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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
inch (in.) 2.54 centimeter
pound per square inch (Ib/in?) 703.1 kilogram per square meter
foot (ft) 0.3048 meter
square foot (ft%) 0.09290 square meter
cubic foot (ft) 0.02832 cubic meter
cubic foot per second (ft%s) 0.02832 cubic meter per second
mile (mi) 1.609 kilometer
square mile (mi?) 2.590 square kilometer
foot per day (ft/d) 0.3048 meter per day
million gallons per day (Mgal/d) 0.04381 cubic meter per second

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

Altitude, as used in this report, refers to distance above or below sea level.

Concentrations of chemical constituents in water are given in milligrams per liter.
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Upon closer inspection of the continuous-recorder
data, a unique feature of the ground-water-flow system
in the alluvial deposits was discovered. All of the con-
tinuous recorders measured simultaneous peaks in the
study area. An example of this response is shown in
figure 9. Recorder data for the period June 1-15, 1998
(fig. 9), shows uncommonly similar hydrographs for
recorders numbered 6, 7, and 8. A number of peaks have
been indexed to highlight this response.

Bedrock

Initially, surveillance of water levels in the bedrock
formations beneath the alluvial deposits was not consid-
ered. The shale of the Borden Formation was thought to
be an aquitard not contributing or accepting flow from
the alluvial deposits above; however, as the unique fea-
ture of corresponding simultaneous peaks in the alluvial
deposit network was documented, efforts were made to
monitor ground-water levels in the bedrock. Six aban-
doned oil-and-gas wells and one active gas well was
inventoried as part of this investigation from a potential
set of 32 oil-and-gas wells with locations on file at the
Louisville Gas and Electric Company (LG&E) and
USGS offices in Louisville (fig. 10). The locations of
the inventoried wells are shown in figure 10 (8, 12, 14,
25,27, 28, and 32); well 8 is the active gas well supply-
ing natural gas to a private dwelling and farm. Well 25
had standing water in its casing and was open to a depth
of over 340 ft below land surface, but a hydrograph
from a continuous recorder installed for 4 weeks
showed no change in water levels. Therefore, it was
assumed that this well was not hydraulically connected
to either the alluvial aquifer or any other deep, water-
bearing formation. Wells 28 and 12 were obstructed at
depths of 40 and 10 ft, respectively. Well 27 was flow-
ing at land surface, and well 13 was inaccessible for
measuring. Access was gained to well 32 and a contin-
uous recorder was installed and operated from April
1998 through January 1999. The total depth of the well
was measured at approximately 190 ft below land sur-
face. Table 1 summarizes the status of the abandoned
oil-and-gas wells in the study area.

A water-level hydrograph for well 32 is presented
in figure 11. A 2-day hydrograph, with the recorder set
on a 1-minute data acquisition interval, is presented in
figure 12. In addition to the obvious unique water-level
response, the hydrograph from the bedrock well also
displays the same simultaneous peaks as recorded in the
alluvial deposit wells. An example of this condition is
shown in figure 13.

Precipitation

A record of daily precipitation is kept at the
National Weather Service office in Louisville, Ky.,
approximately 15 mi northeast of the study area. The
total precipitation recorded for the Louisville metropol-
itan area for the period September 1996—-August 1998
was 101.89 in., resulting in a departure of +13.11 in.
from normal. Table 2 lists the monthly totals and their
departure from normal.

Ground-Water Pumpage

Ground water is used in the study area primarily for
public- and domestic-drinking-water supplies. Three
public water-supply systems operate well fields in the
study area. They are Hardin County Water District
No. 1, West Point Municipal Water Works, and the
U.S. Army Installation at Fort Knox. Table 3 summa-
rizes the ground-water withdrawals inventoried for use
in the model simulation. The location of well fields,
pumpage volume, and number of operational wells are
shown in figure 14.

Hydraulic Conductivity

A series of slug tests were done as part of this
investigation to determine in place hydraulic conductiv-
ity values for the alluvial deposits. Ten wells were tested
by quickly inserting and then removing a solid cylinder
of known volume, thereby displacing an equal amount
of water, and measuring the instantaneous change in
water level. The recovery of the water level with time
was recorded using a pressure transducer set on a loga-
rithmic time scale for data acquisition. All wells tested
were 2-in. in diameter with 10 ft of slotted screen
(screen openings of 0.10 in.). A number of tests were
made at each well with each test lasting approximately
20 seconds because of the highly transmissive nature of
the alluvial deposits. Data were analyzed using the
Hvorslev method (Freeze and Cherry, 1979), and the
average hydraulic conductivity value at each test site is
presented in figure 15.

