deviate as leakage from the
overlying aquifers affects drawdown. Specific capacity data from wells open in
the lower sandstone aquifer indicate hydraulic conductivity values ranging from
250 to 450 ft/d. The lower sandstone aquifer is confined at all locations
tested,

10 | B T G b i 5 | LT L E T | T T T L0 R T LS 1 108 L Tll]llT%

-

)36 T 0

—

T

[ Theis type curve L ——

— : = e
Observed drawdown
0.1 1 114 ! N O O % N 8 1 (.20 W3 I 5 1 I 15 Y % B 1 A T o T Y ¥ TS SR

00l 0.l I 10 100 1000 10,000
TIME , IN MINUTES

| LR B 7 i
o33 Rty

DRAWDOWN , IN FEET

k.

Figure 17.--Drawdown in well E34 during pumping test at well E36 and Theis type
curve.

A pumping test on the upper sandstone aquifer at wells E9 and El9--a site
were the aquifer is unconfined--indicates a transmissivity of 320 ft“/d and a
specific yield of 0.02. No fractures were noted in the open borehole of the
well; therefore, the results are believed to approximate the primary
(unfractured) hydraulic conductivity of the sandstone--about 10 ft/d. Specific
capacity tests at wells E21 and E32 indicate hydraulic conductivities for the
upper sandstone aquifer ranging from 40 to 80 ft/d. The sandstone at these
sites is harder and more tightly cemented than elsewhere in the study area;
therefore, the average hydraulic conductivity of the upper sandstone aquifer is
believed to be higher--150 ft/d.

Transmissivities range from 3,000 to 27,000 ft2/d for the lower sandstone
aquifer (fig. 18) and from 0 to 15,000 ftz/d for the upper sandstone aquifer
(fig. 19). These transmissivities are based on constant hydraulic conduct-
ivities of 550 ft/d and 150 ft/d for the lower and upper sandstone aquifers,
respectively, and on thicknesses ranging from 5 to 50 ft for the lower aquifer
and from 0 to 100 ft for the upper.

25



26

Bose from U S Geological Survey | 24 000 quodrongles
(Boundory of base moiches model boundory, figure 22)

EXPLANATION

—o— LINE OF EQUAL TRANSMISSIVITY OF t ''''''''''''''
LOWER SANDSTONE AQUIFER-=In
thousands of square feet per day.
Interval 9000 square feet per day

(o) | 2 MILES
[C77] TRANSMISSIVITY OF LOWER AQUIFER-- e o )
Equals 27,000 square feet per day - ) il
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The hydraulic properties of the glacial deposits differ with the type of
deposit, Based on grain-size analysis and similarity with other deposits in
Michigan, horizontal hydraulic conductivity is estimated to be 110 ft/d for
AL channel deposits, 70 ft/d for outwash, and 15 ft/d for till (fig 20). In a
- . transition zone near the edge of the Kalamazoo moraine, hydraulic conductivity
of interlayered till and outwash is estimated to be 30 ft/d. The specific yield
of outwash and channel deposits is estimated to be 0.15; the specific yield of
till is not known. However, because till in the study area is coarse textured,
its ability to store water may not be significantly less than that of other
glacial deposits.

— 2

oy
I/ " Wabascon
N o~ Loke

Figure 20.--Hydraulic conductivities of glacial deposits.
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Velocity of Flow

Velocity of ground-water flow depends on the gradient of the potentiometric
surface and on the hydraulic conductivity and effective porosity® of the aquifer,
Along the margin of the Battle Creek River floodplain, the gradient of the
potentiometric surface in the sand and gravel aquifer is steep (figs. 15 and
16), and ground water flow is comparatively rapid (as much as 9 ft/d); within
the floodplain the gradient is less and flow is slower. An effective porosity
of 0.15, an average hyraulic conductivity of 100 ft/d, and water-ievel data were
used to calculate flow velocity in the sand and gravel aquifer. The average
velocity in September 1983, for example, between the Emmett St-Raymond Rd inter-
section (see footnote °) and pumping wells V38-V43 in the well field, was 2
ft/d. The highest velocity, 4 ft/d, was at the intersection; the lowest, 1
ft/d, was near the south edge of the field. For February 1984, velocities 1in
the sand and gravel aquifer were 4 ft/d at the intersection, 1.5 ft/d near the
river, and 1 ft/d in the southern part of the well field.

Ground-water—-flow velocities can also be calculated for the sandstone

aquifers; however, they are less accurate because a value for effective poro-

sity of the fractured bedrock cannot be determined accurately. In the upper

sandstone aquifer, assuming a porosity similar to that of the sand and gravel

aquifer, a hydraulic conductivity of 150 ft/d, and a gradient for the potentio-

metric surface of 0.0045, the velocity of flow would be 4.5 ft/d. In the lower

sandstone aquifer, fracturing makes a reliable estimate of effective porosity

difficult, and thus, precludes calculations of flow velocity. Table 5.--Volatile hydrocarbons in Verona well field

[Highest concentrations measured as of May 1, 1984.

On the basis of the above calculations, movement of contaminants in the Analysis by Michigan Department of Public Health.]

well field may be at rates varying from 1 to 4 ft/d.

Quality of Water Concentration Well
Constituent (ug/L) number

Verona Well Field
Investigation of the quality of water in the well field was not part of 1,1 Dichloroethane 43 V35
this study. However, the Michigan Department of Public Health has analysed 1,1,1 Trichloroethane 180 V28
water from municipal wells for volatile hydrocarbons since the latter part of Perchloroethylene 120 V28
1981. Using their data, distribution of hydrocarbons in the well field in 1982 cis 1,2 Dichloroethylene 229 V35
and during the latter part of 1983 and early part of 1984 is shown in figure 21. Trichloroethylene 67 V35

Highest concentrations measured as of May 1, 1984, were as shown in table 5.

6 a S o x . §
Numerical values of specific yield, which are approximately equal to values
of effective porosity, have been used in the calculations.
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CONTAMINENT CONCENTRATION--

1983 -1984

Iy Dichloroethane
l4ly1 Trichloroethane
Perchloroethylene

EXPLANATION

WELL LOCATION AND NUMBER
(DS denotes deep and shallow
wells)

IO micrograms per liter or more.
In well field only

cis 1,2 Dichloroethylene ;
solid line

Trichloroethylene
dashed line

i i i i i i i f 1981 and in latter
Figure 21.--Distributj latile hydrocarbons in Verona well flel'd in latter part o :
part of Lg;f—::jr‘ll; part of 1984 (based on data from Michigan Department of Public Health).
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North of Well Field Table 6.--Chemical and physical characteristics of water

from observation wells north of Verona well field

Observation wells E32, E34, and E35D were installed to determine the feasi-
bility of installing new supply wells north of Verona well field; analyses of
water from each well were made. Chemical characteristics of the water are shown

Well Well Well
in table 6. Well E32 is uncased from 36 to 60 ft and open only to the upper Comstituent or property E32 E34 E35D
sandstone aquifer, well E34 is uncased from 79 to 155 ft and open only to the
lower sandstone aquifer, and well E35D is uncased from 50 to 81 ft and open to ;:::::;:ur:nx;a- c) 1;(1).0 1}? 1;8

