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CONCEPTUAL MODEL OF LOCAL AND
REGIONAL GROUND-WATER FLOW IN

THE EASTERN KENTUCKY COAL FIELD
Shelley Ann Minns

ABSTRACT
Ground water in eastern Kentucky is obtained from shallow fractures. Steep topography,

fractures, and stratification alter flow paths; consequently, local and regional flow systems are not
defined.

A first-order watershed in the Eastern Kentucky Coal Field was instrumented in three nests along
a cross section from ridge top to valley bottom. Three core holes, 142 pressure injection test
intervals, and water-level and chemical datafrom24 piezometers were used to identify five
ground-water zones. Two zones, above and below the Magoffin Member, show water-quality
differences. Three zones are differentiated by hydraulic differences. Local ground-water flow
discharges to the first-order stream. Flow in the regional system is downward beneath the stream.

Analysis of drill-hole data, water-level data, and pressure-injection and water-quality data for three
previous investigations in eastern Kentucky showed the same five ground-water zones.

The above-Magoffin-Member Zones characteristically contains calcium, magnesium, sulfate, and
bicarbonate water. The below-and-including-Magoffin-Member zone contains sodium and bicarbonate
water. The shallow-fracture zone is a blanket-like, intensively fractured layer that is up to thick,
characterized by rapid infiltration of water. The elevation-head zone, located above drainage is
characterized by large differences in conductivity between strata, vertical flow in rock and horizontal
flow in coal, and head equal to elevation. The pressure-head zone, has a pressure-head comp less
variation in conductivity and is located mostly below drainage.

The local flow system is within the shallow4racture zone. Ground-water flow in the region tem is
downward toward the fresh-saline interface. The deepest circulation is beneath upland where the
fresh-saline interface is deepest. Regional flow discharges to third-order or larger streams.

A monitoring strategy must identify spatial and seasonal water-quality variations. Impacts
shallow-fracture zone caused by surface and underground mining may be identified by installing wells
in the shallow-fracture zone downslope of the disturbance. Ground-water changes in first-order basins
may be detected by monitoring surface streams above and below proposed disturbances.

INTRODUCTION
The Appalachian region exemplifies a

stratigraphically layered, hillside setting. Ground-water
flow in this system is complex and has not been
completely addressed. The coal-field region of eastern
Kentucky provides an excellent example of a layered,
hillslope, hydrogeologic setting that contains
interbedded sandstone, shale, and coal. Ground-water
flow is complicated by the presence of coal beds and
fractures that are more transmissive than surrounding
strata. Surface-fracture zones, located along hillslopes
and in valley floors, provide direct conduits for
ground-water flow from hillsides to adjacent streams
and valley-floor aquifers.

General conceptual models describing this flow
system have been developed (Wyrick and Borchers,
1981; Kipp and others, 1983; Kipp and Dinger, 1987;
Stoner, 1983; Larson and Powell, 1986; Davis, 1987;
Wright, 1987; Harlow and LeCain, 1991; and Wunsch,
1992). Many of these studies seek to characterize
water-bearing zones typically developed for domestic
water supplies and to investigate potential impacts that
land use has on these supplies.

Rural areas in eastern Kentucky rely heavily on
ground water for domestic use. Dewatering of wells and
streams adjacent to underground mines is alleged to
occur where underground mines intercept near-surface
and valley-floor fractures. Secondary fracturing from
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subsidence has allegedly caused water quality and
quantity changes. However, in most cases, pre-mining
conditions have not been adequately documented. An
increased understanding of coal-field flow systems may
facilitate remediation or prevention of these problems.

This investigation documents the ground-water flow
system of a small watershed in eastern Kentucky. Data
from core and rotary holes, pressure-injection tests,
piezometers, and rain gage are used to describe the
site-specific flow system along a typical basin cross
section. Data from three other sites in eastern Kentucky
are also evaluated and results used to conceptualize
local and regional flow.

A detailed hydrologic investigation requires that
straightforward hydrologic concepts be evaluated in the
context of complex hydrogeologic settings.
Fundamental physical properties and processes
governing ground-water flow must be incorporated into
a climatic, topographic, and geologic framework to
develop a conceptual model of ground-water flow
representative of the site. In some instances, the flow
system is modified by man-made alterations, such as
mining. After the local flow regime is identified, the role
of the site-specific system must be defined in a larger,
regional context.

ANALYSIS OF PROBLEM

Physical Properties and Processes
Geologic media have hydraulic properties that

govern the movement and storage of water within them.
Porosity, hydraulic conductivity, transmissivity, and the
degree of anisotropy and heterogeneity are among the
most important for the study of ground-water
movement.

Porosity
Ground water is stored in the open spaces of rocks.

The volume of the void space divided by the total
volume of rock mass is defined as porosity and is
expressed as a percentage of total rock volume. If
porosity is the result of arrangement of grains within the
rock, it is referred to as primary porosity. Primary
porosity varies depending on the arrangement, shape,
and degree of sorting of the rock matrix. For example,
poorly sorted rocks are less porous than well-sorted
rocks. Primary porosity is reduced if the mineral grains
are cemented together.

Strata typical of the Appalachian coal-field region
generally have low primary porosities. The deltaic
depositional environment of Middle Pennsylvanian time
in eastern Kentucky was conducive to the formation of
poorly sorted sedimentary deposits, i.e. graywacke

sandstone, siltstone, and sandy shale. Many of these strata
exhibit secondary cementing by quartz, siderite, iron oxide,
and calcite (Price, 1956). In the northern Appalachian
coal-field region, Booth (1984)noted that coarse-grained
rocks, such as sandstone, have greater primary porosity than
fine-grained rocks, such as shale. Brown and Parizek (1971)
calculated porosities ranging from 0.8 percent to 9.4 percent
for various coal-bearing strata in Pennsylvania. Eight samples
of sandstone from the Breathitt Formation in eastern
Kentucky have porosities ranging from 0.50 percent to 4.41
percent (Price, 1956).

Rocks that are jointed, fractured, or subjected to
dissolution exhibit secondary porosity. Secondary fracturing
markedly increases the porosity of rocks with low primary
porosity by creating additional openings that may store water.
For example, fractured crystalline rocks have porosity values
that may be twice that of unfractured rocks (Freeze and
Cherry, 1979).

Hydraulic Conductivity
Rocks that are porous, however, do not necessarily

allow water to flow through them. Hydraulic conductivity
is the rate of flow through a cross section of one square
foot under a unit hydraulic gradient (Driscoll, 1986) It is
dependent on the degree of interconnectedness of the
intergranular pore spaces or fractures. Rocks with high
porosity have low hydraulic conductivity if the openings
are not connected. Rocks such as shale may have
relatively high porosity, but have small-diameter pores
that restrict flow. A related term is transmissivity which is
the rate that water is transmitted through a unit width of
aquifer under a hydraulic gradient equal to one. In other
words, transmissivity is the hydraulic conductivity



Hydraulic Conductivity

multiplied by the saturated aquifer thickness. Table 1
lists representative horizontal conductivities for various
earth materials.

Coal-field strata generally exhibit low primary,
hydraulic-conductivity values. Poor sorting and
cementation of mineral grains have reduced
connectivity of pore spaces within the rocks. Table 2
lists representative field-determined values of horizontal
hydraulic conductivity for coal-field strata. Values in
Table 2 are representative of unfractured strata and are
indicative of primary, horizontal conductivity values.
Table 2 shows that primary conductivity values for
sandstone and shale are lower (4.Oxl0-7 to 9.Ox1O-5

feet per minute) than well-sorted sands and gravel
(Table 1).

Ground-water flow in steep terrain has a strong
vertical flow component. Shale and siltstone have
vertical conductivity values that are generally less than
horizontal conductivities, resulting from platy minerals
and the bedded nature of the strata. Laboratory air
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permeability experiments show that vertical hydraulic
conductivity is 10 to 50 times less than horizontal
hydraulic conductivity in shale (Schubert, 1980). Freeze
and Cherry (1979) states that the horizontal- to
vertical-conductivity ratio is approximately 10:1. Brown
and Parizek (1971) used a ratio of 4:1 in Pennsylvania.
Laboratory studies show that massive sandstones are,
on average, three times more conductive in the
horizontal than vertical direction (Schubert, 1980).
Laboratory values, however, fail to account for fractures
that may affect in-situ conductivity.

Hydraulic conductivity in rocks of eastern Kentucky is
increased by secondary fracturing. Interconnected
fractures create additional openings through which
water can be transmitted. The importance of fractures in
controlling ground water flow is widely documented, and
numerous researchers have conducted field-based
tests to quantify the hydraulic properties of fracture
zones. Table 3 summarizes representative field
conductivities of coal-field strata which display
secondary conductivity from fractures.
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The effects of fractures and joints on conductivity are
apparent in comparing Tables 2 and 3. Fracturing may
increase conductivity by several orders of magnitude.
An in-depth discussion of fractures and how they affect
conductivity in coal-field strata is presented by Schubert
(1980).

If hydraulic conductivity is the same everywhere
within a rock body and the same in all directions, the
rock is homogeneous and isotropic. If the hydraulic
conductivity varies spatially throughout the rock, the
rock is heterogeneous. A rock is anisotropic if
conductivity changes with direction.

Strata of eastern Kentucky are not homogeneous
and isotropic. Lateral facies changes and fractures
result in conductivities which vary spatially, thus
imparting the characteristic of heterogeneity to the
strata. Fractures, especially those of tectonic origin,
have preferred orientation. As a result, conductivity is
commonly aligned with regional joint trends. Coal bed
conductivities, in particular, are generally highly
directional. This results from development of closely
spaced joints, called cleat, which form in response to
tectonic stresses. The face cleat is the predominant
joint set and is generally parallel to major structural
features. A less developed cleat, termed butt cleat,
forms perpendicular to the face cleat. Hobba (1991)
studied anisotropy of coal and overburden in the
Conernaugh Group of West Virginia. The site has one
coal seam overlain by 57 feet of interbedded sandstone
and shale. Data from constant-head injection tests
show that the direction of maximum transmissivity for
both coal and overburden is nearly parallel to the face
cleat in the coal. Transmissivity along the face cleat is
three times greater than along the butt cleat. For
overburden, transmissivity in the maximum direction
(0.03 to 0.18 feet per minute on average) is seven times
greater than transmissivity in the minimum direction
(5.9x10-5 to 4.9xlO-3 feet per minute on average).

Potential
The physical mechanism of ground-water flow was

described by Hubbert (1940). Hubbert showed that the
physical quantity measured in a piezometer is the fluid
potential which he defined as "a physical quantity,
capable of measurement at every point in a flow
system, whose properties are such that the flow always
occurs from regions in which the quantity has higher
values to those in which it has lower, regardless of the
direction in space" (p.794). Fluid potential at a point is
equal to the hydraulic head multiplied by the
gravitational constant. Because gravity is considered to
be equal everywhere, fluid potential and hydraulic head
are identical physical

quantities. Therefore, water flows from areas of high
head to low head. Hydraulic head for ground-water
studies is the sum of head due to elevation and fluid
pressure. Static water level in a piezometer is the
measure of total hydraulic head at a point. Velocity
head is considered negligible in porous media.