The calculated hydraulic conductivity values from
the slug tests are of the same order of magnitude as val-
ues calculated from aquifer tests previously done in an
area just west and down river from the study area. Val-
ues for hydraulic conductivity published in USGS
Hydrologic Investigations Atlas HA-95 (Gallaher,
1964) ranged from 116 to 410 ft/d.

INTRODUCTION 15
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Figure 9. Simultaneous peaks in ground-water levels indicated at recorders 6, 7, and 8, June 1-15, 1998.
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Figure 12. Ground-water levels from recorder 9, January 18-19, 1999.
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stream discharges indicates that neither stream interacts
significantly with the ground-water-flow system. A
summary of the seepage runs is presented in figures 24a
and 24b and table 4.

Bee Branch is an intermittent stream and not con-
sidered to be an integral component of the ground-
water-flow system.

CONCEPTUAL MODEL OF THE GROUND-
WATER FLOW SYSTEM

A preliminary step in designing a numerical model
of ground-water flow is to formulate a conceptual
model of the flow system. The conceptual model is a
simplified representation of the important hydrogeo-
logic conditions of the natural flow system. Field-based
data such as aquifer characteristics, ground-water lev-
els, and infiltration rates are measured or estimated to
provide a clear and easily understood physical picture
of the flow system. Errors in the development of the
conceptual model can result in the failure of the numer-
ical model to make accurate predictions.

The hydrogeologic framework of the study area has
been divided into three layers (fig. 24). Layer 1 (or the
top layer) represents the fine-grained deposits of clay,
silt, and fine sand. Layer 1 has an average thickness of
30-40 ft and is present throughout the study area. Layer
2 represents the coarse-grained deposits of sand and
gravel; it is referred to in this report as the alluvial aqui-
fer. Layer 3 represents the bedrock. The bedrock shales
are usually considered “tight” (very low permeability)
and are assumed to form a no-flow boundary in model
designs, but water levels from recorder well 9 (fig. 13)
show a probable interaction between the bedrock and
the alluvial aquifer. The Ohio River is assumed to par-
tially penetrate layer 1 and may be in direct contact with
layer 2—the alluvial aquifer—through its course in the
study area.

The flow system receives recharge from a number
of sources. Precipitation is applied to the top of layer 1
with a positive contributing flow to layer 2. A direct
estimate of this precipitation infiltration, based on cal-
culations by Rorabaugh (1956), could be applied
directly to layer 2, thus negating the need for layer 1;
however, ground-water levels have indicated that the
water table might extend upward into the fine-grained
deposits under certain conditions, such as during
extended periods of high water on the Ohio River.
Therefore, layer 1 is included in this conceptualization

for thoroughness and possible future applications and
refinements in model design.

Additional sources of recharge include flow from
the valley wall, induced infiltration from the river, and
possible upward flow from the bedrock. Ground-water
levels indicate flow from the valley wall toward the
river in the study area. Part of the precipitation falling
on bedrock upland areas outside of the basin seeps
downward into the rock and discharges to the sands and
gravels along the contacts of the valley wall. To a much
lesser extent, layer 2 receives recharge from induced
infiltration of river water in the areas of ground-water
withdrawal along the riverbank and from floodwaters
during periods of high river stage. Lastly, layer 2 may
receive recharge from nupward flow from the bedrock
(layer 3). Normally, layer 3 would not be included in a
model design of the Ohio River alluvial aquifer, but the
unique conditions presented by the operation of the gas-
storage field make it an integral part of the model
design, even if its role is not fully understood at this
time.

The Ohio River is the dominant discharge bound-
ary of the flow system. Additionally, exact discharge
amounts from the pumped wells are known, and an
unknown amount of water may be discharging from the
alluvial aquifer to the bedrock, with the ultimate dis-
charge point being the limestones below the shale
deposits.

Steady-state conditions were assumed to exist dur-
ing the November 1997 synoptic water-level measure-
ments. The Ohio River was at or near normal pool stage
for an extended period, withdrawals from area wells
were well-documented, and, on the basis of water-level
hydrographs for November 1997, conditions existed for
the alluvial aquifer to be discharging part of its water to
the underlying bedrock.