y 5 <
the lower part of the upper sandstone and upper part of the lower sandstone Color (platinum cobslt units) 15 10 2.0
aquifers lpacif@c conductance (micromhos) 841 470 834
E pE (units) 6.6 7.5 7.0
pH lab (units) 4.7 7.5 y |
1 1 i : ili i d i 45 14 13
Dissolved-solids concentrations were 671 mg/L in water from well E32, 529 ::::f:l'_.d;;:fi;:ed(?§£7L‘:.séf§) 5 ot 155
mg/L in water from well E35D, and 283 mg/L in water from well E34; this suggests :':?"i“:{.:;;::;"f:,j:‘ﬁ: ::)Hs) 2; ’ 2; 3 ;2
1 1 > . odium, . .
that concentration in the Marshall Formation decreases as depth increases. Potassium, dissolved (mg/L as K) 2.1 9 1.3
i i i : : Sulfate, dissolved (mg/L as 80,) 430 30 57
Calcium and _magnesn.xm w_ere the dominant cations in all thx:ee.: we_lls.. Sulfate Shstiny. dissdtned (oLlL o5 5 a6 T b eiig
was the dominant anion in well E32; measurements of alkalinity indicated that Fluoride, dissolved (-./x(. .7 ¥) ; 1.1;0 <.f° (.;l
1 1 1 3 . . Nit : ia total (mg/L as N < > ~
blcarbonatf-: was the dominant anion in wells E34 and E35D. A high iron ,;t:::::, e i (_:,,_ D ol o b
concentration of 90,000 wg/L and a high sulfate concentration of 430 mg/L were sl v ::::f‘?.:?;':,(:g/” e i Ay
1 ' . . a » itrogen, A S .
found in water from well E32. Sodium and chloride concentrations were higher in PROERKEE LR, othpy EREal tngiL ok 2D .06 <.01 <.01
well E35D than in the other two wells. Volatile organic hydrocarbons were not ::::{’::":;:::t::,;:'ff o L e
found. Phenols, total (ug/L) 2 2 2
Alkalinity, lab (mg/L -u)CaCO;) 5; ;:; ;zg
Hardness, (mg/L as CaCoO 2
Hardness, noncarbonate ?-l/L CaC0,) - 116 166
8olidse, residue at 180 deg. C dissolved 671 283 529
Aluminum, total recoverable (ug/L as Al) 10 50 30
Arsenic total (ug/L as As) 2 1 2
Barium, total recoverable (u;(L 7- Ba) y <l?g i?g zgg
Beryllium, total recoverable (ug/L as Be <
Borom, total recoverable (ug/L as B) ; zg (22 <ig
o Cadmium, total recoverable (ug/L as Cd
GROUND WATER FLOW SIMU LATIONS Chromium, total recoverable (ug/L as Cr) 10 10 10
Cobalt, total recoverable (ug/L as Co) 33 1 2
Copper, total recoverable (ug/L as Cu) 55 2 46
e Iron, total recoverable (ug/L as Fe) 90,000 420 1,000
A digital ground-water flow model was used as an aid in understanding Iron, dissolved (.../:.lu(n;L ey > 612 ug
i Lead, total recoverable (ug as
gr:-ound-water movement in the Battle Creek area at and near the Verona well Lickisw, sotal cecoverakis (/T &3 Li) o ‘23 :g
field. The model, based on a computer program developed by the U.S. Geological :-::::::: ::::‘1”:::‘,;::7:1:.(::;1. as Mn) :;g - >
. o -
Survey (McDonald and Harbaugh, 1983), is capable of simulating quasi-three- Mercury, total recoverable (ul{l- 7- Hg) ‘ :~1 ;-‘ ;"
i i 1 i 1 1 . Molybd , total recoverable (ug/L as X <
dimensional flow. Flow directions, potentiometric surfaces of three aquifers, Niihate Eoial rattynrible Cusit #s 43) 96 6 <l
ground-water flow to and from streams, and the effects of ground-water pumpage Selenium, total (ug/L as Se) - s 4 <
i L
are simulated by the model. The model approximates a solution to the ground- :ilZ:Zi..i":ig§I°‘:!ZZ:3115§1‘(M.7£ .t 8r) 90 110 130
water flow equation by using simplifying assumptions about aquifer properties 2inc, ‘“:l 7;;"'"“' biadl Sevia ot :g :g
8Rd boundazige, -t o g a a <
Chlorobenszene (ug/L) <
1 : . Chloroethane (ug/L) <1 <1 <1
Boundaries of the area simulated with the model (fig. 22) coincide with Chloroethylene (ug/L) : :i :: :{
surface-water features and ground-water divides in the sand and gravel aquifer, 2:1::::§::°“;:;72;“ S a a <
not with the boundary of the study area (fig. 2). The model grid has 10,943 nxcnonun.o-nr;m. ((u%l).) :i :1 :i
i i . X Carbontetrachloride (ug
active cells in each of three layers. The width and length of the cells varies 1,2-Dichloroethane (ug/L) S a i
from 100 to 2,000 ft; the closest grid spacing is concentrated at and near the :‘:{1:;:::::. (‘(‘,',471).) :i <1 si
/ ‘ =
Verona well field. Numerical values of hydrologic properties, determined from lhth;hna chloride (?;/l/.)) :i :} :i
: i 5 i Tetrachloroethylene ug/L
field data, are assigned to each cel'l, the properties of each cell are assumed Trichlorosthylene (ug/L) o 5 :{
to be homogeneous. These values define the top and bottom of each of the three L it al . a <
g 2 : . Toluene 3
aquifers, the location of streams and lakes and the hydraulic properties of 1‘:,'.';:”1.,2.“... (ug/L) :{ :i ::
1 i i ivi : -Dichl thyl (ng/L)
their bc.)ttom material, Fhe hydraullc.conductlvuy of the aquifers, recharge to }:{.?f;”::‘;;“{t;::, i) A 5 <1
the aquifers, and locations and pumping rates of wells., 1,1,2-Trichloroethane (ug/L) <1 <1 <1
1,1,2,2-Tetrachloroethane (ug/L) <1 <1 <1
1,2-Dichloropropane (ug/L) <1 <1 <1
1,3-Dichloropropane (ug/L) <1 <1 <1
2-Chloroethylvinylether (ug/L) <1 <1 <1
Dichlorodifluoromethane (ug/L) :} :} :i
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85°07'30"

—  — . —— - —— . —

G2

= EESE
o R 411

> T

*

i i ja ”

l

T

i
ol T gl
TR

EXPLANATION
DESCRIPTION OF CELLS

[ Active

Leaky- layer

No- flow

— -— No-flow boundary

uodrangles
i figure 22)

gical Survey | 24

ase maiches model

'

boundary.

b

Base from U S Geolo
(Boundary of

2 MILES

2 KILOMETERS

T

Figure 22 _-Boundaries and grid spacing used in digital model.

31



Streams and lakes, which are in the sand and gravel aquifer, are simulated
in the model as having leaky bottom material overlain by water at altitudes
determined by interpolating between contour lines on topographic maps whose
contour interval is 10 ft. In the vicinity of Verona well field, levels were
run to Battle Creek River at some locations. Because of the rectangular grid,
some cells do not follow exactly the trace of streams or lakes. The difference
between map and grid location does not have a significant effect on model
results.

GROUND-WATER FLOW EQUATION

The ground-water flow equation describes the three-dimensional movement of
ground water of constant density through porous earth material. It may be
written as the partial-differential equation

3 ah 3 3h ] 3h EL
— KXX— 4 — yy_ 4 — e -H-ss— (l)
Ix ax 3y y 3z 3z at

» ¥, and z are cartesian coordinates aligned along the major axes
of hydraulic conductivity EER Kyy’ and Kzz;

where

X

h is the potentiometric head;

W is a volumetric flux per unit volume that represents sources or
sinks of water;

Ss is the specific storage of the porous materials; and

t is time.

8q0 B Ky¥' apd Ko may vary from place to place in the aquifer, and h and W
may vary both w1tp location and time. Equation 1, together with boundary and
initial-head conditions in the aquifer, is approximated by the model.

CONCEPTUALIZATION OF MODELED CONDITIONS

General concepts about the areal distribution and values of hydraulic
properties of aquifers, natural hydrologic boundaries, and stresses placed on
the hydrologic system by natural and human influences were developed from hydro-
geologic data collected during the study. The concepts were used to define the

model boundary and initial conditions as well as stresses imposed on the ground-
water system.

92

Boundary Conditions

The boundaries of a digital model can be defined by no-flow, head-
dependent, constant-head, or constant-flux boundary conditions. Only no-flow
and head-dependent boundaries were used for the Battle Creek model.

Vertically, the ground-water system consists of three aquifers--an upper-
most unconfined sand and gravel aquifer, a confined-unconfined upper sandstone
aquifer and a confined lower sandstone aquifer (fig. 3). The three aquifers are
simulated as three interconnected layers in the digital model. The top of the
sand and gravel aquifer (the model's upper layer) is the water table; the bottom
is the bedrock surface. The top of the upper sandstone aquifer (the model's
middle layer) is the bedrock surface; the bottom is the upper surface of the
upper siltstone. The upper sandstone aquifer is missing in the western and
southwestern parts of the modeled area (fig. 19). For modeling purposes, this
aquifer is considered to be a thin unit at these locations. The top of the
lower sandstone aquifer (the model's lower layer) is the lower surface of the
upper siltstone; the bottom is the upper surface of the shale unit.

The aquifers extend beyond the study area. To limit their horizontal
extent, model boundaries (defined on the basis of surface-water features and
ground-water divides in the sand and gravel aquifer) were set 4 to 7 mi from the
well field (fig. 22). The no-flow boundaries are coincident for all three
aquifers; no water moves into the modeled area from outside these boundaries.
The head-dependent boundaries, such as Kalamazoo River and Wabascon Creek (shown
as leaky-layer cells on figure 22) are placed only in the layer that simulates
the sand and gravel aquifer. The boundaries are distant enough from the major
areas of ground-water withdrawal so as not to effect the calculation of
hydraulic head in the vicinity of the pumping wells.