Validity of Porous Flow
in Fractured Rock

Darcy's Law is an empirical equation used to
describe flow of fluids through porous media. It states
that the rate of ground-water flow through a
cross-sectional area of porous media is proportional to
the hydraulic gradient times a proportionality constant,
called hydraulic conductivity (K) where K is the hydraulic
conductivity and not intrinsic permeability. The use of
Darcy's Law requires that the micro-scale collection of
grains and pores that comprise a rock be defined in
terms of a representative continuum for which
macroscopic properties, such as hydraulic conductivity,
can be defined. A representative elementary volume of
rock material can be described, for which at larger
sizes, the rock mass behaves as a continuum. For
Darcy's Law to be applied in fractured rock, a large
enough volume of rock must be considered so that the
fractured rocks behave as a continuum. Because
fracture spacing is larger than pore spaces in granular
media, the representative elementary volume is larger
for fractured rock than for granular material. If fractures
are sufficiently close over a large area, the system can
be assumed to act hydraulically similar to porous flow
(Freeze and Cherry, 1979). According to Campbell and
Forster (1991), the representative elementary volume
for an unconsolidated sand may be on the order of
cubic inches; however, the representative elementary
volume for fractured rock is on the order of 10 cubic feet
or more. Schubert (1980) concludes that near-surface
fracture zones can be considered to respond like porous
media where fracture or joint spacing is uniform. Merin
(1989) used this approach in an investigation of the
hydraulic properties of near-surface fractures in
flat-lying Devonian-age rocks in the northern
Appalachian Plateau. Owili-Eger (1987) cautions,
however, that uniform fracture width and spacing are
rarely attained in nature.

The alternative to Darcian analysis is discrete
fracture-flow analysis where flow in individual fractures
is characterized. This method requires much difficult-to-
obtain information about fracture orientation and
spacing or estimation of fracture properties using
geostatistical techniques. For practical reasons, Darcy's
Law is applied in most fracture-flow situations where the
problem scale is large.
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CLIMATIC, TOPOGRAPHIC AND
GEOLOGIC FRAMEWORK

Climate
Climate plays an important role in the amount and

temporal distribution of recharge and the amount of
water lost through evapotranspiration. Eastern
Kentucky has a humid temperate climate. The average
annual temperature is 57 degrees Fahrenheit.
Temperatures range from below zero degrees
Fahrenheit in the winter to more than 100 degrees
Fahrenheit in the summer. Rainfall amounts range from
about 40 inches annually in northeastern Kentucky to
50 inches annually in southeastern Kentucky. Most of
the precipitation occurs from January through March,
and the least occurs from August through October
(Quinones and others, 1981). Intense precipitation
events average 4.3 to 4.5 inches in 24 hours for a 10
year occurrence interval (Leist, 1982; Quinones, 1981).
Winters are cold and wet; snow is generally negligible
except in severe winters. Water tables generally rise
during winter and early spring when infiltration exceeds
evapotranspiration. Ground-water levels generally
decrease in the summer and fall when rainfall
decreases and evapotranspiration reaches maximum
levels.

Topography
Topography is a major factor which dictates

groundwater-flow patterns. For undisturbed systems,
the ground-water surface tends to mimic topography.
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Undulatory water surfaces form, and are subdued
replicas of topography. In homogeneous systems,
topographic highs are areas of recharge, and
topographic lows are discharge zones. The importance
of undulatory water surfaces was first presented by
Hubbert (1940) while demonstrating hydraulic head in a
potential field. The flow net in Figure 1 graphically
demonstrates the effect of topography. Toth (1963)
furthered the understanding of the effect of water table
position on flow systems when he analytically calculated
the resulting equipotential field for various water-table
slopes in a theoretical, small drainage basin. The
analysis is restricted to rectangular basin cross sections
where the aquifer is homogeneous and isotropic and
the water-table slope is less than 3 degrees. Sine
curves of varying amplitude and wavelength are
superimposed on water tables of varying slope to
simulate a wide range from flat to hilly topography. Toth
discovered that relatively flat terrains develop only
regional flow systems. Recharge occurs in the upper
part of the basin, and discharge occurs near the basin
outlet. Where topographic relief is more pronounced,
smaller local flow systems develop in response to
topography and are superimposed on the regional
system (Figure 2). Recharge occurs on topographic
highs, and discharge occurs in adjacent valleys. Toth
concludes that shallow, local flow systems respond
quickly to external inputs, and the ground water has
shorter residence times. Deeper, regional systems
respond slowly to external factors and water has longer
residence times. Intermediate systems also form,
depending on basin geometry.



Topography is an important element of ground-water
flow in the Eastern Kentucky Coal Field. The coal-field
region is located in the Appalachian Plateau
physiographic province, a hilly to mountainous region.
Topographic relief ranges from 300 feet in northern
Kentucky to 2,500 feet in extreme southern Kentucky.
Ridges are generally narrow and winding. Natural flat
land is mainly restricted to flood plains of major rivers.
Surface mining has altered natural topography in many
places by creating areas of flat to gently sloping land.
Low-order streams are generally V-shaped and have no
flood plains.

Geology
The properties of the geologic media must be defined

to further refine the flow regime. The position of rock
units relative to each other and the influence of geologic
structures, have a profound impact on the flow system
of a particular region. Earl (1986) cites depositional
history, lithology, and strata deformation as major
geologic controls on ground-water flow.

Depositional History
The environment in which coal-field sediments were

deposited influences patterns of ground-water flow.
Deposition of thick, laterally continuous strata with little
lateral variation favors a system in which the flow paths

are reasonably predictable. Abrupt, lateral lithology
changes alter flow in complex, unpredictable ways.
Freeze and Witherspoon (1967) pioneered study of
effects of variations in conductivity on flow patterns
using numeric solutions. This approach allowed
simulation of complex, more realistic basin
configurations than Toth could calculate analytically.
Because of lateral facies changes, rocks of differing
conductivity are in lateral contact. Laterally flowing
ground water will tend to follow the path of higher
conductivity and may change flow direction to follow a
unit with higher conductivity (Figure 3). Sedimentary
layering superposes strata, some of which have
different conductivities. Flow may be more nearly
vertical through the low-conductivity layer, because
equipotential lines concentrate horizontally resulting in
large, vertical head drops. Flow in higher conductivity
layers is more nearly horizontal. Some individual units
are anisotropic because of preferential fracture
orientation, or bedding or mineral alignment.

The effects of heterogeneity and stratification in
sloping topography are demonstrated numerically by
Rulon and others (1985). Their work demonstrates that
flow in a hillslope which has uniform, homogenous
layers of contrasting conductivities can be simulated by
incorporating unsaturated flow into a numerical flow
model. Perched water tables develop above layers of
low hydraulic conductivity and unsaturated wedges



develop beneath such layers (Figure 4). Multiple
seepage faces develop where several low-conductivity
zones are present in a hillside.

Knowledge of the depositional history of the coal-field
region of eastern Kentucky will provide insight into the
many stratigraphic complexities that are present
throughout a particular flow system. Subsidence of the
Appalachian basin during the Pennsylvanian Period
resulted in widespread deposition of clastic sediments
derived from highlands to the east. Ferm (1974) and
Rice and others (1980) described a southeastward

thickening deltaic sequence of sediments which pro-
grade into the axis of the Appalachian basin. A few
widespread marine transgressions occurred during the
late Pennsylvanian; however, some coal seams are
locally associated with rocks of brackish to marine
origin. By the close of the Pennsylvanian, as much as
several thousand feet of sediment had been deposited
in the eastern Kentucky area.



Stratigraphy
Most of the rocks exposed at the surface in eastern

Kentucky belong to the Lee and Breathitt Formations of
Early and Middle Pennsylvanian age. The majority of
fresh water in the coal-field region of Kentucky is
obtained from these two formations. A general
stratigraphic column for the Eastern Kentucky Coal
Field is shown in Figure 5.

The Lee Formation crops out along the western
margin of the coal field and everywhere underlies the
Breathitt Formation. The Lee is approximately 80
percent sandstone (Leist and others, 1982; Rice and
others, 1979). The characteristic lithology is a locally
conglomeratic, massive orthoquartzite which was
deposited as broad, northeast-trending lobes.
Successive sandstones thicken to the northwest and in
some places cut into the older, underlying sandstone
units. The top of the Lee is stratigraphically higher to the
northwest. Siltstone, shale, subgraywacke, and coal are
present in the upper part of the formation. The Lee
Formation which is only 350 feet thick in northern
Kentucky, has a maximum thickness of 1,500 feet in
southeastern Kentucky. The Lee is a very distinct
cliff-former in the southern coal fields but is difficult to
distinguish from the overlying Breathitt Formation farther
northward where the Lee grades laterally into siltstone
and subgraywacke (Rice and others, 1979). In
southeastern Kentucky, the top of the Lee Formation is
placed at the top of the highest cliff forming
orthoquartzite. Farther north, the Lee and Breathitt
Formations are lithologically similar and are not
differentiated.

The depositional history of the Lee Formation has
stirred debate among stratigraphers. Ferm (1974) and
Donaldson (1974) proposed that the Lee represents a
barrier beach/back barrier depositional environment
associated with a northwest-migrating shoreline. Rice
and others (1979) note the absence of marine strata
which should be associated with a barrier-beach, and
propose instead, that the Lee orthoquartzites are large,
sand-filled distributary channels in a southwesterly
prograding delta.

The Breathitt Formation overlies the Lee Formation
and exhibits significant lateral heterogeneity
characteristic of a deltaic depositional environment (Rice
and others, 1980). The Breathitt consists of alternating
subgraywacke, siltstone, shale, coal, underclay, and thin
limestone. Siltstone and shale are generally
carbonaceous and contain plant fragments and
ironstone nodules. Massive sandstones, characteristic of
the Lee Formation, are rare as widespread, mappable
units in the Breathitt. Sandstones are less resistant than
sandstones in the Lee Formation and are primarily
subgraywackes, that are fine grained, micaceous, and
contain 55 to 75 percent quartz. They probably represent
anastomosing channel deposits (Rice and others, 1980).
Basal contacts are commonly erosional, containing
channel-lag deposits. Many sandstone units grade
laterally into siltstones. As a result of lateral
heterogeneity, the Breathitt is difficult to divide into
mappable units. It contains 30 major coal zones (Rice
and others, 19130), making it the primary coal-producing
formation in eastern Kentucky.
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Subdivision of the Breathitt Formation is based on
the identification of key beds. The most useful markers
are widespread coal beds and marine zones. The Fire
Clay coal (Hazard No. 4) has been used extensively as
a marker bed. It contains a characteristic flint-clay
parting derived from a volcanic ash fall (Rice and
others, 1980). Marine zones, which range from a few
inches to more than 100 feet thick, are the primary
stratigraphic zones used for widespread correlation.
The Lost Creek Limestone of Morse, the Kendrick
Shale, and the Magoffin Member are the most widely
recognized marine zones in the Breathitt. They are
coarsening-upward bayfill sequences of clay, siltstone,
and sandy shale (Chesnut, 1981) and represent rapid
marine transgressions over extensive flats. The lower
section of these deposits is a dark-gray shale which is
fossiliferous and commonly contains nodular limestone
beds. A coal bed generally is present at the base. The
shale grades upward into a siltstone containing siderite
lenses. In places, the top of the sequence is overlain by
channel sandstones.

The Breathitt also contains sparsely fossiliferous
marine zones that are discontinuous and probably
represent salinity changes in small, isolated bays or tidal
channels (Rice and others, 1980). On the basis of
distribution of marine zones, Rice and others (1980)
suggest that open water was located south and
southwest of Kentucky along the axis of the subsiding
Appalachian basin during deposition of the Magoff in
and older strata. Open water lay to the north and
northwest of the basin during post-Magoffin deposition.

Structure
Structures active prior to and during Pennsylvanian

deposition affected the depositional pattern of coal4ield
rocks. One of the major structural features is the
Appalachian basin (Figure 6a), a foreland basin that
subsided periodically in response to the Taconic,
Acadian, and Alleghenian orogens (Tankard, 1986).
Alleghenian overthrusting during the Middle
Pennsylvanian resulted in continued flexural
downwarping of the Appalachian basin and deposition
of sandstone, shale, and coal beds of the Lee and
Breathitt Formations (Tankard, 1986).

