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TABLES

Table 1.  Grain-size distribution data from the study sites.........ccccccrvvrrrnvinnirencnenene. 12

2. Computed hydraulic properties from the pumped-well tests at the study

CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM

Multiply By To obtain

inch (in.) 25.4 millimeter

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

foot per mile (ft/mi) 0.1894 meter per kilometer
foot per minute (ft/min) 0.3048 meter per minute
foot squared per day (ft2/d)! 0.09290 meter squared per day
cubic foot per day (ft3/d) 0.02832 cubic meter per day
pound (Ib) 453.6 gram

pound per foot (1b/ft) 1.488 kilogram per meter
ton per square foot (ton/ft2) 95.785 kilopascal

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

1 This is the unit used to express transmissivity, a measure of the capacity of an aquifer to transmit
water. Conceptually, transmissivity is cubic feet (of water) per day per square foot (of aquifer area)

per foot (of aquifer thickness). In this respect, the unit is reduced to its simplest terms.
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HYDRAULIC PROPERTIES OF THREE TYPES OF
GLACIAL DEPOSITS IN OHIO

By Michael L. Strobel

ABSTRACT

The effects of thickness, grain size, fractures,
weathering, and atmospheric conditions on
vertical ground-water flow in glacial deposits were
studied at three sites in Ohio that represent ground
moraine, end moraine, and lacustrine depositional
environments. Vertical hydraulic conductivities
computed from pumped-well tests were 3.24 x
107 to 6.47 x 10" f/d (feet per day) at the site
representing end moraine and 1.17 ft/d at the site
representing lacustrine deposits. Test data for the
site representing ground moraine could not be
used to calculate hydraulic conductivities, but the
data indicate that ground water flows through the
total thickness of deposits in response to
discharge from a lower gravel unit. Vertical
hydraulic conductivities computed from pumped-
well tests of nested wells and data from drill-core
analyses indicate that fractures affect the
migration of ground water downward through the
glacial deposits at these sites. Flow through glacial
deposits is complex; it is controlled by fractures,
grain-size distribution, clay content, thickness,
degree of weathering, and is also affected by
atmospheric conditions.

INTRODUCTION

The sedimentology and structure of
Pleistocene glacial deposits affect the hydraulic
characteristics and the amounts of infiltration
that recharge glacial and bedrock aquifers in
Ohio. Variations in ground-water flow can
result from variations in the composition,
texture, and structural character of the
deposits. These deposit variations can cause
differences in hydraulic properties over short
distances.

Purpose and Scope
This report identifies some of the
characteristics that control the hydraulic

properties and affect ground-water flow in
ground moraine, end moraine, and lacustrine
deposits. Three sites selected to represent the
generalized types of till-bearing glacial and

lacustrine deposits in Ohio are discussed. Grain
size, fractures, and composition were analyzed
by use of texture analysis; pumped-well tests,
mapping of core stratigraphy, and cobservation
of long- and short-term fluctuations of water
levels in response to precipitation, evapotran-
spiration, and atmospheric-pressure changes
were also analyzed.

Previous Investigations

The composition of glacial deposits can be a
factor in the rate of ground-water flow. The
dissolution of carbonate minerals in glacial
deposits, particularly till, produces secondary
porosity that increases the permeability.
Cartwright and others (1977) observed differ-
ences in the hydraulic conductivities in
laboratory analysis of leachate movement
through various mixtures of sand and clay
containing either montmorillonite, kaolinite, or
illite. Volume shrinkage caused by the oxidation
of minerals can enhance the development of
fractures and can modify hydraulic conductivity
(Hendry and others, 1986). In contrast,
secondary mineralization of the matrix or along
fractures can decrease hydraulic conductivity.

In sediments, intrinsic permeability is a
function of particle size (Summers and Weber,
1984; Shepherd, 1989) and grain-size distribu-
tion (Wenzel, 1942; Masch and Denny, 1966;
Beard and Weyl, 1973). In general, the larger
the median grain size and greater the degree of
uniformity of a sediment, the greater the
intrinsic permeability.

Previous investigations of the hydraulic
properties of glacial tills in the Midwest and
Great Plains of North America commeonly have
divided tills into two units; brown, weathered
till overlying gray, unweathered till (Hendry
and others, 1986; Keller and others, 1986;
Hendry, 1988). Fractures associated with
weathering in tills can result in hydraulic
conductivities that are one to three orders of
magnitude greater than those in unweathered

INTRODUCTION 1



tills (Grisak and others, 1976; Prudic, 1986;
Keller and others, 1988).

Hydraulically conductive fractures
generally are not present in thick, unoxidized
tills of the Great Plains (Keller and others, 1988;
Keller and others, 1989). Field observations and
core analyses in Ohio indicate that fracture
occurrence is sparse in the unoxidized tills near
the oxidized-unoxidized contact and absent
beneath this contact. Keller and others (1986)
documented fracture permeability at the base of
an unweathered till unit 59 ft thick in western
Canada. Comparison between field and
laboratory hydraulic conductivities (Norris,
1962) show differences of as much as three
orders of magnitude in data from tills in Ohio
and South Dakota. The differences between
hydraulic conductivities in the laboratory and
field tests may be caused by interconnected sand
lenses and fractures in the field that are not
represented in laboratory samples (Sharp,
1984). Bradbury and Muldoon (1990) found
hydraulic conductivities measured in laboratory
samples to be as much as two orders of
magnitude lower than hydraulic conductivities
calculated from field tests on the same
materials.

The amount of recharge that passes through
glacial deposits also is affected by the degree of
evapotranspiration. In glacial deposits in the
Great Plains, most of the potential recharge
from precipitation that penetrates into
weathered tills is lost to evapotranspiration
(Cravens and Ruedisilli, 1987; Hendry, 1988). In
Ohio, about 70 percent of the annual precipita-
tion is returned to the atmosphere by
evapotranspiration (Shindel and others, 1990).

As part of the Midwestern Basins and
Arches glacial and carbonate Regional Aquifer-
System Analysis (MBA-RASA), the sedimento-
logical and structural characteristics of glacial
deposits were analyzed at three sites in Ohio to
determine the effects of these characteristics on
ground-water flow through till, with emphasis
on estimation of quantities of recharge to
underlying aquifers.