SIMULATION OF GROUND-WATER FLOW
IN THE ALLUVIAL AQUIFER

A finite-difference numerical model was used to
simulate ground-water flow in the alluvial aquifer near
West Point. The objectives of the modeling were to test
the conceptual model of the flow system, generate the
required data sets for particle-tracking analysis, and
provide a regional-scale tool for water-resources inves-
tigations. The modular, finite-difference computer pro-
gram—MODFLOW (McDonald and Harbaugh,
1988)—was used to construct a regional, quasi- three-
dimensional, steady-state model of the flow system in
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Table 4. Seepage run results for Abrahams Run, Tioga Creek, and their tributaries

[ft3/s, cubic foot per second]

Discharge
Site Date (fts) Remarks
Seepage run number 1, September 18-20, 1996

1 9/18/96 0.087 Flow from Tioga Spring

2 9/18/96 .60 Net gain from sites 1 and 2 is 0.513 ft*/s. Site 2 is just above unnamed feeder
stream from Muldraugh Hill drainage.

3 9/18/96 484 Muldraugh Hill drainage

4 9/18/96 1.12 Main stem of Tioga Creek below a small unnamed creek, entering from the east.

5 9/18/96 .0001 Abrahams Run, upstream from Tioga Creek

6 9/18/96 Noflow  Unnamed creck that flows into Abrahams Run; streambed was wet.

7 9/18/96 1.28 Cumulative discharge from sites 1 to 6 is 1.1201 ft%/s, a gain of 0.16 ft%/s, possibly
from stored moisture in the streambed.

8 9/20/96 913 Streambed at this site is characterized by thick mud and clays with apparent high
moisture-storage content. Loss of flow is assumed because of storage.

9 9/20/96 077 Unnamed drainage feeding Abrahams Run from the east.

10 9/20/96 932 Cumulative discharge for sites 8 and 9 is 0.990 £t3/s, a loss of 0.058 ft%/s. Loss is
assumed because of storage.
Seepage run number 2, July 18, 1997

1 7/18/97 Dry Flow from Tioga Spring

2 7/18/97 418 Drainage from Muldraugh Hill. This site is the same as site 3 in Seepage run
number 1.

3 7/18/97 .707 Net gain of 0.289 ft*/s between sites 1 and 3. This location was not measured
during Seepage run number 1.

4 7/18/97 No flow  Streambed is wet indicating some storage potential.

5 7/18/97 Dry Abrahams Run, upstream from Tioga Creek.

6 7/18/97 No flow  Wet streambed

7 7/18/97 784 Cumulative discharge of 0.701 £t3/s, net gain of 0.083 /s, possibly from a release
of stored moisture in the streambed.

8 7/18/97 444 Loss of 0.34 ft/s assumed because of storage of thick mud and clays in the
streambed.

9 7/18/97 No flow  None

10 7/18/97 427 Additional loss of 0.017 ft>/s from site 8. Loss assumed because of storage of

streambed.
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the alluvial aquifer. The model code uses finite-differ-
ence formulations and an iterative algorithm (Strongly
Implicit Procedure for this application) to solve the
ground-water-flow equations at discrete and regularly
arranged points. The solution is only an approximation
because of three factors: most of the input data are esti-
mated spatially and quantitatively within an acceptable
range of hydrologically reasonable values based on
measured data; the formulations are solved discretely
rather than continuously; and the solution method is
iterative and computations are stopped once a predeter-
mined error tolerance of the difference between
observed water levels and simulated water levels is met.
Output from the MODFLOW program is used by the
particle-tracking program—MODPATH (Pollock,
1989, 1994)—to simulate ground-water-flow paths and
travel times. The combination of the MODFLOW sim-
ulation and the application of the results through the
MODPATH program provides an investigative tool for
area water-resources managers.

Equation Development

The ground-water-flow model is formed from a set
of partial differential equations: a governing equation
and equations that define boundary conditions and ini-
tial conditions. Numerical methods are used to solve a
set of algebraic equations generated by approximating
these equations. A general form of the partial differen-
tial equation governing steady-state flow of ground
water (assumed to have constant density) in a heteroge-
neous, isotropic, unconfined aquifer is:

a( 3;,) a( ah) a( ah)
= K5 |+5|-K, 7 |+5|-K,5| =0, (1)
o\ 3, o\ ") o\ e,

where
x, y, and z are the three directional variables;
K, K, and K, are the hydraulic conductivities
of the aquifer in the x, y, and z
directions; and
h is the hydraulic head in the aquifer
at the point for which the
equation is being solved.
Boundary conditions and initial conditions were
selected to represent the hydraulic conditions assumed
in the conceptual model. The governing equation and
the equations defining boundary conditions and initial
conditions were combined in a set of finite-difference

equations and solved numerically using the
MODFLOW code.