The Cincinnati Arch (see Figure 6a), a broad, north-
south trending anticline, located west of the Eastern
Kentucky Coal Field, forms the west boundary of the
Appalachian basin (Tankard, 1986) and was a positive
feature during the Early Pennsylvanian. Lower
Pennsylvanian strata were deposited on progressively
older Mississippian strata toward the axis of the arch,
and that onlap is cited as evidence for uplifting during
this time (Englund and others, 1981; Sable and Dever,
1990).

The Waverly Arch (see Figure 6b), a north-south
trending subsurface anticline (Woodward, 1961) was
apparently a positive feature during the Early
Pennsylvanian as evidenced by the absence of Lee
Formation strata and by the presence of erosional
surfaces on Mississippian strata near the arch axis
(Ettensohn and Dever, 1979).

The Rome Trough (Figure 6b) is a linear, graben-like
structure, formed by Cambrian faulting, that extends
from south-central Kentucky into West Virginia
(Ammerman and Keller, 1979). It is bounded on the
north by the Kentucky River Fault system and on the
south by the Rockcastle River-Warfield Fault (Figure
6b). Intermittent post-Cambrian growth-faulting along
these bounding faults is responsible for a thicker
accumulation of sediments on the downthrown
(southern) side. Evidence that growth-faulting occurred
in the Pennsylvanian is cited in Haney and others
(1975); Horne and Ferm (1978); Sergeant and Haney,
(1980); Haney and others, (1985); and Chesnut, (1988).
The effect that the Irvine-Paint Creek Fault system, an
interior fault system within the Rome Trough, had on
Pennsylvanian sedimentation is uncertain (Ettensohn
and Dever, 1979).

A unifying model linking development of arch
features to orogenic events was proposed by Quinle
Beaumont (1984). Loading due to thrusting creates a
downwarped (foreland) basin in front of the orogen and
a bulge (arch) on the cratonward side of the basin.
Cessation of crustal loading and subsequent relaxation
of the crust causes uplifting of the bulge (arch
formation). This mechanism has been used to explain
uplift on the Cincinnati and Waverly Arches (Tankard,
1986) as well as reactivation of faults (Tankard, 1986).
The influence of structural activity prior to and
concurrent with deposition during Pennsylvanian time is
the subject of current research at the Kentucky
Geological Survey (G. Dever, 1993, personal
communication).

Structural activity following deposition of
Pennsylvanian rocks adds to the geological complexity
of eastern Kentucky. Crustal stresses of tectonic origin
are manifested as fractures which are dependent on
rock type. As discussed earlier, fractures increase water
flow within a particular rock type and may impart a
directional character to individual units, creating
preferential flow directions. Structural features may also
have more widespread impacts on ground-water flow
systems Faults which cut across bedding planes may act
as, hydraulic barriers to flow or may function as drains.
Barrier influences may cause mounding of water
surfaces that are not predictable from stratigraphy and
topography alone. Permeable fault zones may depress
water surfaces by draining water to regions of lower
head.
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Several structural features displaced Pennsylvanian
rocks in eastern Kentucky. The Pine Mountain Thrust
Fault, located in extreme southeastern Kentucky, is a
northeast-southwest striking structure that is
approximately 125 miles long (McFarlan, 1943). This
fault marks the boundary between the Cumberland
Mountain Overthrust Block and the Eastern Kentucky
Syncline (Price and others, 1962). Horizontal
displacement is approximately 10 miles on the
southwest end and 4 miles on the northeast end
(Huddle and others, 1963). It is bounded on the
southwest and northeast by near vertical strike-slip
faults (Figure 6b). The gently dipping Eastern Kentucky
Syncline, described by McFarlan (1943), was apparently
formed by upwarping that resulted from 7.5 miles of
northwest lateral movement of the Cumberland
Overthrust Block (Rice and others, 1979). This syncline
is a broad basin located between the Irvine-Paint Creek
Fault System and the Cumberland Mountain Overthrust
Block (Figure 6b). Deformation is only evident in
Pennsylvanian strata (D. Chesnut, 1993; personal
communication).

Displacement of Pennsylvanian rocks is also evident
in the Irvine-Paint Creek Fault system and in the
Kentucky River Fault system. Maximum vertical
displacement along these faults is approximately 250
feet (Rice and others, 1980).

Near-Surface Fractures
A three-dimensional network of open joints,

extending vertically to depths of more than 500 feet, is
universally present in consolidated rock (Trainer, 1983)
and comprises the near-surface fracture zone. In
sedimentary basins, like eastern Kentucky, fractures
influence the depth of fresh-water circulation. The
fresh-saline water interface may be determined by the
depth of fractures. Saline water represents a region of
near-stagnant water where connate water has not been
completely flushed by fresh water (Trainer, 1983).

Bedded sedimentary rocks typically have two or more
sets of near-vertical joints and some have horizontal
bedding joints (Schubert, 1980; Trainer, 1983; Merin,
1989; and Zehner, 1983) in response to residual
tectonic stresses. Nickelson and Hough (1967) describe
the fundamental unit of jointing in the Appalachians as
near vertical systematic and non-systematic joints that
intersect at approximately 90 degrees. The systematic
joint set is perpendicular to the axis of least
compressive stress. The non-systematic set forms later
from release of residual tectonic stress.

The spacing of vertical joints in bedded strata is
largely controlled by lithology. Nickelson and Hough
(1967) state that different rocks show different joint

patterns as a result of differing rock strength, variable
rates of lithification, and stress differences. Coal beds
form joints earlier than do other rocks, and in some
places, later joint sets are imprinted in the coal seams.
Discontinuities in joint spacing are present at lithologic
boundaries. Joint spacing in shale beds is on the order
of inches whereas joints in sandstone may be tens of
feet apart (Ferguson, 1967; Nickelson and Hough,
1967). Vertical migration of water may terminate at
lithologic boundaries, redirecting flow laterally along
bedding surfaces to other vertical joints.

Fracture distribution relative to depth has been
investigated in non-coal regions of the Appalachians.
Merin (1989) studied the distribution of fractures in
Devonian siltstone in the northern Appalachian Plateau.
He concluded that the frequency of horizontal
bedding-plane openings decreased non-linearly with
depth but that vertical-joint frequency remained constant
with depth. Vertical joints less than 21 feet deep are iron
stained. Joints from 21 to 38 feet deep have clean
faces. Joints deeper than 38 feet are calcite-filled. Merin
identified a stress-relief zone and a transitional zone
based on fracture frequency that extends to 22 feet and
55 feet, respectively.

A site investigation for the Maxey Flats radioactive
waste-burial site in northeastern Kentucky documents
an extensive fracture mesh in Mississippian and
Devonian rocks. This mesh consists of blocks bounded
by vertical and horizontal fractures that are six inches to
one foot square, extending from several feet to several
tens of feet in depth (Zehner, 1983).

Ferguson (1967) presented the concept of
stress-relief fractures in the Appalachian Plateau after
numerous dam-foundation investigations revealed
predictable fracture patterns in broad stream valleys.
Figure 7 illustrates Ferguson's concept of stress-relief
fracturing. Near-vertical stress-relief fractures develop
as valleys are eroded in relatively flat-lying strata of
differing lithology and competence. The weight of the
overlying strata in the hills on either side of the valley
places the rocks beneath the valley under compressive
stress. Continuing erosion releases the horizontal
stresses on the rock units in the valley walls. Less
competent rocks stretch until they break. More
competent rocks are dragged along until their tensile
strength is exceeded. This results in vertical tension
fractures within the valley walls. Valley floor strata flex
upward as a result of horizontal compression. When the
shear strength of the valley floor strata is exceeded,
horizontal bedding plane separation results, along with
low-angle thrusting. Thus, stress-relief fracturing results
in vertical tension fractures in the valley walls and
horizontal bedding plane
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fractures under the valley floors with associated vertical
tension cracks from arching of the valley floor.

The term "stress-relief fracture" has been variably
used to describe fractures that are present near the
surface in the Appalachian region. A distinction should
be made between fractures documented beneath wide
stream valleys (greater than 500 feet wide) and
fractures typically associated with small, V-shaped
valleys. Hill (1988) investigated the role of valley shape
on rock competence. Finite element analyses of stress
distribution showed that V-shaped valleys were under
horizontal compressive stress. No tensile stress was
observed at the apex of the V-shaped valley that would
signify typical stress-relief type failure. Broad valleys, on
the other hand, exhibited tensile stresses at depths as
great as 100 feet because of valley rebound. Strata
below 100 feet in these valleys exhibited horizontal
stress. These theoretical results were compared to field
investigations in West Virginia. Strata beneath broad
valleys showed poor rock quality attributable to
fractures, but, V-shaped valleys showed no
fracture-related degradation in the rock mass. Evidence
from ongoing research by the U. S. Bureau of Mines
(Hill, 1988; Moebs, 1989) suggests that mine roof
failure under V-shaped valleys, originally attributed to
existing fracture sets, may actually be the result of
stress relief from mining.

Fracture development in the Eastern Kentucky Coal
Field probably results from a combination of regional
tectonic joint sets which are enhanced very near the
surface by weathering processes and overburden
unloading. It is unclear whether or not the stress-relief
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phenomenon is related to preexisting joints or is more
dependent on slope

Drainage patterns in eastern Kentucky are primarily
dendritic, a drainage pattern typical of flat-lying
sedimentary rocks (Press and Siever, 1974). Alignment
of stream segments apparent from satellite imagery
(McHaffie, 1982) and from examination of topographic
maps, may indicate that some drainage is structurally
controlled.

Man-Made Influences on
Ground-Water Flow

Man-made factors after natural flow systems. In
eastern Kentucky, alterations to topography and
hydraulic properties of underlying strata from mining are
the rule, rather than the exception. Ground-water
investigators must be aware of these potential
influences on the ground-water system.

Surface mining commonly reshapes areas of the
land surface, altering flow systems. Surface-mine
contour benches may become discharge zones where
the former land surface may have been a recharge
region. Contour-mining excavations generally impact
fractures near the surface that transmit much of the
local groundwater flow. Bench floors are commonly
underclay that inhibit re-infiltration of water seeping
through fractures in the highwall. Benches may be
sloped so that water drains to another watershed.
Backfilled areas are commonly more permeable than
in-situ rock, and may function as storage zones for
ground water. Water tables in backfilled areas may
have different configurations than
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in in-situ rocks. The net result of mining disturbance
may be either an increase or decrease in areal
recharge.

Underground mining effects are less visibly apparent,
but can cause profound changes in a ground-water
system. Booth and Saric (1987) identified two separate
effects of underground mining. Open mine voids may
become ground-water sinks and drain water away from
surrounding strata. In addition, mining-related fractures
alter hydraulic characteristics of overlying strata by
changing conductivity, storage, and hydraulic gradients
in the vicinity of the mine.

Conceptual Models of Coal-Field
Ground-Water Flow

Numerous advances in the understanding of coal
field hydrogeology and flow have been made by
investigators throughout the Appalachians. Early
workers, like Price and others (1962), and Musser
(1963) in Kentucky, recognized the importance of joints
and fractures as pathways for ground-water flow.
Ground-water investigations such as Wyrick and
Borchers (1981) in West Virginia, Kipp and others
(1983); Kipp and Dinger (1987); Davis (1987); and
Wunsch (1992) in Kentucky, Larson and Powell (1986);
Wright (1987); Harlow and LeCain (1991) in Virginia,
and Stoner (1983) in Pennsylvania, developed
conceptual ground-water flow models incorporating
near-surface fractures.