Geologic Setting

The bedrock units in Ohio that are present
as subcrops beneath glacial deposits or crop out

consist of Paleozoic sedimentary rocks that
range from Ordovician to Permian age (west to
east, respectively) across the State (fig. 1).
Ordovician bedrock in Ohio is mostly calcareous
shale, argillaceous and (or) cherty limestone,
and fine, clastic rock (Bugliosi, 1990). Silurian
bedrock in Ohio consists mainly of limestone
and dolomite, with evaporites and dolomite that
grades into shale in the upper part of the
Silurian sequence (Shearrow, 1957; Janssens,
1977). The Lower and Middle Devonian rocks
are predominantly limestones, whereas the
Upper Devonian consists of the Ohio and
Olentangy shales.

The regional structure in Ohio is due mainly
to the Cincinnati Arch in southwestern Ohio
and the Findley Arch in northwestern Ohio
(fig. 1). The dips on either side of the arches are
gentle, only 5 to 10 ft/mi in the northwest and
approximately 25 ft/mi along a line extending
from western to central Ohio (Norris and Fidler,
1973).

Approximately two-thirds of the State is
overlain by Pleistocene deposits (fig. 2); most are
of Wisconsinan age and represent three major
stages: Early, Middle, and Late Wisconsinan.
The Early and Late stages of Wisconsinan
glaciation represent extensive ice advances into
southern Ohio (Dreimanis and Goldthwait,
1973). The Middle Wisconsinan is distinguished
by the development of soil such as the Sidney
paleosol (Gooding, 1975). Advances by the Late
Wisconsinan Laurentide ice sheet removed
evidence of prior glaciations in many places by
eroding the surface and incorporating earlier
deposits with those transported by the glacier.
In many places, the ice sheets overrode and
deposited sediments on top of earlier deposits.
The resulting composite landforms contain
sedimentologic sequences from multiple glacial
advances.

The composition of till in the surficial
deposits mainly depends on glacial-flow paths
and local geology. Although most of the mineral
composition of a till is representative of local
bedrock, about 4 percent of the material in Ohio
moraines was transported from the Canadian
Shield north of the study area (Strobel and
Faure, 1987). This material was transported
englacially, whereas most transport and
deposition occurs along the base of the ice.

2 HYDRAULIC PROPERTIES OF THREE TYPES OF GLACIAL DEPOSITS IN OHIO

































Table 1. Grain-size distribution data from the study sites--Continued

Lacustrine Deposits

Sample Grain size

number -5 -4 -3 -2 -1 0 1 2 3 4 >4
3-1 0.00 0.00 1.11 0.61 1.27 287 6.36 24.54 38.20 10.67 14.37
3-2 .00 .00 .00 51 127 204 6.04 4275 20.42 4.33 2265
3-3 .00 .00 .45 1.82 6.78 10.15 12.06 18.65 1993 4.09 26.07
3-4 .00 .00 91 178 528 13.10 2737 31.74 1036 3.25 6.20
3-5 .00 .00 .00 62 220 278 457 732 1056 5.82 66.13
3-6 .00 .00 11.25 1.72 2,05 255 305 438 565 399 6537
3-7 .00 .00 332 180 177 277 346 6.16 582 3.57 71.33
3-8 .00 .00 b57 411 770 816 656 6.79 582 4.45 55.85
3-9 .00 .00 .00 .76 .38 .13 .19 44 .70 1.01  96.39
3-10 .00 .00 .00 .29 .46 .69 .87 1.04 167 1.50 93.48
3-11 .00 .00 .00 .68 42 42 53 132 6.90 1359 76.13
3-12 .00 .00 .00 .40 17 17 29 6.14 5454 1843 19.86

fine-grained sediments in the upper, weathered
tills to the lower, unweathered tills by water
flow along fractures. The eluviation of the
clay-size fraction from the weathered tills is
represented by an increase in the coarser
sediments in a grain-size distribution curve.
Sample 1-10 is poorly sorted, ranging from a
medium gravel to silt and clay. Sixty-five
percent of sample 1-11 is a well-sorted, coarse-
to-medium sand; the remainder of the sample is
distributed between very coarse sand to silts
and clays. Samples 1-12 and 1-13 are both silt,
clay, and minor amounts of poorly sorted gravels
and sands.

The upper sections of the core from site 2,
representing end moraine, have grain-size
distributions similar to those of the tills at site
1. The entire core is primarily silt and clay and
some sand and gravel, except for sample 2-11,
which is poorly sorted medium gravel to silt and
clay, and sample 2-16, a poorly sorted coarse
gravel. In general, the percentage of sand and
gravel in the till increases with depth from 43
percent in sample 2-14 to 55 percent in sample
2-19. All samples from 2-14 to 2-19 contain
larger percentages of gravel than sample 2-20,
the sample representing the lower unit
confining the gravel unit that was pumped.

The samples from site 3 represent lacustrine
deposits and are much more diverse in
grain-size distribution than samples from the
other two sites. Samples 3-1 and 3-2 are both 63
percent well-sorted, medium-to-fine sand
(sample 3-2 is the coarser). Sample 3-3 is poorly
sorted, ranging from granules to silt and clay.
Sample 3-4 is well-sorted, coarse-to-medium
sand. Lacustrine deposits of silt and clay are
found in samples 3-5 to 3-9. Some coarser
materials are found in samples 3-5 to 3-8 but are
almost nonexistent in 3-9. Sample 3-10 was
mapped as till, but its grain-size distribution
resembles that of sample 3-9 (lacustrine
deposit). Sample 3-11, also a till, is mainly silt
and clay that contains some fine to very fine
sand. The aquifer, represented by sample 3-12,
is a well-sorted, fine to very fine sand.

Estimates of hydraulic conductivity (K)
based on grain-size distribution (Norris and
Fidler, 1965; Summers and Weber, 1984)
indicate a significant relation between K and
grain size. These estimates, however, are based
on the assumption that the permeability of a
sediment is controlled by intergranular flow. In
clay-dominated sediments such as tills and
lacustrine  deposits, secondary porosity
attributed to fractures can be the dominant
effect on ground-water flow. Because of this
factor and because of the inconsistency of glacial

RESULTS OF GRAIN-SIZE DISTRIBUTION ANALYSES 13



GRAIN-SIZE ANALYSIS

PERCENT FINER VS GRAIN SIZE
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Figure 8. Grain-size distribution at site 1.
deposits, including thickness, texture, and Bradbury and Muldoon (1990) found

composition both vertically and laterally,
quantitative analysis of the relation between
grain-size distribution and hydraulic
conductivity is difficult.

laboratory measurements of K to be signifi-
cantly lower than those measured in field tests
and concluded that laboratory measurements of
K are of little use. Driscoll (1986) warns that no
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GRAIN-SIZE ANALYSIS
PERCENT FINER VS GRAIN SIZE
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Figure 9. Grain-size distribution at site 2.

accurate method of calculating K by grain-size
distribution is yet available. For the purposes of
this study, grain-size analysis simply offers a
means of observing lithologic changes in the
geologic column and illustrates the similarities
and differences of tills at a particular site.