Streams within the study area are boundaries for horizontal ground-water
flow in the sand and gravel aquifer. For example, ground water in this aquifer
on either side of Battle Creek River flows only to or from the river, not beyond
it to the other side. In the lower sandstone aquifer, however, the river is not
a barrier to horizontal ground-water flow.

Hydraulic Properties

The capability of the sandstone aquifers to transmit water horizontally is
primarily due to horizonal fracture zones within the rocks. Secondary permeabi-
lity due to vertical fractures may cause local differences in the capability of
the aquifers to transmit water horizontally; however, there is little evidence
to support any significant effect. Also vertical fractures are not known to be
continuous on a scale of 10's of feet.

The sandstone aquifers are considered to be homogeneous and isotropic with
respect to horizontal hydraulic conductivity. Although it is known that
horizontal hydraulic conductivity varies from place to place in the sandstone
aquifers, the amount of variation at most locations, based on available data, is
small. Transmissivities vary locally because of varying thickness of the
aquifers. Areal distributions of transmissivity used to simulate the sandstone
aquifers are shown on figures 18 and 19. These figures represent constant
values of 150 and 550 ft/d for the upper and lower sandstone aquifers respect-
ively.



thTh: hydr?uilc C9nducFlVlty of the sand and gravel aquifer differs depending
on tA¢ “ype ot deposit. Till hae a lower conductivity than outwash and channel
d?pOSltS. Areal distribution of horizontal hydraulic conductivities used to
simulate the sand and gravel aquifer are shown on figure 20 fily

The vertical flow of ground water is more restricted than horizontal flow
because of zqnes of.lower permeability above, below. and within the aquifers
From model simulations, leakance values between the’sand and grave a:d the .
upper sandstone aquifers were determined to be 185X 1077, "4 X41077, and 2.5 X
10 Per day, respectively, for areas underlain by Ll éutwash a;d chanéel
deposits. Based on analysis of pumping test %ata, a leakance vafue between the
upper and 1oyer sandstone aquifers of 4 X 107 per day was initially used. This
value was raised to 1.2 x 10 during model calibration. Near Jameson Avenue, a
value of 1.2 X 10 was used because of more clay-rich deposits in that area:

Hydrologic Stresses

The aquifers are stressed by natural recharge and discharge and by ground-
waFer pumpage. Most recharge originates as precipitation that infiltrates the
soil and percolates to the sand and gravel aquifer. Recharge is greatest in
areas of ougwash and channel deposits; the recharge rate used in the model for
thesg deposits is 13 in./yr. Recharge is less in metropolitan areas and areas
Qf till; the recharge rates used in the model for these deposits are 8 and 10
in./yr, respectively. Local recharge occurs where supply wells are near streams
énd' water is induced from the streams by pumping. Baseflow measurements
1ndlgate that water is induced at rates from 1.0 to 3.5 ft°/s depending on
pumping rates and locations of pumping wells.

Ground-water is discharged mostly by pumping and by leakage to streams,
!akes, and swamps. Discharge by ground-water evapotranspiration is considered
insignificant because the places where ground water is within 5 ft of land
surface are few and small in areal extent. Water levels in all streams are
assumed to be constant. High water levels under flood conditions affect ground-
water levels and flow directions near streams but only for short periods of
time. During other periods, the fluctuation of water levels in streams is minor
and the effects on ground-water levels are not significant. The greatest
measured difference in gage height for the period of record was 4 ft at the
gaging station on Battle Creek River. For modeling purposes, the thickness of
streambeds and lakebeds was assumed to be 3 ft. Vertical hydraulic conductivity
of streambeds and lakebeds, initially estimated to be 5 ft/d on the basis of
sieve analyses of bottom material obtained at several locations, was reduced to

4 ft/d during model calibration.

Ground-water pumpage stresses the aquifers, especially in Verona well field
and in the industrial area south of the field. Combined, continuous pumpage of
several industries is 3,000 to 6,000 gal/min. Average summer pumpage at Verona
well field is about 8,000 gal/min; average winter pumpage is about 6,300 gal-
/min. Most wells produce from both the upper and lower sandstone aquifers. Inp
the model, distribution of pumpage among aquifers was accomplished with a multi-
aquifer well-simulation program (M. G. McDonald, written communication, 1984)
similar to a well-simulation technique outlined by Bennett and others (1982).

CALIBRATION AND VERIFICATION

Before the model could be used to reliably simulate imposed stresses on the
aquifers, the model had to be calibrated, a process which consisted of comparing
model output with measured ground-water level and runoff data. If the match
between simulated and measured data was poor, hydraulic parameters were adjusted
within plausible limits and a new simulation was made. This calibration process
was repeated until an acceptable match was attained. For calibration, water
levels in 80 observation wells and estimates of ground-water runoff at 9 sites
were used. Water levels in wells that represented more than one aquifer were
simulated as being in multiaquifer observation wells.

To determine if steady-state conditions could accurately define ground-
water flow at Battle Creek, two similar model simulations were made—--one under
steady-state conditions, the other under transient conditions for a 3-month
interval. Storage coefficients of 0.00015 and 0.000015 were used for the upper
and lower sandstone, respectively. A specific yield of 0.15 was used for the
sand and gravel aquifer. Both simulations used the starting water levels
generated by the model for winter pumping conditions. Water levels at observa-
tion well sites under steady-state conditions differed from those under tran-
sient conditions by about 1.0 ft in the sand and gravel aquifer and by about 0.6
ft in the upper and lower sandstone aquifers. [he ground-water rgnoff rate for
the entire modeled area under steady-state conditions was 0.6 ft”/s greater than
under transient conditions. The small differences between transient and steady-
state model results indicates that the ground-water system can be accurately
simulated using steady-state conditions.

Some model simulations were made in an attempt to define differences in
hydraulic conductivity caused by fracturing. None of the simulations gave a
better match to measured data than that obtained when the sandstone aquifers
were assumed to be homogeneous.

Summer Conditions

The potentiometric surface constructed from simulated data for the sand and
gravel aquifer under summer conditions (fig. 23) is similar to the potentio-
metric surface constructed from data obtained in September 1983 (fig. 15).
simulated and observed cones of depression caused by pumping are similar in
extent and depth. The ground-water divide south of the well field is at about
the same location, and ground-water flow directions are nearly the same. Both
potentiometric-surface maps show a divide along the river.

The potentiometric surface constructed from simulated data for the lower
sandstone aquifer under summer conditions (fig. 24) shows a single, large cone
of depression reflecting summer pumpage. A ground-water divide in the lower
sandstone aquifer is located south of the well field but it is farther south
than the divide in the sand and gravel aquifer. Drawdown in the center of the
cone of depression is about 2 ft greater than in the sand and gravel aquifer.
The river is not a boundary to horizontal flow in the lower sandstone aquifer.
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0f the water levels simulated at observation well locations for summer
conditions, 45 percent were within 2 ft of levels measured in September 1983,
63 percent were within 3 ft, and 84 percent were within 5 ft. Considering the
rapid changes in water levels caused by pumping shifts in the well field, this
match is considered acceptable. Simulated levels for wells E7, E24, E29, and
E30 differed most from measured levels, probably because of the bedrock
structure and the irregularity of the eroded bedrock surface in the vicinity.
Simulated ground-water runoff differed only 0.5 ft?/s from the average annual
runoff estimated from measured data. Pumping induced water from the river to
the well field at a rate of 3.0 ft3/s.

Winter Conditions

To verify the calibration, pumping conditions that represent winter pumpage
were simulated and the resulting head and runoff data were compared to measured
data collected during February 1984. The potentiometric surface constructed
from simulated data for the sand and gravel aquifer (fig. 25) is similar to the
potentiometric surface constructed from measured data (fig. 16). The calibra-
tion is slightly better than that for summer pumpage. Simulated water levels in
the cones of depression are within 1 ft of those derived from measured data.

The potentiometric surface constructed from simulated data for the lower
sandstone aquifer (fig. 26) under winter conditions shows that the ground-water
divide south of the well field is further south than in any of the previous
simulated conditions and slightly further south than that derived from measured
data (fig. 16).

0f the water levels simulated at observation well locations for winter
conditions, 29 percent were within 1 ft of levels measured in February 1984, 53
percent were within 2 ft, 77 percent were within 3 ft, and 83 percent were
within 5 ft. Because pumpage was less than in summer, simulated ground-water
runoff was, cumulatively, 1.8 ft”/s greater than annual average runoff estimated
from measured data. Simulated pumping induced infiltration of water from the
river to the well field at a rate of 1.9 ft3/s.