Wyrick and Borchers (1981) presented the earliest
conceptual model of stress-relief-controlled, ground-

water flow for the Appalachian coal field (Figure 8).
Their primary focus was how fracture systems affect the
storage and movement of ground water in typical
Appalachian valleys. The chosen study site was a
third-order, undisturbed valley in Twin Falls State Park
in West Virginia. The valley is typically 400 to 600 feet
wide. Such a valley should exhibit stress-relief fractures
as described by Ferguson (1967). All wells are installed
in the valley bottom to determine how aquifer
characteristics are related to fracture systems. Drill data
showed that stress-relief fractures extend to a maximum
depth of 200 feet below the valley. The
surface-fractured zones are the most transmissive
zones and form an interconnected shallow aquifer
system linking vertically fractured valley walls and
horizontal bedding-plane fractures in the valley bottoms.
"Impermeable boundaries" are presumed where highly
transmissive fracture zones merge into unfractured
strata at depth. This "impermeable zone" is thought to
separate the shallow, surface flow system from adjacent
valleys. Wet-weather springs emerge on hillslopes if the
ability of the fractures to vertically transmit water is
exceeded. This study was limited to the valley-bottom
setting and no attempt was made to characterize, in
detail, the flow system in the ridge interior.

Kipp and others (1983) and Kipp and Dinger (1987)
presented a conceptual model of ground-water in the
Wolfpen Branch basin, Knott County, Kentucky (Figure
9). The primary goal of this project was to develop a
conceptual model of ground-water flow in a first-order
basin.
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Thirteen wells were installed to monitor stratigraphic
zones from different topographic positions. Results
show that ground water flows primarily in
hydrostratigraphic units composed of sandstone.
Water-bearing zones are separated by low-permeability
claystone or shale beds. Highly conductive,
near-surface fracture zones in valley bottoms and valley
walls respond directly to precipitation and
evapotranspiration, indicating a direct connection to the
surface. Discontinuous, perched water conditions exist
near the valley walls, depending on rainfall conditions.
Wells in the ridge interior do not respond directly to
rainfall but strata are saturated. Water is probably
released from storage in the ridge interior only during
extended dry periods. Wells near valley walls that
breach confining layers permit water to cascade from
upper water-bearing zones to lower ones. Near-surface
fractures allow infiltration of water downward to
relatively impermeable beds. Water may flow
horizontally along low-conductivity layers to fractures
that allow vertical movement. If horizontal flow is
uninterrupted, water is directed to the surface as wet
weather springs. The resulting flow pattern is described
as a stair-stepped pattern of ground-water flow from the
hillsides to the valley bottom.

To quantify flow in the near-surface zone at the
Wolfpen Branch site, Songer and Ewers (1987)
conducted fluorescent dye traces utilizing the
monitoring wells. Seepage velocities measured in the
near-surface fracture zone were 4.6xl0-4 and 9.5xl0-4

feet per minute.

Wells at this site are installed with large intervals
open to hydrostratigraphic zones between major coals.
This type of construction does not allow detailed
determination of vertical head distribution throughout
the basin or a detailed investigation of flow mechanisms
such as behavior in the coal seams and the response of
individual units to precipitation.

Stoner (1983) conceptualized the flow system in the
coal-bearing rocks of southwestern Pennsylvania
(Figure 10). This is an area of relatively low relief (240
feet) and gentle slopes of less than 5 degrees. Three
bedrock wells, one in each of three topographic
positions (valley, hillslope and ridgetop) are used to
describe ground water occurrence. The ridgetop and
hillslope wells are constructed with intervals open to
surface fractures. The ridgetop well exhibits the greatest
water level fluctuations as a result of direct infiltration
from precipitation. The hillslope well is located in a
steeper, forested area and appears to receive less
direct recharge. A deeper well is completed in a
confined aquifer in the valley bottom. This well does not
respond directly to precipitation. Stoner conceptualizes
that most ground water circulates within 150 feet of the
surface in the fractured bedrock. At shallow depths,
ground water can perch above low-conductivity layers
such as shale and claystone, then move laterally to form
seeps and springs. At depth, hydraulic head is usually
sufficient to force flow through the low-conductivity
layers into the underlying confined aquifer. Stoner's
work is limited to
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studying shallow fracture zones in areas of gentle relief.
His conceptual model is schematic and does not
attempt to define head distribution or site-specific flow
within the system.

Larson and Powell (1986) conducted a hydrologic
study of the Russell Fork basin of southwestern Virginia.
The objective of this study was to evaluate the ground
water and surface water of a river basin containing
mined and unmined sub-basins. A sub-basin of
approximately second order was chosen to evaluate
different hydrogeologic environments. This basin is
typical of mountainous regions, having topographic relief
in the immediate study area of about 600 feet. Five wells
are installed in a ridgetop nest and three wells are
located in the valley bottom. Three ridgetop wells are
open to a coal zone together with the overlying strata,
up to, but not including, the next coal seam. Open
intervals range from 100 to 180 feet. The remaining two
wells are open to the shallow fracture zone. One valley
bottom well encompasses a shallow coal seam and one
is completed as a 50 foot open interval below the
shallow coal seam. An alluvial well point is also located
in the valley bottom.

Water-level fluctuations related to rainfall and
evapotranspiration are greatest in the shallow wells,
both on the ridge and in the valley. Larson and Powell
conceptualize that ground-water flow occurs primarily
within colluvium, alluvium, weathered bedrock, and coal

seams (Figure 11). The principal flow direction in the
ridgetop and hillslope is downward. Small amounts of
water flow downward through unweathered bedrock to
coal seams. Springs associated with coal seams result
from lateral flow within the coals. Hillslope flow
discharges to the stream valley.

A study of coal-field flow adjacent to Fishtrap Lake in
Pike County, Kentucky, was presented by Davis (1987).
Topographic relief in the study region is approximately
1000 feet with steep slopes. The purposes of this
investigation were to determine hydraulic connection
between vertical, near-surface fractures and
stratigraphically lower, permeable zones and whether or
not land use activities are isolated from lower aquifers.
Sixteen monitoring points consisting of piezometers and
open holes are located in various topographic settings.
Packer-injection tests indicate that surface fractures,
coal seams, and isolated fractures at depth are
permeable zones. A dye trace from a near-surface
ridgetop well is used to indicate interconnectivity of
various zones. Dye traces indicate that dye was present
in all wells within one month after dye was injected into
the system. Davis's conceptual model describes ground
water as moving from high head to low head in a
stair-step fashion through sub-vertical fractures and
laterally through permeable rocks, in this example, coal
seams. He concludes that land-use effects on ridges
could affect lower
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aquifers, even though separated by sequences of low
permeability rocks. Results presented to date have not
included a discussion of the site-specific flow system
where head relations within the area are interpreted.

Wright (1987) generally described local ground-water
flow associated with ridgetops, hillsides, and valleys
throughout the coal-field region of southwestern Virginia.
This was accomplished by compiling available data from
drill logs, water-well logs' - packer-injection tests, and
lineament analyses. He concluded that ground-water
flow in valleys is most affected by lineament-related
fractures. In hillsides and ridgetops, ground-water flow is
most affected by stress-relief fractures, colluvium, and
chemical weathering. Wright's conceptual model
proposes that recharge along ridges and slopes moves
toward the valleys through fractures, weathered and un-
weathered rock, colluvium, and coal seams. Water
moving through weathered rock is intercepted by under-
clays and diverted to the surface. A typical ridgetop
potential field is constructed from head data measured
in five packer-injection test intervals and is shown in Fig-
ure 12. This study is designed as general overview
throughout typical coal-bearing rocks of southwest Vir-
ginia. There is no attempt to define detailed flow pat-
terns.

Harlow and LeCain (1991) present the results of 349
packer-injection tests from 43 drill holes throughout
eight counties in southwest Virginia. The main
objectives of this investigation were to describe the
hydraulic characteristics of water-bearing zones in the
coal-field region and develop a conceptual ground-water
flow model. Results show that all rock types are
permeable to a depth of about 100 feet; but that only
coal seams have significant permeability at depths
below 200 feet. Deeper coals are less conductive than
shallower coal beds because of high overburden
pressure. As a result of overburden pressure and

subsequent reduced fracture occurrence, most flow
takes place within 300 feet of the surface where rocks
are fractured and coals are most permeable.

A conceptual model developed from packer-test data
is presented in Figure 13. Precipitation percolates
through colluvium and weathered rock in ridges and
flows downward and laterally through shallow fractures.
If vertical flow is inhibited, flow proceeds laterally along
fractures or coal seams. Where vertical conductivity is
present, water follows a stair-step pattern through
colluvium, fractured bedding planes and coals. Flow
discharges to adjacent streams or recharges coal
seams at depth. The conceptual model implies flow
within fractures below drainage as random. If the valley
bottom is indeed a discharge zone, flow in these
fractures would be toward the stream; not random and
downward as shown in the enlarged detail.

The study by Harlow and LeCain (1991) recognizes
the importance that coals play in the coal-field flow
system; and, that topographic relief results in large
vertical head differences within the flow system. On the
basis of head data, they conclude that coal seams may
only be partly saturated and may have water perched
above them.

The conceptual models described above do not
provide details of the potential field in a typical small
watershed in eastern Kentucky or describe the local and
regional flow system. The emphasis for most of these
investigations is to assess the water-bearing capability
of different topographic settings. Wells with intervals
open to several water-bearing zones used by many of
the investigators are typical of domestic water well
construction in eastern Kentucky. Wells of this type do
not allow definition of the potential field, especially if
there is a vertical flow component. Water levels are a
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function of the head differential in the interval,
conductivities, and rate of recharge (Saines, 1981).
This limits interpretation of water level data especially
when trying to determine if unsaturated zones exist.

Larson and Powell (1991) used wells with large open
intervals for their investigation. As a result,
interpretation of data must be generalized. Larson and
Powell (1991), however, reference unsaturated zones
between coal beds. This conclusion appears based on
water-level data from large open intervals where beds
with different hydraulic heads are interconnected. One
should use caution in interpreting water level position
for such wells. Water levels could be controlled by
fractures or coal seams which may function as drains.
Data presented are insufficient to conclude that strata
between coals are unsaturated.

To effectively obtain potentiometric head data from
specific intervals, piezometers with relatively short open
intervals must be used. Piezometers limit the effects of
differential in head and changes in conductivity. In
eastern Kentucky, however, discrete fracture intervals
are encountered, and water levels within the
piezometers may be controlled by fractures.

The most comprehensive investigation of coal-field
hydrogeology to date is presented by Wunsch (1992).
Wunsch's study area is an unmined, third-order
watershed located in Perry County, Kentucky. The
objective of his investigation was to describe the
relationship between ground-water geochemistry and
the flow system at the site. Head data and geochemical
samples were collected from sixteen piezometers
located in various stratigraphic positions. A profile of
dry-season piezometric heads at the site are shown in
Figure 14. Wunsch concluded from piezometers in the
upper part of the ridge that head is approximately equal
to the elevation head; and suggested that unconfined or
semiconfined conditions exist in this region. Dry
piezometers in the ridgetop suggest that this zone is at
least partially unsaturated. Wunsch (1992) also
observed that coal beds in the upper part of the ridge
probably act as drains which dewater overlying strata.
Head data from the ridge interior show that rocks are
saturated.

Regional Ground-Water Flow
Site-specific conceptual flow models must be

integrated into the regional flow system to provide a
more complete understanding of ground-water flow in
eastern
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Kentucky. Several authors recognize that the aquifer
systems in low-order watersheds are local in that they
discharge to adjacent streams. Hollyday and McKenzie
(1973) describe these local, discontinuous flow systems
as "hydrologic islands" overlying a more regional
system. The presence of regional systems has also
been discussed by Brown and Parizek (1971),
Helgeson (1982), Razem (1980), Stoner (1983), and
Wunsch (1992).

Brown and Parizek (1971) identified a regional flow
system in Pennsylvania while graphically analyzing two
flow systems which had been previously undermined.
Three vertically separate flow systems are identified.
The upper two systems discharge to the adjacent
stream. A regional system discharging to a major valley
several miles away is also identified.

Carswell and Bennett (1963) described the
groundwater flow system in a hilly, glaciated region in
northwestern Pennsylvania. Ground water, infiltrating
through Mississippian and Pennsylvania rocks, partially
discharges laterally through sandstone to upland
streams. The remaining water flows downward into a
regional system, the base of which is static, connate
brine.