HYDRAULIC PROPERTIES OF
SELECTED GLACIAL AND
LACUSTRINE DEPOSITS

The hydraulic properties of the study sites
were determined by evaluating the relation of

HYDRAULIC PROPERTIES OF SELECTED GLACIAL AND LACUSTRINE DEPOSITS 15



PERCENT FINER (BY WEIGHT)

GRAIN-SIZE ANALYSIS
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Figure 10. Grain-size distribution at site 3.

geologic setting and textural variations with the
results of pumped-well tests. The effects of
fractures and atmospheric conditions on
ground-water flow were identified.

Results of Pumped-Well Tests

Pumped-well tests were conducted at three
sites to determine the hydraulic properties of

the glacial and (or) lacustrine deposits at each
site. Each site represented a different type of
surficial deposit found throughout western
Ohio, and included ground moraine, end
moraine, and lacustrine deposits.
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Figure 14. Drawdown curves from pumped-well test at site 1 and best fit for well 1-4, August 1-7, 1990.

important factor in analysis of pumped-well
tests. Moench (1985) describes well-screen or
formation plugging as a thin “skin” of low
permeability that can strongly affect the
drawdown response of a well. The lag in
response, however, could also be the result of a
poor hydraulic connection with the hydrologic
unit being pumped from well 1-4 even though
wells 1-1 and 1-4 are screened at equal depths.

Well 1-2 is screened partly in the brown,
weathered till and partly in the gray,
unweathered till. The bottom of the screen is
about 3 ft above the top of a gravel unit. As
indicated in figure 14, drawdown is first
noticeable after about 600 minutes (0.4 day)
after the start of the pumping and increases
during the course of the test. Water levels are
erratic until about 5,000 minutes (3.5 days)

after the start of the pumping, when the
drawdown becomes steady. Well 1-1 reflects this
steady decrease, but it is delayed by 1 day.

The large fluctuations in the drawdown in
well 1-2 during the first 5,000 minutes of the
test is probably the result of diurnal variations
in evapotranspiration affecting the water levels.
Because the screen in well 1-2 is partly within
the fractured weathered till, there could be a
hydraulic connection to the land surface that
results in changes in water levels with changes
in evapotranspiration and atmospheric pres-
sure. Well 1-1, which is screened below the
fractured till, does not exhibit similar
water-level fluctuations to well 1-2 during the
first 5,000 minutes of the test. The water levels
in both wells decline steadily after
5,000 minutes of the test, indicating that

HYDRAULIC PROPERTIES OF SELECTED GLACIAL AND LACUSTRINE DEPOSITS 21
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Figure 15. Water-level trends in wells at site 1, February 9-October 5, 1990.

drawdown resulting from the pumped-well test
has a dominant effect following that time.

Recovery measurements provided addi-
tional information for interpretation of the
hydrogeologic setting at site 1 (fig. 16). Water
levels in well 1-4 (pumped well) remained
constant when the pump was shut off, indicating
no water-level recovery in the gravel. Water
levels in wells 1-1 and 1-2 continued to drop
during recovery, probably in delayed response to
the pumping stress, but the rate of water-level
decline decreased until levels became constant
after 14 days. This period of constant levels was
followed by a steady decrease in water levels in
all three of the deep wells, continuing the trend
indicated before the pumping stress. Wells 1-3
and 1-5 continued a similar decrease as before

the pumping stress, equilibrating after about
1 month. Evapotranspiration is probably the
major cause of these water-level declines.

Similar trends in water levels in all five
wells indicate a hydraulic connection between
the weathered and unweathered tills and the
gravel. Drawdown in the gravel during pump-
ing, followed by only minor recovery, indicates
that the gravel has limited lateral extent and
that pumping from the gravel -effectively
reduced the quantity of water in storage. The
rate of recharge to the gravel through the
overlying tills depends on the amounts of
evapotranspiration and precipitation and is
controlled by the vertical hydraulic gradient
across the till.

22 HYDRAULIC PROPERTIES OF THREE TYPES OF GLACIAL DEPOSITS IN OHIO
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Figure 16. Water-level trends in wells 1-3 and 1-5 and precipitation at site 1 during the pumped-well test

and recovery measurements, August 1-22, 1990.
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Site 2--End Moraine

The bedrock geology at site 2 is the same as
described for site 1. Site 2 is underlain by the
Bass Islands Group (fig. 11).

Site 2 lies on the Powell Moraine in the
western part of Union County, where the glacial
deposits are about 73 ft thick (fig. 12). The
Powell Moraine at site 2 is composed of a
silty-clay till underlying a clayey till. The core
log and well-screen and sample depths are
illustrated in figure 6.

The pumped-well test at site 2, at the
Keckley Rural Life Center, lasted from
September 17 through October 26; recovery

measurements were made through October 29.
Discharge from the pump remained constant
throughout the test at 27.0 ft3/d.

Wells 2-1 (pumped well) and 2-2, which are
both screened the full thickness of the lower
gravel unit (fig. 6), exhibited drawdown in
response to pumping (fig. 17). Water levels in
the three wells screened in the overlying tills
changed during the test; however, the data
indicate that these changes were independent of
the pumping stress.

Trends in water levels for all wells from
April 4 through October 30, 1990, are shown in
figure 18. These water-level trends indicate that
the steady decline in well 2-3 during the
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Figure 17. Drawdown curves for wells 2-1 and 2-2 during the pumped-well test at site 2,
September 17-October 26, 1990.
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Figure 18. Water-level trends in wells at site 2, April 5-October 29, 1990.

pumped-well test was not an effect of pumping
but, rather, was part of a seasonal decline in
water levels. Wells 2-4 and 2-5 are shallow, and
water levels in these wells indicate no
correlation with pumping stress; thus, varia-
tions in water levels in these wells are probably
the result of atmospheric influences.

Closer examination of the water levels
measured during the pumped-well test in the
shallow wells (2-4 and 2-5, screened from 25 to
30 ft and 3 to 8 ft, respectively) (fig. 6) and
precipitation data indicate that the change in
water levels depends on time and on depth (fig.
19). Measurable precipitation during the
pumped-well test resulted in an initial
water-level rise in well 2-5, followed by a
delayed rise in well 2-4. Declines in water levels
in these two wells in response to pumping may
result from downward leakage of water through
the lower tills, but the effect of

evapotranspiration, observed at site 1, needs to
be considered in wells 2-4 and 2-5.