Sensitivity Analysis

Experimental simulations made to test the sensitivity of the model indicate
that the model is more sensitive to recharge than it is to streambed hydraulic
con@uctivity or to horizontal and vertical hydraulic conductivity of the
aquifers. For example, a simulatjon in which recharge was reduced by 50 percent
resulted in a decrease of 35.4 ft°/s in ground-water runoff and a lowering of
average water levels at observation well locations by 2.3 ft in the sandstone
aquifers and 3.3 ft in the sand and gravel aquifer. A simulation in which
horizontal hydraulic conductivity was decreased by ;0 percent in all aquifers,
however, resulted in only a slight decrease (1.7 ft2/s) of ground-water runoff
and a 2.0-foot average rise of water levels at observation well locations in the
sand and gravel aquifer. Simulated water levels either rose or fell in the
sandstone aquifers depending on their proximity to streams or pumping wells; the
average change in water level was 1.3 ft. Decreasing the sandstone aquifers'
vertical hydraulic conductivity by a factor of 5 resulted in only a slight
decrease (1.9 ft3/s) in ground-water runoff and a lowering of average water
levels by 3.5 ft at observation well locations in the sandstone aquifers; in the

sand and gravel aquifer, simulated water levels changed by 1.1 ft. Increasing
vertical hydraulic conductivity of the aquifers resulted in a greater change in
total ground-water runoff but smaller changes in water levels than was caused by
decreasing vertical hydraulic conductivity. Decreasing hydraulic conductigity
of the streambeds by a factor of 5 decreased ground-water runoff by 7.8 ft”/s
and caused average ground-water levels at the observation well locations to rise
by 1.6 ft. All experimental simulations were made under steady-state conditions
and ground-water withdrawal at 6,300 gal/min in Verona well field.

SIMULATIONS FOR CONDITIONS PRIOR TO HEAVY PUMPING

Simulations of ground-water conditions in 1903 prior to any heavy pumping
indicate that the potentiometric surface in the sand and gravel aquifer may have
been similar to that shown in figure 27; the potentiometric surface for the
lower sandstone aquifer may have been similar to that shown in figure 28. The
results closely match historic data. Water levels in wells tapping the
sandstone aquifers at some places in the vicinity of the well field were at or
above land surface in 1903. Historic data indicate that, at well VT6, water
"rose to 6 feet above the surface" (Bridgen, 1903) and, at several places,
"springs along the bank of the river and in the pond ran all the time (note on a
1904 cross section, author unknown)". Flowing wells and springs are evidence of
the presence of confining beds in the Marshall Formation.

SIMULATIONS FOR WELL-FIELD EXPANSION

Model simulations were made to determine the feasibility of installing new
municipal supply wells immediately north of the present field. The new wells are
needed by the city of Battle Creek to meet an average summer demand of 7,900
gal/min., Because water in many municipal wells in the eastern part of the well
field is contaminated, maximum pumping in this area is assumed to be 1,400
gal/min, Because of this, and the fact that pumpage from wells V14, V15, and V16
is 2,750 gal/min, about 3,750 gal/min would be needed from new supply wells to
meet the average summer demand. Table 7 summarizes pumping conditions and the
aquifers tapped.

Table 7.--Pumping conditions that provide a sufficient supply
of water to meet average summer demand

[Aquifers tapped: U, upper sandstone; L, lower sandstone]

Total Aquifer
Wells pumpage tapped
V14, V15, V16 2,750 U, L
8y40, V41, V42, V43 1,400 U, L
Three new wells 3,750 I

8 Pumping from wells in the eastern part of the well field can continue
only as long as the wells remain free of contaminants.
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Figures 29, 30, and 31 show potentiometric surfaces and ground-water flow
constructed from simulated data under summer conditions and the conditions set
forth in the above table. Figure 29 shows that pumping from only the lower
sandstone aquifer at the site of the three new wells does not create a separate
cone of depression in the sand and gravel aquifer. The simulated potentiometric
surface for the upper sandstone aquifer (fig. 30) is similar to that for the
sand and gravel aquifer, with the exception that the cones of depression are
deeper and the divide at the river is less sharply defined. Some flow in this
aquifer may move under the river to wells in Bailey Park.

The greatest stress on the lower sandstone aquifer under pumping conditions
given in table 7 is by the new supply wells (fig. 31). The potentiometric
surface for the lower aquifer is depressed about 5 ft in the western part of the
well field and about 7 ft in the vicinity of the new wells.

The above simulations show that if pumping is only from the lower sandstone
aquifer, there is little effect on the potentiometric surfaces in the other two
aquifers. Pumping from both the upper and lower sandstone aquifers, as in the
Verona well field, results in the potentiometric surfaces for all three aquifers
being effected.

41



(A%

85°08'30"
R7W |

Boiley Pork
ot
~ ot

[ Allen Ppttern

E33DS

o
©
@
TIS
®_/ 42°20'
T.28.
/ Stree,
Solvenl

Lt I / gyl \ \
/07_‘5 . / ®E7 | \ \\ \
/ G9 LJe ) | \
/ | Raymond Ro&d Landfill
/07-\ £280f5 \
.523/57’0 /Modc'ail’ it \
/ » R\ eTI5
; A
0\ t. B
/ ‘ 6.5 3 Avenue
Grond Tru_nk Western 530. o
3 i Gz.lerood EXPLANATION
& ‘ ® qf ®e3 WELL LOCATION AND NUMBER --
3 & (DS denotes deep and shallow
5 679 U @‘ wells)
G3e
—820— POTENTIOMETRIC SURFACE--Simulated.
G8 ® Shows altitude of ground-water level.
® Contour intervals | and 5 feet. Dashed
£24 line indicates aquifer unsaturated.
.szs it Datum is sea level
< T T TS DEPRESSION CONTOUR--Topmost contour
of depressed surface
() NEW SUPPLY WELL--Potentional site
—— —— GROUND-WATER DIVIDE
— = GROUND-WATER FLOW --Arrow indicates
Michigon direction of flow
Aveny,
.E;; A GAGING STATION - - Continuous record
Cpoods. s  STREAMFLOW MEASUREMENT SITE--
No gage
Tt A Bl e oo™ O 0w wpore
0 250 500 METERS

Figure 29.--Simulated potentiometric surface of sand and gravel aquifer under summer conditions with
three new supply wells immediately north of Verona well field pumping a total of 3,750
gal/min from the lower sandstone aquifer (supply wells V14, V15, V16 pump a total of 2,750

gal/min; supply wells V40, V41, V42, and V43 pump a total of 1,400 gal/min. Interdiction
wells not simulated).
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Figure 30.--Simulated potentiometric surface of upper sandstone aquifer under summer conditions with
three new supply wells immediately north of Verona well field pumping a total of 3,750
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SUMMARY AND CONCLUSIONS

Wells in the city of Battle Creek's Verona well field tap the Marshall
Formation of Mississippian age and produce upward of 12,000 gal/min during peak
demand periods. The Marshall Formation is a very fine to medium sandstone
containing layers of shale, sandy shale, and siltstone. The formation is as
much as 200 ft thick. As defined in this report, the formation consists of, in
descending order: Upper sandstone, upper siltstone, lower sandstone, lower
siltstone, and shale. The lower sandstone is the principal aquifer; pumping
tests and model simulations indicate it has a horizontal hydraulic conductivity
of 550 ft/d. 1Its transmissivity is greatly increased by "openings' or
fractures. Specific-capacity tests and model simulations indicate the upper
sandstone has a hydraulic conductivity of 150 ft/d.

Glacial deposits overlie the Marshall Formation. The deposits consist of
three types: Till, outwash, and channel deposits. They range in thickness from
a few feet to about 100 ft. Values of horizontal hydraulic conductivities for
materials in the glacial deposits range from 15 to 110 ft/d.

Avergge annual discharge of Battle Creek River near the Verona well field
is 200 ft°/s. The lowest expected discharge for a 7-day period having a l0-year
recurrent interval is 33 ft°/s. Ground-water runoff is about 55 ft~/s.

Recharge ranges from 8 to 13 in./yr.

Velocities of ground-water flow in the vicinity of Verona well field range
from 1 to 4 ft/d. Pumping for municipal supply causes water to flow to the well
field from several thousand feet away. Heavy pumping during the summer months
causes ground water to flow directly northward from the Emmett St—-Raymond Rd
intersection, an area where ground water is known to contain significant con-

taminants.