In Kentucky, the base of the fresh-water zone is the
fresh-saline-water interface, where saline water is
defined as having a total dissolved solids concentration
of between 1,000 and 3,000 mg/L (Hopkins, 1966).
Salty water is generally encountered approximately 100
feet below major drainage (Price and others, 1962). An
inventory of wells in the Prestonsburg quadrangle
showed that wells, in the Breathitt Formation that were
approximately 100 feet deep and located along major
streams, contained greater than 250 mg/L chloride
(Price, 1956).

Little work has been done in eastern Kentucky
relating local flow systems to regional systems. Wunsch
(1992) identified brine at a depth of 120 feet below a
third-order stream in Perry County, Kentucky. The same
stratigraphic level in the ridge interior yielded water with
very low chloride concentrations. Wunsch hypothesizes
that the fresh-water boundary in a third-order or higher
watershed may undulate inversely with topography,
meaning the interface is depressed beneath the ridges
where pressure is high, but that it migrates upward in
low-pressure valley regions. Data are not available from
the study by Wunsch (1992) study to document the
position of the interface beneath the ridge interior.

Aquifer Delineation
Large-scale, regional, fresh-water aquifers do not

generally exist in mountainous, coal-bearing regions
such as eastern Kentucky. Alluvial valleys of larger
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rivers are relatively continuous and produce water in
large enough quantities to supply small communities.
However, most wells in eastern Kentucky are domestic,
bedrock wells, capable of supplying only a few gallons
per minute or less. Water-bearing strata are dissected
by local drainage, thus they have limited areal extent.
Several investigators have worked to delineate
water-producing zones in the coal-field regions.

Dyer (1983), from his work in eastern Kentucky,
groups ground water into three modes of occurrence.
The first group contains valley alluvium and shallow
subsoil overlying bedrock. These zones generally
maintain flow except during extended dry periods. The
second water-bearing group is the upper bedrock zone,
which Dyer describes as the fresh, circulating water
zone. The lower boundary of this zone is the saline-
fresh-water interface. The third group is the relatively
stagnant saline zone.

Kipp and others (1983) and Kipp and Dinger (1987)
conclude that in Knott County, Kentucky, aquifers
equate to hydrostratigraphic units composed primarily of
sandstone. Hydrostratigraphic units are separated by
claystone beds of low hydraulic conductivity.

Aquifers in eastern Kentucky are classified by
Bienkowski (1990) as a group of isolated aquifers with
similar lithologic properties rather than a continuous
aquifer with large areal extent. Water-bearing zones are
dissected by valleys, creating local flow systems that
discharge to adjacent stream valleys. Bienkowski
grouped the strata of eastern Kentucky into
hydrostratigraphic units based on geology and water
quality (Figure 15).

In Pennsylvania, Booth (1988) delineates aquifers by
hydrostratigraphic divisions where sandstone-dominated
members are classified as aquifers. Shale- and
clay-dominated members are classified as aquitards.
Geology favors multiple, but separate, sandstone
aquifers which have predominantly lateral flow.
Recharge occurs up-dip and discharge occurs at
down-dip outcrops. Vertical leakage is slight with
sudden head drops between aquifers.

Status of Knowledge
on Ground-Water Flow

Investigations in the Appalachian coal fields have
documented various aspects of ground-water flow on a
case-by-case basis. All studies conclude that fractures
are the major avenues of ground-water flow; useable
ground water is obtained primarily from fractures less
than 200 feet deep. Rocks deeper than 200 feet
generally do not yield much water to wells. Relatively
direct connection of fractures to the ground surface
provides recharge, as well as increasing susceptibility to
surface
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disturbances or contaminants. Fracture-dominated
ground-water flow is described as "stair-stepped" (Kipp
and Dinger, 1987) because water migrates vertically
through fractures and laterally along lithologic
boundaries or within conductive coal beds.

Vertical head loss with increasing depth is
documented in ridges using wells and piezometers. The
general lack of discrete piezometric data precluded
detailed descriptions of flow within individual lithologic
units in the ridges, however. The study by Wunsch
(1992) in eastern Kentucky provided the first
interpretation of coal-field hydrogeology and
geochemistry using discrete intervals. The results of this
study were applied to watersheds of similar order.

Despite the previous work done throughout the
Appalachians regarding coal hydrology, there has been
no attempt to integrate available information into a
regional-scale, conceptual framework by identifying
common components in these studies. Data are
available, especially from work in eastern Kentucky, to
consider these studies collectively, in an attempt to
identify similarities and differences among sites, as well
as identify aspects of ground-water flow that require
additional investigation.

OBJECTIVES
This research will utilize data from a new study site

and data from previous investigations in eastern
Kentucky to refine the existing conceptual flow models
for the Eastern Kentucky Coal Field. Distinct
ground-water zones will be defined and a conceptual
model for local and regional flow will be developed.
Monitoring strategies consistent with the conceptual
model will be proposed. Specific objectives are
described below.

Objective 1
The first objective is to install an extensive

piezometer network along a cross section from ridge top
to valley bottom and collect water level and water quality
data. Ground-water zones will be defined for this site
and the ground-water flow system will be described. Edd
Fork, the watershed selected for this study, is located in
Leslie County, Kentucky.

Objective 2
The second objective is to summarize ground-water

data from three previous investigations. Ground-water
zones will be identified. Data from the following
investigations will be used:



Objective 2

1. Ground Water Geochemistry and its Relationship
to the Flow System at an Unmined Site in the
Eastern Kentucky Coal Field (Wunsch, 1992),

2. A Conceptual Model of Ground-Water Flow in the
Eastern Kentucky Coal Field (Kipp and others,
1983) and Stress-relief Fracture Control of
Ground-Water Movement in the Appalachian
Plateau (Kipp and Dinger, 1987),

3. Data from Test Drilling to Trace Movement of
Ground Water in Coal-Bearing Rocks near
Fishtrap Lake, Pike County, Kentucky (Davis,
1986) and Movement of Ground Water in
Coal-Bearing Rocks near Fishtrap Lake in Pike
County, Kentucky (Davis, 1987).

These studies will be referred to as Star Fire,
Wolfpen Branch, and Fishtrap Lake, respectively.

Objective 3
Ground-water zones identified in all study areas will

be described in general and integrated into a
conceptual model describing local and regional flow.
Findings from this study will be related to the aquifer
delineation and characterization study by Bienkowski
(1990) for the

Five ground-water zones are proposed and are
applicable throughout a large region of Kentucky. These
are:

1. Above-Magoffin Member zone

2. Below-and-including-Magoffin Member zone

3. Shallow-fracture zone

4. Elevation-head zone

5. Pressure-head zone

Zones 1 and 2 are differentiated on the basis of water
quality differences. Topics addressed include extent of
zones and water-quality characteristics. Zones 3,4, and
5 are differentiated on the basis of hydraulic and flow
characteristics. Specific topics addressed relative to
these three zones are extent of zones, fracture
occurrence, hydraulic conductivity characteristics,
water-level responses, and flow characteristics.

Objective 4
The fourth objective is to propose a ground-water

monitoring strategy that will detect adverse quality and
quantity changes to ground-water resources.
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EDD FORK STUDY SITE

Objective
The first objective was to install a piezometer

network in a small basin and collect head and chemical
data from these piezometers. Data are used to describe
specific ground-water zones and to describe the
ground-water flow system.

Study Area
The study area selected for this investigation

encompasses a 173 acre watershed located in southern
Leslie County, Kentucky, on the Helton 7.5 minute
quadrangle (Figures 16 and 17). It is drained by Edd
Fork, a first-order tributary of Trace Branch. Trace
Branch flows into Beech Fork, a major tributary of the
Middle Fork of the Kentucky River. Edd Fork basin is
located approximately midway between Beech Fork and
Middle Fork of the Kentucky River. These are third and
fourth order streams, respectively, and represent local
base level. Elevations of these streams are
approximately 1,160 feet in Beech Fork and 1,240 feet
in Middle Fork of the Kentucky River.

Elevations in the Edd Fork watershed range from
about 2,160 feet on the ridgetops to about 1,550 feet at
the mouth of Edd Fork. The Hindman Coal seam, at an
elevation of 2,000 feet, was extensively mountaintop-
mined in the 1980's. Ridges higher than 2,000 feet
consist primarily of replaced overburden. Survey data
indicate that post-mining elevations are similar to
pre-mining elevations shown on topographic maps. A
contour surface-mine cut in the Hazard Number 8 Coal
seam is located along the western slope of Edd Fork.
This disturbance has been partially reclaimed but a
prominent highwall exists. Other mine-related features
include a small hollow fill, breached sediment-pond
embankments, and down-slope overburden material
(Figure 18). Although this watershed has been disturbed
by previous surface mining, this type of disturbance is
fairly typical of small watersheds in eastern Kentucky.
Edd Fork has not been mined by underground methods.

Terrain in the watershed is steep; slopes average 26
degrees. Most of the site is forested except in areas that
were mined. Vegetation in mined areas is mostly
lespedeza and locust. Rainfall in Leslie County averages
48 to 50 inches per year (Kentucky Water Resources
Study Commission, (1959). There are no inhabitants in
the Edd Fork basin.

GEOLOGY
Strata in the study area belong to the Breathitt

Formation of Middle Pennsylvanian age. Above-
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Geology

drainage strata in the watershed range from the
Hindman Coal bed down to just below the Haddix Coal
bed. Stratigraphy in the vicinity of the site is illustrated
in the stratigraphic section in Figure 19.

The Helton, Kentucky, Geologic Map (Rice, 1975)
indicates that surface rocks are slightly undulatory in
the vicinity of Edd Fork. In general, the rocks dip gently
toward the northeast. The Pine Mountain Overthrust is
located approximately 5.5 miles southeast of the Edd
Fork watershed.

METHODS

Site Characterization

Site Selection
The study site was selected to fulfill requirements

outlined in a research proposal by Sendlein and Dinger
(1990) to investigate effects of longwall mining on
hydrology of eastern Kentucky. The chosen site is
situated such that monitoring of hydrogeologic effects in
ridgetop, valley-side, and valley-bottom settings along a
cross section can be effectively accomplished.

Mapping
Base maps for this study were created from the

Helton, Kentucky, 7.5 minute topographic map, 1974
edition. A detailed watershed map was constructed by
digitizing topographic contours using AUTOCAD then
overlaying roads and mining disturbances, and
relocated drainways digitized from an enlarged 1:24,000
scale aerial photograph of the watershed. Additional
disturbances not clearly shown on the aerial photograph
were field mapped and digitally incorporated into the
base map.

Core Drilling
One NX (3 inch) core hole was drilled at each of

three topographic settings to provide stratigraphic
control on the site. Core hole depths are 763.4 feet,
500.5 feet, and 344.0 feet for the ridgetop, valley-side,
and valley-bottom settings respectively. Coring began in
November, 1991, and was completed in early January,
1992. Core holes were grouted after drilling.

All core was examined in the field immediately upon
removal from the core barrel. Core descriptions are
consistent with the classification developed by Ferm
and Melton (1977). Additional features such as
fractures and weathered zones are described. All core
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was boxed and placed in storage at the Kentucky
Geological Survey, Lexington, Kentucky.

Characterization of Hydraulic
Properties

Pressure-Injection Testing
Pressure-injection tests are used to estimate the

hydraulic conductivity at selected intervals within a
borehole. A fluid, usually water, is injected into a
borehole interval isolated between two inflatable
packers until injection pressure and injection rate
stabilize. Hydraulic conductivity for each discrete
interval can be estimated.