The response in well 2-5 to precipitation
indicates how fractured till affects the vertical
movement of ground water. The water level in
well 2-5 (screened in the highly fractured till in
the upper 15 ft (fig. 6) and constitutes an uncon-
fined aquifer), responds instantaneously to
precipitation then declines steadily as water
moves downward through the underlying till or
out of the ground-water system through evapo-
transpiration.

The response to precipitation in well 2-4
(screened within the gray, unfractured till)
indicates that water flows into this unit;
however, the small amount of time required for
the water-level rise in relation to precipitation
indicates purely advective ground-water flow is
improbable in this situation. The delayed rise in
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water levels in well 2-4 may be attributed to
fractures extending as deep as 25 to 30 ft in the
till but undetected during core analysis. The
fractures would provide conduits for vertical
ground-water flow and result in response in
water levels to precipitation. In additjon, the
water-level rise in well 2-4 could partly result
from increases in formation pressure caused by
trapped air below an advancing wetting front
caused by precipitation.

Fractures were not apparent in the gray,
unweathered till in cores from site 2, as is
typical for most locations in Wisconsinan till
cited in the literature. Field mapping completed
in Union County as part of this study, however,
showed that the gray till is fractured near the
unoxidized/oxidized contact at nearby stream-
cut exposures. The fractures are generally
random, and highly fractured and unfractured
zones are found within the same till unit.

Although fractures were not observed in
cores containing the gray till at site 2, the rise in
water levels in response to precipitation in
well 2-4 indicates that some extent of fracture
permeability may affect vertical ground-water
flow throughout at least a part of the
unweathered till in this area. Keller and others
(1988) observed fracture permeability in
unweathered tills in laboratory and field tests in
a similar glacial setting in Saskatchewan,
Canada. Their study, as well as field
observations in Union County for this study,
indicate that fractures are present in the
unweathered till but may not always be evident
in cores.

Fractures in the unweathered till at site 2
may be subject to increased formation pressure
with depth, which may result in decreases in the
fracture apertures and, in turn, decreases in the
hydraulic conductivity of the tills with depth.
This decrease in fracture aperture, or secondary
porosity, may explain the delayed and larger
changes in water levels in well 2-4 after
precipitation compared to water levels in well
2-5 for the same periods.

Effects from pressure increases due to
trapping of air below an advancing wetting front
also may play a role in explaining the
water-level trends in wells 2-4 and 2-5. Todd
(1980, p. 239-240) expresses the relation

between a rise in water level and infiltration
from precipitation by

m
Ak = H——_m(IO)m, (D
where m is the thickness of the
saturated zone resulting

from infiltrating precipita-
tion, in feet;

H is the thickness of the zone
containing  interconnected
air-filled pores (zone of
aeration), in feet; and

A h is the change in water level,
in feet.

According to this equation, the rise
attributed to increased pressure can be large.
For a shallow water table, the rise in water
levels can be an order of magnitude larger than
the depth of the infiltrating precipitation
because of trapped air (Todd, 1980). This effect
dissipates rapidly, however, as air escapes
upward through the wetting front.

The minor changes in water levels in wells
2-4 and 2-5 with respect to precipitation during
the early part of the pumped-well test (fig. 19)
may indicate a moisture content in the tills of
less than or equal to the specific retention. As a
result, most of the water infiltrating the tills
was held initially by capillary tension. The
moisture content exceeded the specific retention
after about 21 days of the pumping stress
because of the effect of precipitation (fig. 19),
which resulted in water-level responses to even
minor amounts of precipitation after this period.
The slow, steady increase in the water level in
well 2-4 after 21 days (fig. 19) may indicate the
advance of a wetting front downward through
the till; however, the expected rapid dissipation
of this effect described by Todd (1980) is not
apparent. Whether the rise in water levels in
well 2-4 is due to decreases in porosity with
depth as fracture apertures decrease is
uncertain.

Water levels in well 2-3 decrease seasonally
(fig. 18). Multiple silt, sand, and gravel horizons
intersect the screened interval (45-50 ft) and are
probably hydraulically connected to a lower
gravel unit (65-67 ft) indicated by the rate of

26 HYDRAULIC PROPERTIES OF THREE TYPES OF GLACIAL DEPOSITS IN OHIO



2.00 T
Well 2-5

3.00 Depth of screen 3-8 feet.

4.00

WATER-LEVEL DEPTH
BELOW LAND SURFACE
DATUM, IN FEET

5.00 ,

Well 2-4

6.00 |- Depth of screen 25-30 feet.
7.00 -

8.00 |-

WATER-LEVEL DEPTH
BELOW LAND SURFACE
DATUM, IN FEET

9.00 -

10.00 —1

0.20 T

L r

PRECIPITATION,
IN INCHES

0.10 |- .
0.00 L..l__l..‘ | -
0

[
LL— ] — |
20

30 40

TIME, IN DAYS, FROM BEGINNING OF PUMPED-WELL TEST

Figure 19. Water-level trends in wells 2-4 and 2-5 and precipitation during the pumped-well test and
recovery measurements, September 17-October 29, 1990.

water-level decline in well 2-3 compared to the
declines observed in wells 2-1 and 2-2. The
higher hydraulic head in well 2-3 indicates a
downward gradient compared to heads in
wells 2-1 and 2-2. The lack of response in
well 2-3 to the pumping stress, however,
indicates that although ground water may flow
vertically through the lower till, the hydraulic
connection of the till to the lower gravel is
complex or possibly nonexistent. The decline in
the water levels in well 2-3 may illustrate the
effect of the reduction in available recharge due
to evapotranspiration from overlying layers.

Wells 2-1 and 2-2 are screened in gravel that
is present at 65 to 67 ft below land surface

(fig. 6). Well 2-1 extends to the bottom of the
gravel unit (67 ft) and has no bentonite seal on
the bottom of the casing. Well 2-2 (73 ft) is
sealed from the bedrock with bentonite. At least
3 ft of dry, silty clay separates the gravel unit
from the underlying bedrock.

Steady-state  conditions observed in
drawdown curves for the pumped-well test
indicate leakage through either the upper,
lower, or both confining units to the gravel
(fig. 17). Physical indications of downward
leakage include numerous saturated sand and
silt layers overlying the gravel, dry clay
underlying the gravel, slightly higher
percentages of silts and clays in the layer
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underlying the gravel than in the nearest layers
overlying the gravel, and a downward hydraulic
gradient evident in the water-level measure-
ments in the wells all indicate downward
leakage. Quantitative analysis of these factors
is not possible because of the lack of hydrologic
information on the units underlying the gravel.
On the basis of the stratigraphic and
hydraulic-gradient  information  available,
however, downward leakage is assumed.