Model simulations to evaluate the feasibility of installing new supply
wells immediately north of the present field indicate that pumping 3,750 gal/min
from the new wells will produce about 7 ft of drawdown in the lower sandstone
aquifer in the vicinity of the new wells. Because these tap only the lower
sandstone aquifer, the pumping does not create distinct cones of depression in
the two overlying aquifers. Water from observation wells tapping the upper and
lower sandstone aquifers in the vicinity of the new wells contained no volatile
hydrocarbons, but did contain high concentrations of iron, sulfate, sodium, and

chloride.
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DEFINITION OF TERMS

Altitude.—Vertical distance of a i i
aztituce point or line above or bel
this report, all altitudes are above sea level. Sl o

Aguxf:r.—A' ;eolo;i.c _tonninn, group of formations, or part of a formation that
contains sufficient saturated permeable material to yield significant

uantities of :
2“."‘,“. Of water to wells and springs. Also called a ground-water

Base flow.--The discharge entering stream channels as inflow from ground water
or other delayed sources; sustained or fair veather flow of streams.

Bedrock.--Designates consolidated rocks.

Concentration.—The weight of dissolved solids or sediment per unit volume of

\(ut,e:)expreued in milligrams per liter (mg/L) or micrograms per liter
M8 .

Confinil.:g bed.--A body of relatively impermeable material stratigraphically
adjacent to one or more aquifers.

Contour,~--An imaginary line connecting points of equal altitude, whether the

points are on the land surface, on a formation surface, or on a potentio-
metric surface.

Cubic feet per second.—~A unit expressing rate of discharge. One cubic foot per
sccogd is equal to the discharge of a stream 1 foot wide and 1 foot deep
flowing at an average velocity of 1 foot per second.

Dissolved solids.,——Substances present in water that are in true chemical
solution.

Divide.~~A line of separation between drainage systems. A topographic divide
delineates the land from which a stream gathers its vater; a Ground-
water divide is a line on a potentiometric surface on each side of which
the potentiometric surface slopes downward avay from the line.

Bffectiv? porosity.~—~Amount of interconnected pore space in rocks available for
fluid transmission; the ratio of volume of pore space to volume of rock.

Evapotranspiration.~—-Water withdrawvn from a land area by direct evaporation from
water surfaces and moist soil and by plant transpiration, no attempt being
made to distinguish between the two.

Fracture,~—A structural break or opening in bedrock.

ain size,~-The classification range for the diameter of particles, in
millimeters, is as follows:

Gravel >2.0

Sand, very coarse 1.0 - 2.0
Sand, coarse 0.5 - 1.0
Sand, medium 0.25 - 0.5
Sand, fine 0.125 - 0.25
Sand, very fine 0.0625 - 0.125
Silt and clay < 0.0625

Ground water.--Water in the ground which is in the saturated zone from which
wells, springs, and ground-water runoff are supplied.

Ground-water discharge.—~The discharge of water from the saturated zone by 1)
natural processes such as ground-water runoff and ground-water evapotrans—
piration and 2) artificial discharge through wells and other man-made
structures.

Ground-water runoff.--Ground water that has discharged into stream channels by
seepage from saturated earth materials.

Hardness of water.--Commonly refers to concentration of CaCO,. The classifica-
tion range for hardness; in milligrams per liter (mg/L) of CaCo;, is as
follows:

Very Hard -— more than 180
Hard -— 121 to 180
Moderately hard -- 61 to 120
Soft -—- 0 to 60

Head.--The height of the surface of a water column above a standard datum that
can be supported by the static pressure at a given point.

Hydraulic conductivity.~-The volume of water at the prevailing kinematic visco-
sity that will move in unit time under a unit hydraulic gradient through a
unit area measured at right angles to the direction of flow. In general
terms, hydraulic conductivity is the ability of a porous medium to transmit
wvater.

Hydraulic gradient.,~—The change in static head per unit distance in a given
direction. If not specified, the direction is generally understood to be
that of the maximum rate of decrease in head.

Hydrograph.-——A graph showing the variation of stage, flow, velocity, discharge,
or other aspect of water with respect to time.

Potentiometric surface.——In aquifers, the levels to vhich water will rise in
tightly cased wells.

Recharge.~-The process by which water is infiltrated and added to the zone ‘o(
saturation. Also, the quantity of water added to the zone of saturation.

Runoff.——That part of precipitation that appears in streams; the water draining
from an area. When expressed in inches, it is the depth to which an area
vould be covered if all the water draining from it in a given period was
uniformly distributed on its surface.

Specific capacity.~—The rate of discharge of water from a well divided by the
dravdown of water level within the well.

Specific conductance,~~A measure of the ability of water to conduct an electric
current, expressed in micromho (pmho) per centimeter at 25°C. Because
the specific conductance is related to amount and type of dissolved material,
it can be used for approximating the dissolved-solids concentration of water.
For most natural waters the ratio of dissolved-solids concentration (in
milligrams per liter) to specific conductance (in micromho) is in the range
0.5 to 0.8.

Specific storage.~-The volume of water released from or taken into storage per
unit volume of the porous medium per unit change in head.

Specific yield.~-The ratio of the volume of water which rock, after being
saturated, will yield by gravity, to the volume of rock.

Storage coefficient.~-The volume of water an aquifer releases from or takes into
storage per unit surface area of the aquifer per unit change in head. In
an unconfined aquifer, the storage coefficient is equal to the specific
yield.

Subcrop.—In this report, a bedrock formatiom or rock unit that directly under—
lies the glacial deposits and would be exposed if all glacial deposits were
removed.

Theis type curve.——Graphic method of solution of aquifer characteristics
developed by C. V. Theis (1935).

Transmissivity.——The rate at which water of the prevailing kinematic viscosity
is transmitted through a unit width of the aquifer under a unit hydraulic
gradient. In general, the term refers to the ability of aquifer material
to transmit water. It is equal to the product of hydraulic conductivity
and nquizfet thickness, and is expressed in units of length squared per unit
time (L“/t).

Water table.—~That surface in an unconfined water body at which the pressure is
atmospheric. It is defined by levels at which water stands in wells having
shallow penetration into saturated materials.
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Well Depth
number Lithology feet
El Glacial deposits:
Sand (very fine to very coarse, tan) and
gravel (fine to coarse with some cobbles,
multicolored) ——==mmemmmmm 0-48
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) -—----=-=-=-= 48-57
E2 Fill ——mmmm oo o e e e e e e e 0-6
Glacial deposits:
Sand (medium to very coarse, tan) and
clay (brown) === m oo 6-27
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray, hard) ---- 27-28.5
E3 Glacial deposits:
Clay (black) and peat (black) =—====—--eeeeeoooo 1-15
Sand (fine to coarsne, tan) and gravel
(fine to coarse, multicolored) with
some clay (brown to black) ====ceoemmmmooo 15-27
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) ---—--—=-w-- 27-27.
E4 Glacial deposits:
Sand (medium to very coarse, tan) and
gravel (fine to coarse, multicolored) —-—---- 0-20
Sand (very fine to very coarse, tan) and
silt (brown) with some gravel (medium,
multicolored) and clay (brown) =—=—-=—--—eeeuo 20-52
Sand (medium to very coarse, tan) and
gravel (fine to coarse, multicolored)
with silt (tan) and clay (brown) -——--—ceeeuo 52-72
Sand (very fine, gray), gravel (fine,
multicolored), silt (gray), and clay
(Bray) === 72-78
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) —--———-—-uo 78-81
ES Glacial deposits:

50

Sand (medium to very coarse, tan) and
gravel (fine to coarse, multicolored) ———==—=- 0-8
Marshall Formation:
Upper sandstone:
Sandstone (very fime to fine, gray, very
hard at top) ---=-- ———————————————————————— 8-14

Table 3.--Description of rocks and soils from wells drilled

by U.S. Geological Survey

Well
number

Lithology

Depth
feet

E6

E7

E8

E9

E10

Ell

Glacial deposits:

Clay (red to brown), silt (brown), sand
(medium to very coarse, tan) and some
gravel (fine to coarse, multicolored)

Clay (red to brown, very sandy and silty

Clay (red to brown), silt (brown), sand
(medium to very coarse, tan), and some
gravel (fine to coarse, multicolored)

Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) ----

Glacial deposits:

Sand (medium to very coarse, tan) ------
Marshall Formation:
Upper sandstone:

Sandstone (very fine to fine, gray) ----

Glacial deposits:
Sand (fine to coarse, reddish brown) wit
some gravel (fine, multicolored) -----