Pressure-injection tests were performed on the three
core holes immediately after completion of drilling. The
packer assembly used for testing was a ten-foot-long
section of perforated steel pipe connected to sliding-end
inflatable packers from Tigre Tierra (Model 34B). The
packer assembly was lowered to the bottom of the
borehole on BX drill rods. Packers were inflated through
1/4 inch high-pressure tubing using bottled nitrogen. A
schematic of the testing apparatus is shown in Figure
20. Water was injected into the test interval using a
diesel water pump capable of pumping 50 gallons per
minute. Water pressure was measured with a damped
gage calibrated in two psi increments. Water flow to the
test interval was measured using a Sensus water meter
calibrated in 0. 1 gallon increments. Flow rates less than
0. 1 gallon per minute were estimated to hundredths of
a gallon. The injection rate for intervals that did not take
water was recorded as 0.01 gallon per minute. Flow to
the test interval was controlled by valves that permitted
excess water to bypass the packer system. Upon
completion of testing in an interval, the packer assembly
was raised to the next test interval by removing a
ten-foot-long drill rod. Methodology for calculation of
hydraulic conductivity from packer-injection data is
included in Appendix B.

Precipitation Monitoring
A tipping-bucket rain gage (WEATHERtronics, Model

6011 A) is located on a reclaimed, surface-mined area
midway between the ridgetop and valley-bottom
piezometer nests. The rain gage is bolted to a twelve
inch-square concrete slab and is leveled using shims
under the bolts. The growth of weeds in the immediate
vicinity of the rain gage is controlled by anchoring plastic
and geofabric to the ground surface. A pulse recorder
(Telog, Model 2107) automatically counts the number of
bucket tips which occur each 10 minute interval. Each
bucket tip registers 0.01 inch of rainfall. Precipitation
data are downloaded to a laptop computer monthly.
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Ground-Water Monitoring

Piezometer Installation
Twenty-four piezometers are located in three nests

along a cross section from the ridgetop to the valley
bottom. These locations:

1. provide monitoring points in three different
topographic positions; ridgetop, valley-side, and
valley bottom,

2. allow monitoring of stratigraphic zones in different
topographic positions,

3. facilitate construction of a cross section and,

4. allow completion of above and below drainage
piezometers.

Specific stratigraphic intervals for monitoring were
selected where head and quality data would most
contribute needed information, either about one specific
zone or about interrelationships among different zones.
Exact screened intervals are based on the results of
coring, geophysical logs, and pressure-injection tests.
Piezometers are installed as close as practical to the
core hole at each site. The maximum distance of any
piezometer from a core hole is approximately 75 feet.
Individual boreholes were drilled approximately 15 feet
apart to minimize interference among piezometers at
any one site during drilling and construction.

Piezometer installation began in early May, 1992, and
was completed at the end of July, 1992. Boreholes for
piezometers were drilled using air-rotary methods,
utilizing air as the circulation medium where possible.
Water was added to assist cuttings removal when
mudcakes formed around the bit or when air was no
longer sufficient to lift cuttings from the hole. Twelve of
14 boreholes are eight-inch holes with eight-inch I.D.
steel surface casing. Surface casing in these hole is set
in a ten inch hole drilled with a tri-cone bit. Two
boreholes are six-inch holes with six-inch I.D. steel
surface casing. Surface casing is set in an eight-inch
hole drilled with a tri-cone bit. After surface casing was
installed, holes were completed to the desired depths
with a 7-7/8 inch diameter air-percussion hammer. The
two six-inch holes were completed with a 6 inch
hammer. Two drill rigs were utilized where possible in
order to speed completion of boreholes. Drills used
were a Driltech Model D40K, mounted on a crane
carrier, and a Schramm T-64HP, mounted on a five ton
M821 all wheel-drive military truck. The required air
volume for drilling deep eight-inch holes was obtained
by connecting the compressors on the two drills
in-series.

All monitoring pipe is 2-inch O.D. flush-joint, PVC.
The two deepest piezometers are constructed with
schedule 80 riser and screen. Schedule 40 riser and
schedule 80 screen are used for piezometers at depths
exceeding 300 feet. The remaining piezometers are
constructed using schedule 40 pipe and screens.
Piezometers installation follows accepted methodology
as described in "Handbook of Suggested Practices for
the Design and Construction of Monitoring Wells" (Aller
and others, 1989). Construction details are illustrated in
Appendix D.

All piezometer locations are surveyed to the nearest
0.01 foot by a licensed surveyor. Elevations are rounded
to the nearest 0.1 foot to be consistent with the level of
accuracy of water-level measurements. The top of the
protective casing is used as datum.

Piezometers were either pumped using a Grunfos
Redi-flo two-inch submersible pump or purged of
standing water using a two-inch stainless-steel bailer. A
pump-hoist truck equipped with nylon-coated stainless
steel cable was used to raise and lower the bailer.

Water Levels
Water levels are measured using a Slope Indicator,

Inc. Model 51453 water-level indicator. Measurements
are recorded to the nearest 0.1 foot. The measuring
point (MP) for water levels is the top of the protective
steel casing.

Water-Quality Sampling
One set of water-quality samples was collected. A

combination of pumping and bailing was used to purge
piezometers and collect samples, depending on the
depth and water-producing capabilities of each
piezometer. Several piezometers produced little water
and had to be purged, then sampled the following day.
At least three well volumes were purged from 9 of the
19piezometers sampled. Less than three well volumes
were removed from the remaining piezometers.

Specific conductance, temperature, and pH, were
measured in the field during pumping and sampling
using a YSI 3500 flow-through meter. Probes from the
YSI meter were used for field measurements on bailed
samples, but the air-tight chamber was not used. The
pH probes were calibrated at least daily using pH 7.0
and 10.0 standards. Specific conductance was
measured with a Cole-Parmer 1481-55
temperature-compensating conductivity meter. The
specific conductance meter was standardized at least
once per day using 75 3m siemen and 2,000 3m siemen
standards. Field measurements were corrected using
linear regression techniques.



Water-Quality Sampling

Water for non-metals analyses was placed in
certified clean polyethylene cubitainers. Samples for
dissolved metals were field-filtered through a 0.45
micron cellulose-acetate filter, placed in certified clean
250 ml bottles and preserved with 1 ml of 1:1
double-distilled water to nitric acid solution. All samples
were stored in an ice chest after collection. Sampling
equipment was thoroughly rinsed with deionized water
between piezometers.

Laboratory analyses were performed by the
Laboratory Services Section of the Kentucky Geological
Survey. Metals were analyzed using a thermal-Jarrell
Ash Inductively Coupled Plasma Emission
Spectrometer (ICAP).

One surface water sample was collected from Edd
Fork. Sampling procedure is the same as for
piezometers.

RESULTS

Site Selection
Three sites representing ridgetop, valley-side, and

valley-bottom were selected for intensive ground-water
monitoring. These sites are designated as Site A
(valley-side), site B (ridgetop), and site C
(valley-bottom) as shown in Figure 21. Each site
contains one core hole and a closely spaced
piezometer nest.

Site A is located below a contour strip bench at a
surface elevation of about 1,756 feet. This site was
selected because it represents the valley-side position
and is located on undisturbed ground. Site B, at an
elevation of 2,020 feet, is located on a ridge that has
been surface mined. Site C, located in an undisturbed
area about 65 feet from Edd Fork, has an elevation of
1,593 feet. There is no mining disturbance associated
with this site.

Core Drilling
One core hole was drilled at each site to define

stratigraphy along a cross section, delineate the extent
of fractures, and to guide the installation of
piezometers. A generalized geologic cross section A-A
'(Figure 22) is constructed from core holes A, B, and C.
Core descriptions are provided in Appendix A.

Pressure-Injection Tests
Pressure-injection tests were conducted in core

holes A, B, and C to determine an approximate
conductivity profile for each core hole. A 10-foot-long
packer-test interval was used for all tests. The results of
the injection tests are shown in Figures 23, 24, and 25.
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A discussion of pressure-injection test calculations and
data for these tests are presented in Appendix B.

Results of these tests were used as an aid to design
the piezometer network. Highly conductive zones
correlate with fracture zones and coal seams identified
in core logs. Conductivity differences of an order of
magnitude or greater between test intervals are not
uncommon. It is evident that highly conductive zones
include discrete fractures, fracture zones, or coal beds.
Intervals with no evidence of fracturing have very low
conductivities. These results are consistent with results
reported by Wunsch (1992) and Kipp and Dinger (1987)
for the Eastern Kentucky Coal Field.

Precipitation Monitoring
Precipitation data were collected from June 12,1992,

through February 2,1993. The location of the rain gage
is shown in Figure 21. Monthly precipitation totals for
the study period are shown in Figure 26. Daily
precipitation data are presented in Appendix C.

Ground-Water Monitoring

Piezometer Installation
Twenty-four piezometers, distributed among three

sites, were installed in the Edd Fork watershed. Each
piezometer has a three-character alphanumeric
identifier which designates site location, hole number,
and piezometer identification. The deepest piezometer
in each hole is designated as "A" and the shallowest
piezometer is designated as "B". Cross section A-A:,
shown in Figure 27, illustrates the location of screened
intervals for all piezometers. Table 4 summarizes
piezometer depths, screened intervals, and monitored
zones. Twelve piezometers, located in the site B
ridgetop nest, are completed to depths ranging from 67
feet to 684 feet. Six piezometers are located in the
valleyside nest at site A and have completion depths
from 35 feet to 417 feet. Six piezometers are located in
the nest at site C adjacent to Edd Fork. Completion
depths range from 18 feet to 262 feet. Appendix D
contains detailed construction information for each
piezometer.

Water Levels
Water levels in each piezometer were measured on

irregular intervals. Measurements were taken to
characterize both wet and dry periods. Twenty of the 24
piezometers had measurable water levels throughout
the monitoring period. Three shallow piezometers
remained consistently dry and one shallow piezometer
contained water after rainfall events. Water-level data
from August 13, 1992, through February 2, 1993 were
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Water Levels

considered in this analysis. A summary of water-level
elevations is presented in Tables 5, 6, and 7.
Piezometers were partially purged in September and
again in November. Complete water level data for each
piezometer is presented in Appendix E.

Water-Quality Sampling
One set of water-quality analyses was collected from

19 of the 24 piezometers on the site. Data from 14 of
these piezometers were determined to be
representative of water quality in the formation and are
included in this study. The remaining piezometers have
not been sufficiently developed for data to be
representative of the formation water. Three criteria
were used to determine if water quality was
representative of the formation: (1) piezometers
produced at least three well volumes when purged, (2)
water exhibited quality characteristics of a sodium-rich
"deep" water, and (3) little residual bentonite was
present in the sample. Major constituent percentages
for water samples are presented in Table 8. One
surface-water sample, SWC, was collected from Edd
Fork adjacent to piezometer nest C. Major-ion
percentages for this sample are also presented in Table
B. Complete water quality analyses are presented in
Appendix F.
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DISCUSSION
Hydraulic Conductivity

Pressure-injection tests conducted on three core
holes provide an equivalent-porous-media estimate of
horizontal hydraulic conductivity in the vicinity of the
hole. It is important to remember that conductivity
estimates from pressure-injection data are calculated
assuming that water is injected into the formation over
the entire area of the test interval. In layered and
fractured strata, the interval accepting water may be a
discrete fracture or a particular lithology, such as a coal
seam, that is thinner than the entire test interval. If a
particular zone within the interval is accepting the
majority of the water, the hydraulic conductivity for that
zone is higher than the value reported for that interval.
One must also consider that calculated values represent
horizontal conductivity and that conductivity in the
vertical direction may be larger or smaller, and be
dependent on lithology. This method, however, provides
approximate values for conductivity that can be
compared, allowing examination of conductivity
variations with depth, lithology, and topography.

Figures 28, 29, and 30 show the variation in hydraulic
conductivity with depth for core holes A, B, and C. The
distribution of points indicates that hydraulic conductivity
typically varies three or four orders of magnitude over
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Hydraulic Conductivity

the depth of a hole. Values range from 1X10-7 to
1X10--3 feet per minute. In general, the most conductive
strata are near the ground surface where open
fractures are common. Strata deep within the ridge are
the least conductive.