Hantush and Jacob (1955) considered
leakage from a single confining unit as applied
to results of aquifer tests. Their method does not
account for water released from storage in the
compressible confining units and, therefore,
may overestimate the drawdown at early time
(Moench, 1985). In this study, however, the
small amount of stress applied to the gravel and
confining units during the pumped-well test
probably results in a minor contribution from
storage in the confining units. Therefore, the
Hantush and Jacob (1955) method was selected
for application.

The Hantush and Jacob (1955) method is
based on the following assumptions: (1) The
aquifer is homogeneous and isotropic; (2) the
aquifer has an infinite areal extent; (3) the
pumped well is fully penetrating, and a constant
pumping rate is maintained; (4) the well has an
infinitesimally small diameter; (5) the aquifer is
overlain, or underlain, everywhere by a confin-
ing unit having a uniform hydraulic
conductivity and thickness; (6) the confining
unit is overlain, or underlain, by a unit with
infinite areal extent and constant head; (7)
there is no release from storage in the confining
unit; and (8) flow in the aquifer is horizontal,
whereas flow in the confining unit is vertical.

For site 2, assumptions 1, 2, 5, 6, and 8 are
considered valid for the zone of influence of the
pumped well. The pumping rate (assumption 3)
varied throughout the pumped-well test because
of variations in the gas pressure to the pump
and changes in the water pressure in the well as
water levels declined. The pumping rate was
adjusted throughout the test, however, to keep
errors to a minimum. The diameter of the
pumped well (4 in.), coupled with the low
pumping rate, may make assumption 4 a source
of error in the analysis. This error can be
overlooked if only data collected about

60 minutes after the test was started (the time
required to drain well-bore storage with
simultaneous recharge to the well at a pumping
rate of 27 ft/d) are used in the analysis.
Assumption 7 may not be entirely met at site 2,
but release from confining-unit storage probably
contributes only minor amounts of water to the
gravel.

For site 2, the hydraulic gradient produced
from lowering the head in the gravel affects the
upper confining till unit, causing leakage
through the upper confining unit into the
gravel. Equilibrium in the system is reached
when the discharge from the pumped gravel
unit equals the leakage across the confining unit
to the gravel. This conceptualization is valid for
site 2 because the discharge rate was constant
throughout the test, and drawdown stabilized in
the pumped well after the initial drawdown.
Water levels are transient in well 2-2 during
much of the test (fig. 20), due in part, perhaps,
to partial dewatering of the gravel unit and to
pulses sent through the formation from cycling
of the bladder pump.

The equation for transient radial flow in a
leaky confined aquifer of infinite areal extent,
defined by Hantush and Jacob (1955, p. 98) and
later described by Walton (1962) and Wolansky
and Corral (1985), is given as:

- Q@ (L, .
R ( y 432 )dy, @)
M

where s is drawdown of the
potentiometric surface, in feet;

@ is the discharge, in ft3/d;

T is the transmissivity, in ft%/d;

B isthe leakage factor, in feet;

r is the radius from the pumped

well, in feet; and
y is the variable of integration.
The integral can be expressed as W(u,r/B)

(the leaky well function of ©), and the drawdown
in the aquifer expressed as
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. Q r t istime, in days;
s = m,w(uy E)’ (3)
K is the vertical hydraulic
) ) conductivity in the overlying
The quantity u is defined by confining unit, in ft/d; and
r2s b’ is the thickness of the overlying
U=-—, 4) . .
4Tt confining unit, in feet.

The method for obtaining values for the
function W(u,r/B) was simplified by Hantush
(1956) and later by Walton (1960) and Reed

and r/B is given by

1% = ~_’_@ (5)  (1980) by providing tables and type curves of
(T+ K ) W(u,r/B) plotted against 1/u for various values
Y of r/B. In addition, the horizontal hydraulic
conductivity (K) of the pumped aquifer can be
where S is the storage coefficient; expressed as
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, (6)

where T isthetransmissivity, in f’tz/d; anci

b is the aquifer thickness, in ft.

At site 2, the well 2-2 was in the same unit
as the pumped well (2-1) and was, therefore,
selected for analysis by means of the Hantush-
Jacob method. Because drawdown in the
pumped well was strongly affected by well-bore
storage and cycling of the bladder pump and
thus there was a large potential for error in
matching the curves, well 2-1 was omitted from
analysis. The type curve of r/B = 0.9 provided
the best match of the data from well 2-2 (fig. 20).
Match points from the curves were

W, /By = 0.1,
/u = 10,
s = 0.14ft, and
t = 0.49day.

With @ =27.0ft/d, r = 3.4 ft, b (the effective
thickness of the aquifer, although the screen is
5 ft) = 2 ft, and b’ (the approximate thickness of
the clayey till overlying the gravel and
underlying the nearest wet sand layer) = 3 ft,
the hydraulic characteristics obtained for site 2
were

T = 154ft2/d

S = 261x102

K = 3824x107!ft/d, and
K = 7.70x10! ft/d.

These calculations indicate that the vertical
hydraulic conductivity is large in comparison to
textbook ranges for till, possibly because of flow
along fractures through the upper confining
unit down to the gravel and (or) the possible
addition of water to the gravel by leakage from
the underlying confining unit, although the
previously listed arguments and the apparent
lack of fractures in the till sampled below the
gravel do not support this later argument. The
conditions of assumption 8, that flow is vertical
in the confining unit and horizontal in the
aquifer, was quantified by Hantush (1967) by
the equation

I{f.>100xg. %)

The assumption of vertical flow through the
confining unit may be valid at site 2 because of
the strong effect of vertical fractures on the flow.

Sensitivity of the results to variations in
geologic characteristics were tested by setting &
equal to 5 ft in equation 7. In this case, flow
across the entire screened interval is considered
and equation 7 applied. This consideration
affects only K, which becomes 3.08 x 10°! ft/d, or
roughly equivalent to K. By doubling the value
of & to 6 ft, the computed value of K is
6.47 x 10! ft/d. Therefore, changing the
thickness of the aquifer or confining unit by
more than double the original estimates at this
site would result in values within the same
order of magnitude and would have only minor
effects on the overall interpretation of the test
results.

Site 3--Lacustrine Deposits

The geologic setting of Sandusky County is
similar to that in Union County. The Silurian
Lockport Dolomite and the overlying Bass
Islands Group underlie most of Sandusky
County, and the Devonian Columbus Limestone
underlies the southeastern corner of the county
(fig. 11). These rocks are all part of the
carbonate-bedrock aquifer of Ohio (Bugliosi,
1990). Site 3, in Sandusky County, was selected
as characteristic of northern Ohio (fig. 3) for
several reasons: (1) The surficial lacustrine
deposits cover a large part of the county, (2)
surficial deposits are thick in southern
Sandusky County (about 120 ft to bedrock) but
are much thinner in the north, and (3) a number
of Late Wisconsinan shoreline deposits (Lake
Warren, Lake Arkona, Lake Whittlesey, and
stages of Lake Maumee) cross the county.