Glacial deposits:

Sand (medium to very coarse, tan) and
gravel (fine to medium, tan) with some
silt (brown) and clay (brown) ----=---

Marshall Formation:
Upper sandstone:
Sandstone (very fine, gray, very hard) -

Glacial deposits:

Sand (fine to medium, tan) ———===—-eee—o
Marshall Formation:
Upper sandstone:

Sandstone (very fine to fine, gray) ----

Glacial deposits:
Sand (fine to medium, reddish brown) ---
Clay (sandy with much peat and
other organic material, black) --=-----
Sand (fine to very coarse, tan) and some
gravel (medium, multicolored) --------

------ 0-23
) ==-- 23-27

b

Well Depth
number Lithology feet
E12 Glacial deposits:
Sand (medium to coarse, tan) with some
clay (brown) -=--==---mmcmec e 0-10
Sand (medium to coarse, tan) —-—=—-——=——-—-eemee--- 10-15
Sand (medium to coarse, tan) and gravel
(fine, multicolored) —-==—=c-cemcmcmmccee e 15-58
Sand (fine to medium, tan), gravel
(fine, multicolored), and clay
(tan to brown) -==----mecreccccccccc e — e e ——— 58-60
Sand (medium to very coarse, tan)
and gravel (fine, multicolored) ----=-=-==== 60-80
Sand (medium to very coarse, tan) and
gravel (fine, multicolored) with
some sandstone boulders ------------------ 80-100
E1l3 Glacial deposits:
Sand (medium, brown) with some gravel
(medium, multicolored) ---——-=cc--mmmmmmm——— 0-44
Sand (medium, gray to brown), silt
(gray to brown), and clay (gray to
D 44-52
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) -----=--=--- 52-54
El4 Glacial deposits:
Sand (medium, tan) and gravel (fine,
multicolored) ------m-mecmccmcccc e ——e 0-45
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) ----=--=--=-= 45-70
E15 Glacial deposits:
Sand (fine to medium, tamn) —-=--=c-mcccecccceca- 0-4
Sand (fine, tan), silt (tan), and clay
(Brown) ~r———mrr e s e e s e e - 4-10
Sand (fine to medium, tan) -—-=—-—----mmemeeemoa— 10-20
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) ----======- 20-37
El6 PETL, Aot v otar e s o v g s o e e o o e 20 o 0 56 1, o e 0-2
Glacial deposits:
Sand (fine to medium, tan) with some
silt (tan) and clay (brown) --=-ccmeemeecaa- 2-12
Sand (medium to coarse, tan) and
gravel (finme, multicolored) -----=--ceeeee-- 12-36



Well Depth
number Lithology feet
El6 Marshall Formation:
(cont.) Upper sandstone:
Sandstone (very fine to fine, gray) -—--=--———oo 36-42
El7 Glacial deposits:
Sand (fine to coarse, tan) with some
grayel (fine, wulticolored) ——wemmec——o_-___° 0=4
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) ----———-—--- 10-32
E18 Glacial deposits:
Sand (very fine to medium, tan), silt
(yellow to tan), clay (yellow to
brown), and some gravel (fine to
medium, multicolored) —=---emmmm o 0-11
Marshall Formation:
Upper sandstone:
Sandstone (very fine to finme, gray) --—--—--—=n 11-24
E19 Glacial deposits:
Sand (fine to coarse, tan) with some
silt (brown) and gravel (fine,
multicolored) =—=—===—=cmmmm e 0-11
Marshall Formation:
Upper sandstone:
Sandstone (very fine to finme, gray) —--—---—=-=- 11-34
E20 Glacial deposits:
Sand (very fine to coarse, tan) with
traces of silt (brown) and gravel
(fine, multicolored) ——-=--c--mmmcmcmm e 0-8
Marshall Formation:
Upper sandstone:
Sandstone (fine to medium, gray) --=—-==—===== 8-21
E21 Glacial deposits:
Sand (fine to very coarse, tan) and
gravel (fine, mostly black and
vhite) with traces of silt (brown) -=-==-=--- 0-15
Marshall Formation:
Upper sandstone:
Sandstone (very fine to fine, gray) -----—-=---- 15-25
E22S8 Glacial deposits:

Sand (fine to very coarse, tan) and
gravel (fine to coarse, multicolored) with

txaces, of ailt S (Brown) —e—m-—rocsmhsmeem==s 0-14.5

Table 3.--Description of rocks and soils from wells drilled

by U.S. Geological Survey--Continued

Well < Depth
number Lithology feet
E22D Glacial deposits:
Sand (fine to very coarse, tan) and gravel
(fine to coarse, multicolored) wvith traces
sl L ChRONISams = === = s mmep st trs d 0-15
Sand (very fine to very coarse, tan) and
gravel (fine to very coarse, multicolored;
coal fragments 20-30 ft) ——----mmmmmmo 15-33
Sand (very fine to very coarse, tan) gravel
(fine to coarse, multicolored), clay (gray),
and silt (gray to ta&n) ——m=c=c——eer—cci e 33-37
Marshall Formation:
Upper sandstone:
Sandstone (very fine to medium, gray) -------- 37-40
Sandstone (silty, very fine to fine, gray
with Some Drown) =-r=—r-—mo=—teomenmecaceae—— 40-59
Upper siltstone:
Siltstone (aandy, gray) =—-——=coreccdndcducus 59-70
Lower sandstone:
Sandstone (very fine to fine, gray) --------- 70-85
Sandstone (silty, very fine to fime, gray) -- 85-87
Sandstone (very fine to fine, gray) --------- 87-105
Lower siltstone
Siltstone (shaly, gray) —--=-—==-==-c-ce--—--- 105-108
Sandstone (shaly, very fine to fine, gray) -- 108-111
Siltstone (shaly,gray) ~—=-=-==—c=eccoccce-<- 111-115
Sandstone (shaly and silty, very fine,
BTAY) === e 115-124
Shale:
Shale (dark gray) =--—=——==—=—=——-m--=m=——o—o—-o 124-130
E23 Glacial deposits:

Clay (gray), silt (gray), and sand

(medium to coarse, tan) 0-10
Sand (fine to very coarse, gray to tan) and

gravel (fine to coarse, multicolored) _____  10-22
Sand (fine to very coarse, tan), gravel

(fine, multicolored), and some silt

(Brown) =emmmoo e Zasio
Sand (fine to very coarse, gray to tan), and
gravel (fine to cobbles, multicolored) ---- 35-40
Marshall Formation:
Upper sandstone:
Sandstone (very fine to medium, gray) -------= 40-48
Siltstone (sandy, gray) -------=------ S
Sandstone (very fine to medium, gray) -——---- il
Upper siltstone:
Siltstone (shaly, gray) -------==----=======- L U

Well Depth
number Lithology feet
E23 Marshall Formation:
(cont.) Lower sandstone:
Sandstone (very fine to fine, gray) with
thin layers of siltstone (gray) ----==-=-e-- 77-100
Sandstone (very fine to fine, gray) —-======-- 100-109
Lower siltstone:
Siltstone (shaly and sandy, gray) ---=======- 109-111
Sandstone (silty and shaly, very fine,
GTAY) e e e m e e e - e e e e e 111-114
8iltstone (shaly, gray) —-—cemerrenccccnmcwe- 114-119
Sandstone (silty, very fine, gray) ======--==- 119-125
Shale:
S8hale (gray) =—===emermccccmccmaccccmsrncnne- 125-147
Sandstone (shaly and silty, very fine,
QLAY ) Trm e kg e i 2 e e e e 147-155
E24 Glacial deposits:
Sand (very fine to very coarse, tan), gravel
(fine to coarse, multicolored), some silt
(brown), and some clay (dark brown) ======= 0-22
Sand (very fine to very coarse, tan)
and traces of silt (brown to tam) =-=====-=- 22-40

Sand (fine to very coarse, tan), and gravel
(fine to medium, multicolored) with some
€08] FTAEMENL S = mararimin e e e m o e . o 40-50
§ilt (gray), sand (very fine to medium, tan
to gray), clay (gray), and gravel (fine,
multicolored) ==-=remccsecrcncccrccne————- 50-67
Marshall Formation:
Upper sandstone:
Sandstone (very fine to medium

to gray) 67-76
Sandstone (very fine to medium, green to gray)
with thin layers of siltstone (green to
s e e e e e e e 76-97
Upper siltstone:
Siltstone (shaly, green to gray) —--—-—=—-——=—=-=== 97-103
Lover sandstone:
Sandstone (very fine to fine, gray) ---===-=== 103-124
Sandstone (silty, very fine to fine, gray) -- 124-128
Sandstone (very fine to fine, gray) ~---=-=-==-= 128-139
Lower siltstone:
8iltstone (shaly, gray) --=------ceccmccnmmcea- 139-141
Sandstone (silty, very fine to finme, gray) -- 141-144
Siltetone (shaly, gray) =————cecrmcccoomrmamm—— 144-148