Conductivity values plotted in Figures 28, 29, and 30
are differentiated according to major lithology. Major
lithologic groups are sandstone, shale/sandy shale,
interbedded sandstone and shale, and coal. Intervals
that include major lithologic contacts are generally
considered as interbedded strata. Fractured zones are
not differentiated by lithology. Coal beds and fractures
stand out as highly conductive zones; however,
below-drainage coal beds have conductivities that are
smaller than those above drainage. Unfractured
sandstone, shale/sandy
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shale, and interbedded strata do not exhibit values that
are markedly different from each other.

Table 9 summarizes conductivity relationships
among different strata from core holes A, B, and C. A
total of 140 intervals in three holes is included. Fracture
zones are the most conductive and have a median
conductivity of 9x10-4 feet per minute. Intervals
containing above-drainage coals are the second most
conductive group, having a median conductivity of
9x10-6 feet per minute. Unfractured, non-coal strata
have median conductivities between 4xl0-7 and 1x10-6

feet per minute. Coal-bearing intervals below drainage
have a median conductivity of 6x10-7, a value that is
more on the order of unfractured sandstone and shale
than above-drainage coal.
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Some examples of strata that are located in adjacent
test intervals have conductivity values that vary over
several orders of magnitude. One example is illustrated
in Figure 29. The two test intervals at the top of the hole
have conductivities that differ by two orders of
magnitude. This difference in conductivity is attributed to
a fracture located within one of the test intervals.
Another example (Figure 29) shows the highly
conductive nature of coal seams. The interbedded zone
at a depth of about

260 feet has a conductivity that is 150 times less than
the coal bed immediately below it.

Few data are available to compare the effect of
topographic position to hydraulic conductivity
distribution. Figures 28, 29, and 30 show that calculated
conductivities have a greater range of values at depth in
the ridge and valley-side settings compared to the valley
bottom. However, coal beds and fractures are
underrepresented
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 in the valley-bottom core hole. The lack of fractures
may reflect conditions in an isolated hole and may not
be representative of the valley bottom in general.
However the lack of fractures is consistent with an
investigation by Hill (1988) where V-shaped valleys
contained highly competent (unfractured) strata under
high compressive stress.

Water Levels
Piezometers constructed for this study have

screened intervals that range from approximately 12 to
27 feet in length. Piezometers in coal seams have the
shortest intervals. Deep piezometers in tight formations
have longer intervals. Piezometer B1B has an open
interval of about 40 feet because of a problem during
construction.

Static water levels for piezometers, open to an
interval as opposed to a point, generally represent a
composite head over that interval. The composite head
is commonly considered as the average water level at
the midpoint of the open interval. The assumption that
head represents the average head in the open interval
is strictly valid only for homogeneous porous-media
where hydraulic properties within the open interval are
similar. Coal-field strata are not homogeneous;
therefore, interpretation of water-level data must
consider the effects that layered strata and fractures
have on the system.
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Piezometers located deep within the ridge interior below
drainage are less likely to exhibit extremes in
conductivity. The screened interval is commonly
saturated and fractures are less common, at least at a
single piezometer. Water levels in this situation
probably represent a composite average over the
interval.

Fractures and highly conductive coal beds located
within a monitored zone exert a strong influence on
static water levels. Fractures and coal seams may
control water levels in the interval so that head is not a
composite of the interval. Nonetheless, examination of
water level elevations relative to interval midpoints
provide useful information of the distribution of hydraulic
head with depth. To maintain consistency for this
discussion, head in the piezometer is presumed to
represent head at the interval midpoint. In reality, for
relatively short monitored intervals, potential error is on
the order of a few feet. Relative to the scale of the head
changes in this system which is on the order of
hundreds of feet, this error is negligible. Effects of
fractures and coal seams on head is discussed in more
detail in later sections.

Graphs showing water-level elevation and
piezometer-interval midpoint elevation for each
piezometer within a nest are shown in Figures 31, 32,
and 33. The line of zero pressure head, where head is
equal to elevation, and the static water elevation for the
core hole at each site are shown on each plot.
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Figure 31 illustrates head relative to depth for the
ridgetop piezometer nest. Water levels in the upper part
of the ridge down to at least the Hazard Number 7 Coal
(Piezometer 133A) plot along the line of zero pressure
head, regardless of lithology of the piezometers. Head
decreases nearly linearly with depth, indicating near
vertical flow. Piezometer 13213, located just below this
coal bed, also plots along this line, but the water level is
probably controlled by a fracture zone near the middle
of the interval. This fracture may or may not represent a
composite head over the interval. With increasing
depth, pressure head becomes a component of total
head, and water levels rise above the top of the
sandpacked interval. The static water level for the core
hole at site B is also shown in Figure 32. Core hole
water level is approximately equal to the elevation of the
Hazard Number 7 coal zone that is apparently capable
of draining water that flows into the open bore hole.

Figure 32 illustrates head and depth relationships in the
valley-side piezometer nest. Water levels for all
piezometers, except those in shallow fractures and
piezometer Al B, rise above the level of the monitored
zone. A loss of head with depth is observed in
piezometers at this site.

Figure 33 shows head/depth relationships below the
level of Edd Fork at nest C. The two upper piezometers
are completed in the highly weathered zone less than 25
feet below the surface. These piezometers represent
unconfined conditions. All piezometers at nest C, except
for C4A (and C3A after rainfall events), have water
levels that are below the level of Edd Fork and that are
progressively deeper with increasing piezometer depth.
The static water level of the open core hole is 10 feet
below the level of the creek, indicating a loss of head
with depth.

A similar head/depth analysis for three topographic
settings was done by Harlow and LeCain (1992) in the
southwest Virginia coal field. Data, obtained from short
term pressure-injection tests, primarily in coal zones,
show that downward gradients are generally less steep
in the ridge and valley-side settings than in Edd Fork.
Valley-bottom data indicate that head with depth is
similar

Figure 34, showing piezometer heads and interval
depths for Edd Fork on one graph, displays the
relationships among piezometers completed in the same
stratigraphic intervals but in different topographic
positions. Piezometers at the same elevation and those
with, similar heads are tightly clustered, indicating that
heads are nearly equal for intervals screened at similar
elevations. There is no large pressure head component
in the ridge interior driving ground-water flow toward the
valley. Figure 35 shows head contours throughout the
cross section assuming the system is homogeneous
and isotropic. The cross section shows there is an
overall loss of head with depth, but, it does not
necessarily reflect the movement of ground water within
the ridge. It ignores the effects of heterogeneity and
anisotropy bedded strata and fractures on the flow
system. These effects will be discussed later in this
section.

Three-dimensional ground-water flow is not
accurately reflected in a two-dimensional cross section.
There is certainly a component of flow perpendicular to
the cross section, parallel to Edd Fork. The cross
section is oriented, however, nearly perpendicular to
Beech Fork, the probable direction of regional
ground-water flow.

 to the open core hole water levels signifying very slight
downward gradients. Approximate core hole locations
suggest that most core holes tested by Harlow and
LeCain are closer to major streams than test holes in
Edd Fork. One ridgetop hole and one valley-bottom hole,
both located far from major streams, showed a greater
head loss with depth, similar to core holes A and B.
Low-conductivity strata are not represented in the data of
Harlow and LeCain because of the long time required for
heads to equilibrate within test intervals. Data from Edd
Fork augments the Virginia data by providing head data
for low-conductivity formations and for strata located
above core-hole static water levels. Strata in the ridge at
Edd Fork, above the core-hole static water level, show a
one-foot-per-foot decrease in head with depth. Intervals
tested by Harlow and LeCain (1992) were located only
below core-hole water levels.
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Water Quality
Water-quality data are different between piezometers

located in the strata above the Magoffin Member and
piezometers located within or below the Magoffin
Member. Bienkowski (1990) also identified a difference
in water quality between domestic wells above and
below the Magoffin. Water from piezometers above the
Magoffin Member in Edd Fork primarily contains ions of
sulfate, bicarbonate, calcium, and magnesium. Water
from piezometers located in or below the Magoffin
primarily contain sodium and bicarbonate ions and is
noticeably deficient in calcium and magnesium. Wunsch
(1992) attributes this change in water type in eastern
Kentucky to cation exchange reactions along the flow
path.

Ground-Water Zones
Hydraulic conductivity variations resulting from

lithologic changes, fractures, and depth from the surface
impart significant heterogeneity to the system.
Water-level positions with respect to depth and lithology
illustrate that the system does not function in a
homogeneous manner. Water quality differences
relative to the Magoffin Member suggest that the
Magoffin may influence water quality.

It would be difficult and cost prohibitive to
characterize individual heterogeneities within a flow
system, and, any attempt to do so would probably only
be valid for a site-specific area. Prior to understanding
all individual components in a system, it is beneficial to
identify zones that have similar characteristics and
describe general behavior. From the general analysis,
one may identify specific elements that exert the
greatest influence on the ground-water flow system.

The ground-water flow system in Edd Fork may be
divided into zones on the basis of water quality and
hydraulic properties. Two zones are differentiated on the
basis of water quality differences: (1) the
above-Magoffin-Member zone and (2) the
below-and-including-Magoffin-Member zone. Three
additional zones may be differentiated on the basis of
fracture occurrence and hydraulic properties. They are
(3) the shallow-fracture zone, (4) the elevation-head
zone, and (5) the pressure head zone. Figure 36
illustrates the location of these zones in Edd Fork. A
description of these zones in the study area follows.

Zones Differentiated by Water Quality
The Magoffin Member, a widespread shale/sandy

shale unit is present throughout much of the coal field.
The thickness in the Edd Fork watershed is

approximately 70 feet and the upper contact is located
approximately 125 feet below the elevation of Edd Fork.
Horizontal hydraulic conductivity values calculated from
pressure-injection tests are in the 1 X10-7 to 5x10-7 feet
per-minute range, although there are several zones that
did not take measurable quantities of water.
Consequently, actual horizontal conductivity values may
be smaller than estimated from pressure-injection tests.

Above-Magoffin-Member Zone
The above-Magoffin-Member zone overlies the

Magoffin Member and contains typical coal-bearing
strata dominated by sandstone. Several coal beds, from
the Haddix Coal through the Hazard Number 8 Rider
seam, are present above the Magoffin Member in the
study area.

Analyses of water samples from nine piezometers,
shown on the Piper diagram in Figure 37, illustrate
representative water quality for strata located above the
Magoffin Member. Maximum and minimum constituent
values measured in piezometers; completed above the
Magoffin Shale are included with the piper diagram. It is
apparent from the maximum and minimum constituent
values that water quality is variable over short vertical
and horizontal distances in this zone. Water is generally
calcium-magnesium-sulfate- bicarbonate type.

Below-and-Including-Magoffin-Member Zone
The below-and-including-Magoffin-Member zone,

encompasses strata from the top of the Magoffin
Member to the saline-fresh-water interface. The location
of the interface is inferred at an elevation between 1,000
and 1,200 feet MSL (Hopkins, 1966) in the vicinity of the
study area. This elevation is probably realistic for Beech
Fork, where salty water is documented in wells drilled
adjacent to Beech Fork, downstream of the study area.
Analyses from three wells near Hyden, approximately 14
miles downstream of the site, reported chloride values of
232,128, and 940 mg/L, in wells that are 85,120, and
210 feet deep, respectively (drill logs for brine study on
file at the Kentucky Geological Survey). The elevation of
the interface below the Edd Fork watershed is not
documented.

Water-quality data are available for two piezometers
within the Magoffin Member and for three piezometers
below the Magoffin Member. The Piper diagram (see
Figure 37) contrasts the sodium-bicarbonate-type water
characteristic of the below-and-including-Magoffin-
Member zone, with the calcium-magnesium-sulfate-
bicarbonate-type water found in the above-Magoffin-
Member zone. Maximum and minimum constituent
values below the Magoffin are also listed in Figure 37. In
general, Water quality in this zone shows less variation
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in composition and total dissolved constituents than
water above the Magoffin.