The glacial geology of site 3 reflects the
various lake-level changes during the
Pleistocene (fig. 7). The general stratigraphic
sequence for the area is alternating sand (shore
or nearshore deposits) and lacustrine clay units.
The clay units commonly are about 50 feet thick
in northern Sandusky County (Palombo, 1974).
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In the Green Springs area (fig. 3), lacustrine
clays ranging from a few feet to more than 60 ft
thick are underlain by continuous fine-grained
sand deposits that extend 60 to 70 ft to bedrock.

The pumped-well test at site 3, Green
Springs State Nursery, Sandusky County,
lasted from June 5 through June 20; recovery
measurements were made from June 20 through
June 26. Variations in the rate of pumping as a
result of changes in the gas pressure to the
pump and in hydraulic head presented
difficulties in maintaining a constant discharge
for the duration of the test. The most rapid
change in discharge occurred during the initial
drawdown in the well; consequently, the data
from the first 15 minutes of the test are
considered invalid for quantitative analysis.

After about 45 minutes of pumping,
fluctuations in discharge decreased, and a mean
discharge of 28.5 ft3/d was calculated for the
period from 45 to 600 minutes after the start of
the pumping. From 600 minutes (0.42 day) after
the start of the pumping through the end of the
test at 19,690 minutes (13.7 days), a mean
discharge of 27.0 ft%/d was calculated. Water
levels declined to the top of the pump at 5,480
minutes (3.8 days) and remained near this
position for the remainder of the test. This level
is approximately at or below the bottom of the
confining unit, so dewatering of the aquifer may
have affected the water-level measurements;
however, as at site 2, the cyclic action of the
bladder pump permitted water levels to
fluctuate above the bottom of the confining unit
during the time between pumping cycles.

Fluctuations in discharge decrease the
period of time that dewatering affects the
pumped-well test by allowing some recovery in
the aquifer. Nevertheless, for the purpose of
accuracy, emphasis is placed on the drawdown
data before 5,480 minutes (3.8 days). The
pumped-well test was continued after the
drawdown in the pumped well reached the top of
the pump because the cone of depression and the
effects of leakage from the confining units could
still be examined.

The screens on wells 3-1 and 3-2 partly
penetrate the upper part of the confined aquifer
(fig. 7). Well 3-3 is screened within the confining
unit from 32 to 37 ft below land surface and fully

penetrates a 2-ft thick sand unit. Well 3-4 is
screened from 6 to 11 ft below land surface in an
unconfined sand unit. Water levels in well 3-4
represent the water table.

Hydraulic head declined in well 3-2 as a
result of discharge from the pumped well
(well 3-1), whereas hydraulic heads in wells 3-3
and 3-4 were unaffected by the pumping stress
(fig. 21). Closer examination of water-table
fluctuations represented in well 3-4 indicates a
correlation with atmospheric pressure (fig. 22).
This was the only observation in which
atmospheric pressure significantly affected
water levels at any of the study sites. As figure
23 shows, increases in atmospheric pressure
result in a proportional decrease in water levels
in confined aquifers (U.S. Bureau of
Reclamation, 1977, p. 156). Todd (1980,
p. 235-238) attributes changes in water levels in
wells penetrating confined aquifers to changes
in the compressive stress on the aquifer due to
changes in atmospheric pressure. This relation
is expressed as

B=-—, 8)

where B is the barometric efficiency;
vy is the specific weight of water, in
1b;

h is the change in piezometric level,
in ft; and

p is the change in atmospheric
pressure, in Ib/ft.

In unconfined aquifers, such as represented
by water levels in well 3-4, an increase in
atmospheric pressure compresses air trapped
below the water table. This compression results
in increased availability of pore space for soil
moisture and consequently, a fall in the water
table (Peck, 1960; Freeze and Cherry, 1979).

The relation between water levels and
changes in atmospheric pressure in well 3-4 is
complicated by the effects of recharge and
evapotranspiration. Although trends in the
water-level data during the pumped-well test
indicate that changes in the water table are
proportional to changes in atmospheric
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Figure 21. Water-level trends in wells at site 3, March 5-October 5, 1990.

pressure, precipitation can produce a rise in the
water table during barometric lows. The steady
decline in the water table after precipitation is
similar to that observed in the shallow wells at
sites 1 and 2 (figs. 17 and 20), where
evapotranspiration is believed to affect
water-table declines. The sharp fluctuations in
water levels and atmospheric pressure late in
the pumped-well test, however, support the
hypothesis  that  atmospheric  pressure
contributes to water-level changes in well 3-4.

The sandy texture of the materials at site 3
allows the transmission of the changes in
barometric pressure to hydraulic heads more
rapidly at this site than at the other two study
sites. The sandy soil and underlying sand units
that extend to about 7 ft below land surface and
make up a shallow, unconfined aquifer at site 3

are generally more conductive to water and
atmospheric influences than the clay-rich soils
at sites 1 and 2.

Only minor fluctuations were observed in
water levels in well 3-3 during the pumped-well
test (fig. 22), and no correlation was found
between change in hydraulic head and pumping,
precipitation, or changes in atmospheric
pressure. For these reasons, there is no
indication of vertical water flow downward
through the confining till units in response to
pumping from the aquifer.

Hydraulic-head declines in wells 3-1 and
3-2, which partly penetrate about 11 percent of
the aquifer, are in response to discharge from
the aquifer. Because partial penetration creates
vertical flow gradients near the pumped well,
the effects of partial penetration must be
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accounted for in the analysis of the test data. K: V2

Hantush (1964) concluded that the effects of r> 1'5b(IT) , 9
. . NN . r

partial penetration are insignificant in the

observation well when
where Kz/Kr is the ratio of the vertical

hydraulic conductivity to the
radial hydraulic conductivity in
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Figure 23. Relation between water levels and
barometric pressure (modified from U.S. Bureau of
Reclamation, 1977, p. 156).

the aquifer; and

b is the thickness of the aquifer, in
ft.