Sandstone (silty, very fine to fine, gray) -- 148-159
Shale:
BEE1E N (daTk gray)i-—F-——taee e ons S e e e 159-163
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Table 3.--Description of rocks and soils from wells drilled
by U.S. Geological Survey—-Continued

Well Depth Well Depth Well Depth
number Lithology feet number Lithology feet number Lithology feet
E25 Glacial deposits: E26 Marshall Formation: E28D Marshall Formation
Fill (sand, gravel, silt, clay) =--=-=-—c——e-- 0-5 (cont.) Sandstone (very fine to fine, gray) ---—------ 100-108 (cont.) Lower sandstone:
Peat (black) and clay (black) -—--=-cememme—n 5-8 Lower siltstone: Sandstone (very fine to fine, gray) ----—----- 65-68
Sand (fine to very coarse, tan) and Siltstone (shaly, gray) -——-—--=-m-m=-—-—====- 108-111 Sandstone (shaly, very fine to fine, gray) -- 68-73
gravel (fine to medium, multicolored) ----- 8-15 Sandstone (shaly or silty, very fine to Sandstone (very fine to fine, gray) ----—----- 73-78
Sand (very fine to medium, tan) with some fine, gray —-—-—-—--=----- 111-115 Sandstone (silty, very fine to fine, gray) -- 78-86
coal fragments ——--m—c 15-30 Siltstone (shaly, gray) 115-119 Sandstone (very fine to fine, gray) ----—----- 86-98
Sand (medium to very coarse, tan) and Sandstone (shaly, very fine, gray) ---—------- 119-125 Lower siltstone:
gravel (fine, multicolored) ——-—--ecmemmmuo 30-37 Shale: 8iltstone (shaly, gray) =--—--=—--cc—cececceca——- 98-101
Marshall Formation: Shale (dark gray) --—-—-——————m-mcmmemmmm 125-135 Sandstone (silty, very fine to fine, gray) -- 101-104
Upper siltstone: Siltstone (shaly, gray) -—=—-—=——---—-emeeoee—uno- 104-109
Siltstone (shaly, gray) -==---c--eemmmmmoo 37-42 E27 Glacial deposits: Sandstone (shaly and silty, very fine to
Lower sandstone: Sand (fine to very coarse, tan) and o P e e e e e i e 109-116
Sandstone (shaly, very fine to fine, gray) -- 42-47 gravel (fine to medium, multicolored) Shale:
Sandstone (very fine to fine, gray) --—---—--- 47-60 with traces of silt (brown) and clay Sliale (G ray) e ey el = s e 116-120
Sandstone (silty or shaly, very fine to fine, CDLOWND ) e e e s e i o o e i i i 0-14 Shale (sandy and silty, gray) ----—-—--—-—==-- 120-122
BTBY) —— e e 60-70 Marshall Formation: Shalle Kdark gray) ~——===s-—Seocto-seo==c=Sa=a 122-130
Sandstone (very fine to fine, gray) --------- 70-82 Upper sandstone:
Lover siltstone: Sandstone (very fine to fine, gray) -----==-- E29 Glacial deposits:
Siltstone (shaly, gray) ---=---ceeemcmmmoaoo 82-86 Sandstone (very finme to medium, gray) Sand (fine to coarse, yellow) and gravel
Sandstone (silty, very fine to fine, gray) -- B86-88 Upper siltstone: (fine to cobbles, multicolored) with traces
Siltstone (alialy, gray) Sc=cc——sc—o—o—erao——~ 88-95 Siltstone (gray) —-———-—-————mmemmmm e 54-56 of silt (yellow) and clay (yellow) ----=--- 0-8
Sandstone (shaly, very fine to fine, gray) -- 95-98 Sandstone (silty, very fine to finme, gray) -- 56-61 Marshall Formation:
Shale: Lover sandstone: Upper sandstone:
Shale (gray) ———————————mm o 98-110 Sandstone (very fine to medium, gray) ------- 61-68 Sandstone (very fine to medium, yellow) ----- 8-21
Sandstone (silty, very fine to fine, gray) -- 68-73 Sandstone (silty, very fine to fine,
E26 Glacial deposits: Sandstone (very fine to fine, gray) --------- 73-80 yellow) —==mm e e e 21-29
Sand (fine to coarse, tan), gravel Sandstone (very fine to medium, gray) ------- 29-38
(fine to medium, multicolored), silt E28S Fill (topsoil and bricks) —=———===---cmmmmmo 0-8 Sandstone (silty, very fine to medium,
(brown), and clay (brown) =-=—===--eeeeeeo 0-10 Glacial deposits: EIAY) =m=mrmm e s e s s e e — e e ———— 38-41
Sand (fine to coarse, tan), and gravel Sand (fine to coarse, tan) and gravel (fine, Sandstone (very fine to medium, gray) ------- 41-53
(fine to medium, multicolored) ----=-v--—nu 10-35 Drown) ——=——mmmm e e 8-10 Sandstone (very fine to fine, gray) ------=-- 53-86
Clay (brown) and silt (brown) -—==—e-eeeeemaao 35-38 Upper siltstone:
Sand (fine to coarse, tan) and gravel E28D Fill (topsoil and bricks) —=—======----oooeoo o 0-8 Siltstone (shaly, gray) —-———=---—co-—-oo—ooo 86-94
(fine to medium, multicolored) with Glacial deposits: Lower sandstone:
traces of silt (brown) and clay (brown) --- 38-46 Sand (very fine to coarse, tan) and gravel Sandstone (shaly, very fine, gray) -----——=-= 94-104
Clay (brown), silt (brown), sand (very (fine to medium, multicolored; coal Sandstone (very fine to fine, gray) ------=-= 104-110
fine to very coarse, tan), and gravel fragments, 21-28 ft) —--==-=s-cme—meeeooo_ 8-28 Sandstone (very fine to fine, gray) with
(medium to coarse, multicolored) ——=——=——wum- 46-65 Clay (dark gray), silt (gray), and sand thin layers of siltstone (gray) --==-==--== 110-118
Marshall Formation: (very fine to fine, tam) —-=--=--eeee____ 28-32 Sandstone (very fine to finme, gray) --------- 118-128
Upper sandstone: Sand (fine to very coarse, multicolored) and Sandstone (shaly, very fine, gray) -----—-—--- 128-132
Sandstone (silty,very fine to fine, gray) --- 65-67 gravel (fine to coarse, multicolored) ----- 32-42 Sandstone (very fine to fine, gray) --------=- 132-137
Upper siltstone: Marshall Formation: Lower siltstone:
8iltstone (shaly, gray) —-------c—cmmmmme—eo_ 67-75 Upper sandstone: Siltstone (shaly, gray) —-—--—--==-———————eaeoo 137-142
Lover sandstone: Sandstone (silty, very fime to fine, gray) -- 42-46 Sandstone (shaly, very fine,gray) ----------- 142-144
Sandstone (very fine to fime, gray) --------- 75-90 Sandstone (very fine to medium, gray) —--ewo- 46-53 Siltstone (shaly, gray) --=--—=---=—cem—meao_o 144-146
Sandstone (very fine to fine, gray) Upper siltstone: Sandstone (shaly, very fine, gray) -------=-- 146-152
vith thin layers of siltstone (gray) —------ 90-10 Siltstone (shaly and sandy, gray) ---—————__ 53265 Shale:
Fhale (gray)  S=soctenntaatettomessnthe s o 152-156
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Vell Depth
aumber Lithology feet
E30 Fill (mostly from foundary nearby) -----eceeeoo 0-12

Glacial deposits:
Sand (medium to very coarse, multicolored) and
gravel (fime to medium, multicolored) ----- 12-17
Peat (black) and clay (black) =-—=--eemuea ———— 17-21
8ilt (dark gray to black), sanmd (very fine,
tan), peat (black), and clay (dark gray

to black) === e 21-29
S8and (very finme to very coarse, mostly tan)

and gravel (fine, multicolored) --=ceeeee-- 29-44
8and (very fime to fine, tam), silt (tanmn),

and clay (tan to dafk gray) —------eccmeeuoo 44-62

8ilt (gray to tan), sand (very fine to medium,
tan), gravel (finme to medium,
multicolored) --—--=-mreemcee e 62-75