Model Assumptions

The ground-water-flow model was designed in
accordance with the following assumptions and simpli-
fications:

1. Ground-water levels during fall 1997 approxi-
mate average water levels for the modeled area during
periods of the least amount of changing hydrologic
stresses. The ground-water-flow system is considered
at steady state during this period, meaning no net gain
or loss of water occurs.

2. All simulated wells fully penetrate the alluvial
deposits.

3. Infiltration from precipitation is at a constant
rate and does not vary areally.

4. The Ohio River is hydraulically connected to
the alluvial aquifer throughout its course in the study
area.

5. The shales below the alluvial deposits may con-
tribute water to the flow system in the alluvial deposits.

6. Vertical hydraulic conductivity for each model
layer is uniform.

Model Grid and Layers

The model was discretized vertically into three lay-
ers (fig. 25). Model layer 1 represents the fine-grained
deposits of clay, silt, and fine sand in the study area.
Model layer 2 represents the coarse-grained alluvial
deposits in which all of the public water-supply wells
are screened. Model layer 3 represents the upper part of
the bedrock (shales) in the study area.

The grid design used to represent the conceptual
model of the ground-water-flow system is shown in
figure 26. The grid comprises 40 rows and 48 columns
simulating an area of 22,800 by 27,360 ft, respectively,
or approximately 22.4 mi?; grid cells are 570 ft%. The
grid rows are oriented parallel to the reach of the Ohio
River within the study area and perpendicular to the
regional ground-water-flow direction as indicated in the
conceptual model.
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SUMMARY

The alluvial aquifer near West Point, Ky., consists
of glacial-outwash deposits of Pleistocene and Recent
age underlain by shales of Early-Mississippian and
Late-Devonian age and limestones of Devonian age.
The glacial outwash is composed of medium- to coarse-
grained sand with lenses of gravel intermixed and
capped by a thick layer of fine-grained sand, silt, and
clay. The direction of ground-water flow in the sand and
gravel deposits is predominantly from the bedrock val-
ley walls toward the Ohio River and ground-water with-
drawal wells.

The presence of a gas-storage field is a unique fea-
ture of the study area. Natural gas is stored in the lime-
stones beneath the shales and alluvium; excess gas is
stored during periods of low demand and removed from
storage as the demands increase. The limestone forma-
tions provide more than 2 billion ft> of storage. The
effect from the pressurization of the field on the water
levels, ground-water flow, and water quality of the
ground water is unknown at this time. Additional mon-
itoring would be necessary to fully assess the effect of
this feature.

The alluvial aquifer receives natural recharge from
several sources—direct infiltration of precipitation,
subsurface flow from the consolidated rocks, and flow
from the Ohio River to the aquifer when the stage of the
river is higher than the adjacent ground-water levels.
Additional recharge to the alluvial aquifer occurs as the
pumping of wells close to the Ohio River induce flow
from the river to the aquifer. Discharges from the allu-
vial aquifer occur by flow to the Ohio River, through
pumped wells, and downward flow to the bedrock.

A quasi- three-dimensional, finite-difference
model (MODFLOW) of the alluvial aquifer was cali-
brated by comparing the simulated hydraulic heads with
corresponding measured water levels in 32 area wells
during assumed steady-state conditions in November
1997. The model simulation indicates ground water
enters the system primarily from precipitation infiltra-
tion (50 percent), flow from the bedrock valley walls
{49 percent), and induced infiltration of water from the
Ohio River (1 percent). The water exits the system by
ground-water pumpage (29 percent), flow to the Ohio
River (68 percent), and flow to the bedrock (3 percent).
A sensitivity analysis of the input parameters indicated
the model simulation is most sensitive to changes in
(1) general head-boundary conductance, (2) natural

recharge (precipitation), and (3) hydraulic conductivity
of the alluvial aquifer.

Results of simulations made with the calibrated
ground-water-flow model were applied in an advective-
flow particle-tracking program. The MODPATH code
was used to delineate ground-water flow paths, and con-
tributing areas to supply wells, and to estimate travel
times of water through the aquifer from recharge points
to discharge points (wells) or boundaries (the Ohio
River).
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