Kz/Kr is considered equal to 1.0 (isotropic
conditions) for the conditions at site 3 because
there is insufficient evidence from analysis of
the cores to justify an assumption of anisotropy

in this well-sorted sand aquifer. Drillers’ logs
for site 3 indicate a depth to bedrock of
approximately 90 ft, resulting in an aquifer
thickness (b) of 45 ft. The radius (r) of
observation well 3-2 from the center of the
pumped well is 3.4 ft. As a result, the effects of
partial penetration are significant in the aquifer
analysis.

Effects of the pumping on water levels were
not observed in well 3-3, which is completed in a
very fine sand and silt lens within the clay units
overlying the pumped aquifer (fig. 7). This
absence of effects indicates that the clay
deposits surrounding the screen in well 3-3 are
effectively impermeable. Therefore, water
entering the aquifer during the pumped-well
test may come from the underlying bedrock,
from release from storage in the confining unit
overlying the aquifer, or from fracture flow in
the geologic units directly overlying the aquifer.

Analyses of the geologic cores of the units
overlying the aquifer obtained during well
installation indicate that till deposits from
numerous glacial advances are present at depth
intervals of 48 to 53 ft at this site (fig. 7), and
that hydraulic properties resulting from buried
weathered surfaces are variable with depth.
Horizontal fractures lined with caliche are
present in lacustrine clays at depth intervals of
30 to 35 ft and 41 to 50 ft. These fractures are
the result of either exposure to weathering and
desiccation in the geologic past or pressure
release resulting from isostatic rebound after
retreat of the glacial ice or drainage of the
glacial lake. The presence of caliche indicates
water flow through the fractures. It is uncertain
whether the fractures still function as conduits
to ground-water flow. Water flow through the
fractures, however, is considered in the analysis
of the pumped-well test.

Two factors were considered in the analysis
of the pumped-well-test data: (1) the pumped
well partly penetrated the aquifer and thus
affected the drawdown in the nearby
observation well; and (2) the drawdown data
indicated leakage through the confining unit.
The procedures for analysis of a pumped-well
test in a leaky confined aquifer with constant
discharge from a partly penetrating well are
outlined by Hantush (1964). The assumptions of
the analysis are: (1) constant discharge is
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maintained, (2) the well partly penetrates the
aquifer and is of an infinitesimal diameter, (3)
vertical hydraulic conductivity (Kz) does not
equal the radial hydraulic conductivity (Kr) in
the aquifer, (4) the aquifer is overlain or
underlain by a unit with infinite areal extent
and wuniform thickness (b') and vertical
hydraulic conductivity (K') throughout, (5) the
confining unit is overlain or underlain by a
constant-head source bed of infinite areal
extent, (6) there is no release from storage in the
confining unit, (7) flow in the confining unit is
vertical, and (8) leakage from the confining unit
into the aquifer has no independent component
of vertical flow.

Many of these assumptions were not
completely met by the pumped-well test at
site 3. Difficulties in maintaining a constant
discharge during most of the test and
inadequate evidence to support anisotropy in
the aquifer may cause deviations from the
assumptions outlined by Hantush (1964). It is
uncertain how important water released from
storage from the confining unit is to the
analysis, but it is assumed to be minor because
of the negligible stress applied to the aquifer by
the small pumping rate. Because the deviations
from the assumptions are probably minor, the
Hantush (1964) method adequately provides
general information about the hydraulic
properties of the aquifer and the confining unit.
Adjustments to equations 2 and 3 by Hantush
(1964, p. 353) to compensate for partial
penetration are given by

_Q - ar ,d 1l d U
b ICLACS LT 3 Ik

Fy
in which
P g g L L gy
’B’ ’b’b’b,b _nz

21;15 (sin%l - sinmcg) . (sinnnlg - sinnn%—) L
n=

r21/2j

W(u, ([52+ (nnag) ) (10)

where a is (Kz/Kr)2
B is a variable of integration;
B is the leakage factor;
b is the aquifer thickness, in ft;
n is a variable of integration;

[ is the depth below the top of the
aquifer to the bottom of the
pumped-well screen, in ft;

d is the depth, below the top of the
aquifer at the top of the
pumped-well screen, in ft;

I' is the depth, below the top of the
aquifer to the bottom of the
observation well screen, in ft; and

d' is the depth, below the top of the
aquifer to the top of the
observation well screen, in ft

(Reed, 1980; Wolansky and Corral, 1985).

Practical application of the Hantush (1964)
method is extremely difficult because of the
large number of variables possible in an aquifer
setting. Reed (1980) formulated a Fortran
program that produces type curves for analyzing
aquifer data for specific variables, thereby
greatly simplifying the application of the
Hantush method. A personal-computer version
of Reed’s program was used to analyze the data
at site 3.

A wide range of 1/u values were input in
each case, thereby producing adequate
representation of the drawdown data along the
length of the curve. The r/B values each produce
specific curves of W(u,B) + f plotted against 1/u.
Matching the appropriate r/B curve to the actual
drawdown data for the observation well
(well 3-2) was done by trial and error, as was the
interpretation of the drawdown data that best
met the original assumptions of the method.
Constant @ was generally maintained between
45 and 600 minutes into the aquifer test; it then
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decreased slightly from 600 (0.42 day) through
5,480 minutes (3.8 days). For this reason,
emphasis was placed on the drawdown data
between 45 and 600 minutes after the start of
the pumping for curve matching, with less
emphasis on the data after 600 minutes because
the assumption of a constant pumping rate was
not maintained.

A curve of r/B equal to 1.5 best fit the
drawdown data for well 3-2 (fig. 24). The match
point of 1/u equal to 10 and W(x,B) + f equal to
0.1 produced values for s of 0.11 ft and ¢ of
300 minutes, or 0.21 day. Rearranging
equations 3, 4, and 6, the following values of T,
S, and K were obtained from the data for site 3:

T = 2072/,
S = 150x10%2 and
K = 4.60x102fvd.

A value for K was calculated for the unfractured
gray till unit directly above the aquifer. The
fractured till overlying this gray till was
considered to be a source bed to the confining unit
of constant hydraulic head. A thickness for &' of
3.0 ft applied to equation 5 gives K = 1.17 ft/d for
the confining unit.

If the values computed for 7', S, K, and K are
assumed to be valid, the component of vertical
flow in the confining unit is greater than the
component of lateral flow in the aquifer. This
violates the conditions of assumption 7 of
Hantush (1964) (defined in equation 7) that
states that the horizontal hydraulic
conductivity in the aquifer must be significantly
greater than the vertical hydraulic conductivity
in the confining unit. The large K for the
confining unit similar to that observed at site 2
indicates that leakage alone does not account for
the flow across this till layer and that another
factor affecting flow must be accounted for.
Although vertical fractures were not identified
in the cores from the confining unit, they may be
present and could produce a larger K than
predicted for unfractured till. If this assumption
is true, then flow across the confining unit can
exceed flow measured in the aquifer without
violating the test assumptions.