Clay (gray to tamn) 75-78
Sand (very fine to med

some silt (gray) and clay (gray) —------neo 78-81
Cley (BTay) —r——=cemere s r e s e e n e - 81-84

Clay (gray), silt (gray), sand (very fine to
fine, tan), and gravel (fine,
multicolored) —~——ccmmmm e 84-91
Marshall FPormation:
Lower sandstone:

Sandstone (very fine to fine, gray) =--=--=--- 91-102
Sandstone (shaly, very fine, gray) --======-= 102-106
Sandstone (very fine to fine, gray) ---—-=-=-=--- 106-118
Lover siltstone:

Siltstone (shaly, gray) --=-—-=—--cemecemeeeeo- 118-120
Sandstone (silty, very fine, gray) ------==--- 120-123
S8iltstone (shaly, gray) =-=—=—=c-cecccccececcaa- 123-128
Sandstone (shaly, very fime, gray) ---===-=-- 128-133
Shale:

Shale (dark gray) -—=-=-—=meeecccccccccccmca—o- 133-139

E31 Topsoil (dark brown) —-—--—-------—mome—oooo—eo— 0-2

Glacial deposits:

Clay and organic matter (black) 2-4
8and (fine, tan) -—------mecemmecccc—ca- 4-5
Sand (medium to coarse, tan) -——————--=-—=--- 5-6
S8and (medium to coarse, tan) and some gravel

{fiwe, multicolored) —====su-conareone=tmo~ 6-10

Table 3.--Description of rocks and soils from wells drilled

by U.S. Geological Survey--Continued

Vell 1 Depth
number Lithology feet
E32 Glacial deposits:

Sand (very finme to medium, tam), silt
(brown), and traces of gravel (fine,
multicolored) =====mmmmcm e ———————
Sand (fine to medium, tan)
Marshall Formation:
Upper sandstone:

Sandstone (very fine to medium, gray) ------- 25-35
Sandstone (silty, very finme to fime, gray) -- 35-37
Sandstone (very fine to medium, gray) ------- 37-60
E338 Glacial deposits:
Sand (very fine to medium, tan) with
some silt (tan) and clay (tan) -=-===-ce—=- 0-9
Sand (fine to very coarse, tan) and
gravel (fine, multicolored) ----==--eeeeeao 9-18
E33D Glacial deposits:

Sand (very fine to medium, tan) with

some silt (tan) and clay (tan) -==-=--==-===-- 0-9

Sand (fine to very coarse, tan) and

gravel (fine, multicolored) =-—====-=c=—e=- 9-21

Sand (very fine to very coarse, tan)
and gravel (fine to medium, multicolored)
with traces of silt (brown) and clay; some

coal fragments --———--cmmmmemmmmmm— e 21-34

Marshall Formation:
Upper sandstone:

Sandstone (very fine to medium, gray) ------- 34-57
Sandstone (silty, very finme to finme, gray) -- 57-63
Sandstone (very fine to medium, gray) ------- 63-70
Siltstone (gray) -——-m-ec—mmmeemmmmm————— 70-74
Sandstone (very fine to fine, gray) ---- 74-93
Siltstone ('r.’) ----------------------- 93-95
Sandstone (very fine to fine, gray) --------= 95-106
Upper siltstone:
Siltstone (shaly, gray) —-m-mmmm——-mmm—————o- 106-111
Lover sandstone:
Sandstone (shaly, very fine to fine, gray) -- 111-120
Sandstone (very fine to fime, gray) --------< 120-136
Sandstone (very fine to fine, gray) vith
layers of siltstone (gray) --------==-===-= 136-145
Lowver siltstone:
Siltstone (shaly, gray) -——=—mm----m-——---o-== 145-148
Sandstone (shaly, very fine, gray) - 148-150
Siltstone (shaly, gray) —-----=m--—========-- 150-156
Sandstone (shaly, very fime to fine, gray) -- 156-165

Well Depth
number Lithology feet
E33D Bhale:

(cont.) Shale (dazk gray) =roseeccmccmesonncnone e 165-170
E34 Glacial deposits:

Sand (very fine to very coarse, tan) and
gravel (fine to medium, multicolored; coal
fragments 19-23 ft) with traces of silt
(brown) and clay (gray-black) ——---=cceee=- 0-30
Marshall Formation:
Upper sandstone:

Sandstone (very fine to medium, gray) ------= 30-53
Sandstone (silty, very fine to fine, gray) -- 53-56
Sandstone (very fine to medium, gray) ------- 56-62
Sandstone (shaly, very fine to fime, gray) -- 62-71
Sandstone (very fine to medium, gray) -=-=----= 71-76
Upper siltstone:
Siltstone (sandy, brown to light gray) =------ 76-82
Lower sandstone:
Sandstone (very finme to finme, gray) ---====== 82-89
Sandstone (shaly, very fine to fime, gray) -- 89-104
Sandstone (very fine to finme, gray) -~----=-= 104-115
Sandstone (shaly, very fine to fine) - 115-117
Sandstone (very fine to fine, gray) ---=-=---=- 117-125
Lowver siltstone:
Siltstone (shaly, gray) ~==--—sccccccccccca== 125-129
Sandstone (silty, very fine to fine, gray) -- 129-133
Siltscons (Dhaly; gray) wrmrescmereccccsnnsewas 133-136
Sandstone (shaly, very fine to fine, gray) -- 136-146
Shale:
Shale (dark ZEaYy) ~—————r—rmececemas—eeecec e 146-155
E358 Glacial deposits:
Sand (medium to coarse, tan) with traces
of gravel (fine, multicolored) 0-7

Ssand (fine to very coarse, tan) and gravel
(fine to medium, multicolored) with
traces of silt (brown) and clay (brown
to black) ~==rmsmmmeemcccce e e e e e e e —— 7-11
Sand (medium to very coarse, gray to brown) and
gravel (fine to medium, multicclored; some

C0%]l ETARMARER ] et mimm e e b o e e e 11-22
E35D Glacial deposits:
Sand (medium to coarse, tan) with traces of
gravel (fine, multicolored) ----=---eceea—- 0-7

Sand (fine to very coarse, tan) and gravel
(fine to medium, multicolored) with traces of
silt (brown) and clay (brown to black) =---- 7-11
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Table 3.--Description of rocks and soils from wells drilled
by U.S. Geological Survey--Continued

Well Depth
number Lithology feet
E35D Glacial deposits:
(cont.) Sand (medium to very coarse, gray to brown) and
gravel (fine to medium, multicolored; some
coal fragments) ~--—---—-mmeeemcmccmccccce——- 11-22
Sand (very fine to coarse, gray to tan; some
coal fragments) —~—=—mmmmmcmcm e 22-30

Sand (very fine to very coarse, tan to gray)
fine gravel (fine to coarse with some
cobbles, multicolored) ——==——--cmmmmmeeo 30-36
Marshall Formation:
Upper sandstone:

Sandstone (very fine to medium, gray) ------- 36-50
Sandstone (silty, very fine to fime, gray) -- 50-54
Sandstone (very fine to fine, gray) --------- 54-63
Sandstone (shaly, very fine to fine,
gray with traces of brown) -—-===-=~ F ot oo e 63-68
Sandstone (very fine to medium, gray with
traces of brown) -—=—=-—mmemm—cecmme e 68-77
Upper siltstone:
Sandstone (shaly, very fine to finme, gray) -- 77-81
E36 Glacial deposits:

Sand (fine to medium, tan) and gravel
(fine, multicolored) with traces of
silt (brown) and clay (browmn) --=----ec--oo 0-11
Peat (black) and clay (black) -—=—--ceemmmmaao 11-14
Sand (fine to very coarse, tan) and
gravel (fine to coarse, multicolored)
with several silty zones -——==--eecceeemeoo—o 14-34
Sand (very fine to very coarse, tan), gravel
(fine to coarse, multicolored), silt (gray),
and clay (gray) ———c---mcmm e 34-37
Marshall Formation:
Upper sandstone:
Sandstone (very fine to medium, gray) ------- 37-76
Sandstone (silty, very fine, gray)
Upper siltstone:
Siltstone (shaly, gray to brown) -——-—eceeeao
Lower sandstone:
Sandstone (very fine to fine, gray)
Siltstone (shaly, gray) -—=——--ccemmmmmm
Sandstone (very fine to fime, gray)
Sandstone (very fine to fime, gray) with
siltstone (gray) in layers =——=--eememeeeooo 103-112
Sandstone (very fine to fine, gray) ------—--- 112-125
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