The drawdown data for well 3-2 indicates
that a flow boundary was encountered around

5,480 minutes (3.8 days) into the test, as
indicated in the sudden decline in water levels
with no change in @ (fig. 24). This could be
explained by a no-flow boundary at some
distance from the pumped well; however, the
geology of the area at site 3 precludes a no-flow
boundary because there is no evidence of any
significant changes in stratigraphy within a
mile of the test site. Another possible
explanation for the sudden water-level decline is
from a decrease in vertical flow into the aquifer
as water retained in fractures in the confining
unit is depleted. The depletion of water in the
fractured till of the confining unit could result in
a sharp decline in the hydraulic head for wells
within the cone of depression because water
would not be available. These assumptions, if
true, may account for the large K value
calculated from data obtained 45 to 600 minutes
after the start of the test.

SUMMARY AND CONCLUSIONS

Glacial deposits are complex and can result
from single or multiple erosional and
depositional events. Analysis of cores and
grain-size distributions shows that a changing
depositional environment at the study sites
produced variable stratigraphic sequences in
these glacial deposits.

Postdepositional change due to weathering
of the glacial deposits--including fracturing
resulting from desiccation, biological action
such as root growth, oxidation of minerals in the
sediments, or isostatic rebound after the retreat
of the ice sheet--may enhance ground-water
flow. The intersection of fractures with one
another and with sand and gravel lenses in the
till can produce conduits for ground-water flow
and K values orders of magnitude larger than
those in units commonly considered restrictive
to ground-water flow, such as till.

The geology at the three study sites differs
greatly. Vertical ground-water flow through the
glacial deposits at site 1 is probably enhanced by
fractures within the till. Pumped-well-test
analysis indicates hydraulic connection between
the shallow wells within the till and the lower
gravel unit; however, the analysis of the
hydraulic effects of the pumped-well test were
complicated because of the loss of water in the
weathered tills by evapotranspiration. Site 2 is
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Figure 24. Drawdown in well 3-2 resulting from discharge during the pumped-well test, June 5-20, 1980.

similar to site 1 because fractures were observed
to depths of 15 ft and transport of water through
the weathered tills was indicated; however,
there was no apparent reaction in the shallow
wells to drawdown in the lower aquifer.

The greater thickness of the unweathered
deposits at site 2, as compared to site 1, may
account for the apparent absence of vertical flow
at site 2. At site 3, water levels in observation
wells in the lacustrine deposits did not change
during the pumped-well test. Water in the
unconfined sand unit reacted to atmospheric-
pressure changes, whereas water levels within
the unit in the center of the clay sequence and
within the till units were unchanged by
pumping.

The pumped-well tests at each site provided
information about the hydraulic properties of
the aquifers and the units that confine the
aquifers (table 2). Although not quantified, the
test results for site 1 indicate that the lower
gravel unit transmits water in sufficient
quantities to exceed the capability of the bladder
pump (a pumping capacity of about 48 ft3/d).
Recharge to the lower gravel unit is from flow
through the overlying tills and is partially
controlled by evapotranspiration.

The lower gravel unit at site 2 has a
transmissivity of 1.54 ft2 /d, a storage coefficient
of 2.61 x 102 and a horizontal hydraulic
conductivity of 7.70 x 10" ft/d. These values fall
within the range of silty sand (U.S. Bureau of
Reclamation, 1977; Freeze and Cherry, 1979),
which reflects the poor sorting of these
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Table 2. Computed hydraulic properties from the pumped-well tests at the study sites

[ft>/d, feet squared per day; ft/d, feet per day; n/a, not applicable]

Horizontal Vertical
hydraulic hydraulic
Storage conductivity  conductivity
Site Transmissivity (ft2d)  coefficient (ft/d) (ft/d)
Ly n/a n/a n/a n/a
2 1.5 2.6X 102 77X 101 32Xx10!
3 2.1 1.5 X 102 46X 102 1.2

1 Difficulties with equipment at site 1 prevented collection of data suitable for
quantitative analyses of hydraulic properties.

sediments and the strong influence .of the
fine-grained component on the hydraulic
properties. The vertical hydraulic conductivity
in the confining unit ranges from 3.24 x 10! to
6.47 x 10! ft/d, which is within the same order
of magnitude as K and probably reflects fracture
flow through the confining tills.

Data from the pumped-well test at site 3
indicates that the fine to very fine sand in the
aquifer has a transmissivity of 2.07 ft2 /d and a
storage coefficient of 1.50 x 102, which are in
the same range as those computed for the gravel
unit at site 2. The horizontal hydraulic
conductivity, @ however , is much lower
(4.6 x 102 ft/d) at site 3. The horizontal
hydraulic conductivity is below the range
outlined by Freeze and Cherry (1979) for clean
sand; however, considering the small median
grain size of the sand, which probably limits the
hydraulic conductivity of the aquifer, the
horizontal hydraulic conductivity of
4.6 x 102 ft/d appears reasonable.

The vertical hydraulic conductivity of the
confining unit above the aquifer at site 3 is
1.17 ft/d. This comparatively high value may
indicate flow through fra¢tures in the till.
Fractures were not observed in the core analysis
at this depth; however, the presence of fracture
permeability at the base of a nonweathered till
has been documented by Keller and others
(1986) for a till in Saskatchewan, Canada. At
site 3, the multiple glacial advances may have
buried weathered till units below later glacial
and lacustrine deposits. Although not observed
in the cores, buried weathered tills may be

present, and if so, could produce fracture flow at
the base of unweathered, unfractured till units.
The estimated vertical hydraulic conductivity
may be questionable, however, if the analysis is
affected by water released from storage in the
confining unit or by significant anisotropy in the
aquifer that results in a large upward
component of flow.

The grain-size analyses provide information
on the lithologies of the glacial deposits;
however, these analyses do not account for other
characteristics that affect ground-water flow,
such as fractures and secondary mineralization.
The horizontal hydraulic conductivities
calculated from the grain-size analysis are not
considered valid for these sites because of the
large clay content of the tills and lacustrine
deposits.

This investigation outlines hydrogeologic
characteristics at three sites in Ohio. The
quantitative analysis and evaluation provide
one possible interpretation of the mechanisms
controlling ground-water flow through surficial
deposits. Additional studies of the hydraulic
properties of sediments with low hydraulic
conductivities and increased development of
analytical methodology for evaluating various
hydrologic settings would be useful for
improving an understanding of the mechanisms
that affect ground-water flow in glacial deposits.
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