Zones Based on Hydraulic Properties

Shallow-Fracture Zone
Fractures after ground-water flow by providing

discrete conduits for water movement. The apparent
effects of fractures diminish with depth; fracture
frequency and openness probably decline.

Information on the depth of the shallow-fracture zone
is available from core- and bore-hole data. Drill data
show that the upper4O feet of the fracture zone on
ridgetops surrounding Edd Fork has been removed by
surface mining. Approximately 40 feet of mine spoil
covers what is left of the shallow-fracture zone in these
areas. The rock type immediately below the mine spoil
is sandstone. A weathered and fractured zone is
present at a depth between 50 and 60 feet. Drill
cuttings from six piezometer bore holes at site B show
a variable amount of weathering. Lateral discontinuity
within tens of feet suggests that weathered zones may
coincide with vertical joints.

The valley-side location shows numerous fractured
and weathered zones extending to the base of a
sandstone unit 60-feet below the surface. Fractures are
mostly high-angle and weathered bedding planes.
Drilling circulation was lost in a high-angle fracture at 30
feet while coring. An open fracture with an aperture of
approximately

Fractures at site C, adjacent to Edd Fork, extend to a
depth of approximately 60 feet. The upper 30 feet is
highly weathered. Because the shallow-fracture zone is
defined on the basis of hydraulic characteristics, the
lower boundary of this zone may not extend into the
deeper fractures at 50 to 60 feet. Water-level data,
discussed later in this section, indicate that deeper
fractures may be associated with regional flow. The
lower boundary of the shallow-fracture zone is
transitional and depths are not absolute.

Shallow fractures less than 60 feet deep, are shown
by pressure-injection data to be the most conductive
zones in the study area. Eight fractured test intervals
have equivalent-porous-media conductivities that range
from 4x10-3 feet per minute to 2x10-5 feet per minute
(data in Appendix B). The median value, 9x10-4 feet per
minute, is approximately 1,000 times greater than the
median conductivity calculated for unfractured
sandstone and shale (see Table 9). The
fracture-dependent flow in this system is apparent from
the variation in conductivities in adjacent test intervals.
For example, in
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core hole A, the test interval from 37 to 47 feet has a
calculated conductivity which is approximately 1,000
times less than the fractured sandstone in the overlying
interval.

The presence of numerous shallow fractures created
drilling problems at site A and resulted in a sustained
loss of drilling fluid circulation until the fracture zone
could be cased. Drill cuttings were apparently forced
into open fractures. Cuttings flowed back into the hole
on several occasions at the end of a drill run but no
cuttings were detected in adjacent boreholes. A trace of
air movement was detected in core hole A while drilling
bore hole A2. Interconnection between adjacent bore
holes may result from drilling along strike of
near-vertical fractures.

One piezometer, B6B, installed in the
shallow-fracture zone in the ridgetop, has a total depth
of 64 feet. Although this piezometer is shallow, no
fractures were observed in this interval during the
drilling of bore hole B6. This piezometer never
contained water during the monitoring period even
though the bore hole appeared to produce minor
amounts of water after drilling.

Ground-water movement and storage in the shallow
fracture zone along the ridge has the potential to be
impacted by past surface mining. The natural surface
material has been replaced by approximately 40 feet of
compacted overburden that may promote runoff rather
than infiltration; however, infiltration studies in this
material have not been conducted. Very little water was
observed in the ridgetop overburden during drilling.
Active mining may have also plugged fractures near the
surface, resulting in less recharge to the fracture zone.
Water that does find its way into the overburden may be
stored and released slowly into the underlying rock.

Two piezometers, AM and A3B, are located in
fractured sandstone at the valley-side nest. Two water-
bearing fractures, encountered during the drilling of bore
hole A3 were selected for monitoring. Piezometer A3B
is the shallower of the two piezometers, having a total
depth of 33.5 feet. Water does not accumulate in this
piezometer. A perennial seep, located downslope of
nest A at an elevation corresponding to piezometer AM,
indicates that water flows through this sandstone.
Piezometer AM has a total depth of 65.7 feet. The
hydrograph of piezometer AM (Figure 38) is typical for a
shallow-fracture zone piezometer; water accumulates in
response to rainfall. No more than a foot of water has
been measured in this piezometer; however, higher
water levels having a very short duration may occur.

Piezometer nest A is located on undisturbed ground;
however, it is situated below an unbackfilled contour
surface-mine bench. Past mining may impact the shal-
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low-fracture zone at this location. Relatively
impermeable underclay allows water discharging from
the Hazard Number 8 Coal, at the base of the highwall,
to flow across the bench, rather than infiltrate into the
groundwater system. Some of this water probably
reinfiltrates just beyond the edge of the bench, but
some of this flow discharges as surface water directly
into Edd Fork. The bench may create a depressed
water surface in the fracture zone. A lowering of
ground-water levels in the surface-fracture zone was
observed at a study area in Knott County, Kentucky
(Kipp and Dinger, 1987) after contour mining
commenced above a piezometer nest. Water levels
rebounded to pre-mining levels after backfilling was
completed.

Two shallow piezometers, C3A and C4A, located in
the shallow-fracture zone adjacent to Edd Fork, contain
several feet of water and fluctuate directly with
precipitation (Figure 39). These wells show the greatest
range in water levels of all piezometers on the site;
fluctuations as much as 6 feet have been measured in
piezometer C3A. Piezometer C4A is 17 feet deep and
has water levels that range from a few tenths of a foot
to several feet above the level of Edd Fork. The water
level in this well reflects the water table. Piezometer
C3A, completed at the base of the highly weathered
zone, has a total depth of 24 feet. Water levels in this
piezometer are generally three feet below the level of
Edd Fork.

A 4.5-inch rain in late August caused a water level
increase in both piezometers. Piezometer C4A showed
a measured rise of 1.5 feet. The deeper piezometer,
C3A, showed a measured increase of 5 feet above the
normal static water level. The water level in the deep
piezometer rose to approximately the same elevation
as in the shallow piezometer. The total water level rise
is unknown because water levels were not continuously
recorded.

Very little water quality data is available for the
shallow-fracture zone at the Edd Fork site. Water from
C3A and C4A is very low in dissolved constituents, 30
and 52 mg/L TDS respectively, indicating either rapid
flow of precipitation through the system or flow through
highly weathered rocks that have few reacting surfaces.
Major ions are present in nearly equal percentages (see
Table 8).

Elevation-Head Zone
The elevation-head zone lies below the

shallow-fracture zone and extends into the sandstone
unit below the Hazard Number 7 Coal. The base of the
elevation-head zone is transitional, but, in general, is
located at the approximate elevation where pressure
head is a part of the total head. The location of the
bottom boundary is determined in part by the position of
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 the Hazard Number 8 coal seam. Vertical distance
above drainage may also be a factor. Maximum depth to
the top of this zone from the ridge top is approximately
300 feet (see Figure 36).

The elevation-head zone in Edd Fork contains three
coal beds, the Hazard Number 8 Rider through Hazard
Number 7 Coal seam, that are sandwiched between
less conductive strata. Coal-bearing intervals in core
hole B have conductivities that range from 1x10-4 feet
per minute to 4xl0-7 feet per minute. The lowest
conductivities were calculated for two thin splits of the
Hazard Number 8 Rider coal. Coal seams having a
thickness of at least 1.9 feet have
equivalent-porous-media hydraulic conductivities that
range from 1X10-4 to 3x10-5 feet per minute. These
values are at least ten times greater than the horizontal
conductivity of surrounding sandstone and shale.

Even though this zone lies below the shallow-f
racture zone, open fractures are not uncommon in the
elevation-head zone. The distribution of fractures,
however, is not well-known. In coal-bearing rocks of
Pennsylvania, Nickelson and Hough (1967) found that
adjacent lithologies show different joint patterns and
that joints in underclays are absent or poorly developed.
The distribution and interconnection of fractures among
lithologic units undoubtedly play an important role in
vertical ground-water flow in this zone.

Possible fracture interconnection was noted during
and after well construction. Piezometer B2B is
completed in a fracture zone at the same depth as a
fracture interval logged in core hole B. Bentonite slurry,
pumped into holes B1 and B2, dropped to a level of 30
feet below the top of the hole during well construction.
Slurry was later recovered from piezometer B2 during
purging and sampling. Bentonite either migrated
laterally from bore hole B1 to bore hole B2 along
fractures or else slurry from bore hole B2 bypassed the
bentonite seal (probably along a vertical fracture) and
entered the piezometer below the seal.

Eight piezometers, B2B, B3A, B3B, B4A, B4B, B5A,
B5B, and B6A are located in the elevation-head zone.
Table 10 summarizes hydraulic characteristics of these
piezometers. Piezometers B5B and B6A are in the
ridge-capping sandstone unit. Piezometers B3A, B4A,
and B5A encompass the upper split of the Hazard
Number 7 Coal, the Hazard Number 8 Coal, and the
upper split of the Hazard Number 8 Rider Coal,
respectively. The remaining three piezometers, B2B,
B3B, and B4B, are in strata between coals.

The lithology of monitored intervals and the presence
of fractures affect the response of piezometers. Two
piezometers are located in the ridge-capping sand
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stone. Piezometer B6A, located in a fractured
sandstone interval, remained dry throughout the study
period even though bore hole B6 made approximately
025 gallons of water per minute during drilling.
Fractures my allow water to drain to a lower level,
preventing water accumulation in the piezometer.
Piezometer B5B bottoms at the base of the
ridge-capping sandstone. Bore hole B5 showed
significant weathering at this depth that was not
observed in the adjacent core hole. The hydrograph for
piezometer B5B is shown in Figure 40. Water levels
show a delayed response to rainfall, but generally rise
during wet periods and decline during dry periods.
Piezometer B5B consistently contains about 4 feet of
water, and produces enough water to bail three well
volumes and collect samples, indicating that fractures
are supplying water to this piezometer.

The water table in the ridge is probably located within
this sandstone unit at a depth somewhere between
piezometers B6A and B5B. The water surface in
piezometer B5B does not necessarily represent the
water table; water may be draining to a lower head via
fractures encountered in the open interval.

Piezometers B3B and B4B are completed primarily in
sandy shale. Hydrographs are shown in Figures 41 and
42. It is difficult to determine, given the data available,
whether or not these piezometers have reached
equilibrium; however, these piezometers are
characteristic of the piezometers in low-conductivity
rocks. A discussion of piezometers located in tight
formations is included in a later section.

Piezometer B2B is open to sandstone and sandy
shale; however, an open fracture is present within the
monitored interval at a depth of 295 feet. The water
level
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in this piezometer is located at the elevation of this
fracture and is seasonally constant, varying only a few
tenths of a foot (Figure 43). Although this piezometer is
deep, the fracture produces water and head re-
equilibrates within hours of bailing.

Piezometers B3A, B4A, and B5A are completed in
coal beds. All three seams apparently transmit water
and re-equilibrate within hours after an external stress.
Water levels for these piezometers are shown in
Figures 44, 45, and 46.

Water levels in piezometers open to both coal and
rock are controlled by the most conductive zone.
Piezometer B5A is located in a coal seam that does not
have a conductivity significantly greater than
surrounding strata. The water level in this piezometer
stands four feet above the top of the coal seam,
indicating that the coal cannot drain water that cascades
into the well bore from the overlying sand-packed
interval. Piezometer B4A is located in the Hazard
Number 8, the thickest coal seam on the site. The static
water level in this piezometer is about two feet below the
top of the coal seam. This coal effectively drains water
that enters the well bore from the overlying sand pack.
Because this piezometer monitors the entire coal
interval, a water level located below the top boundary of
the coal indicates that a free water surface exists in this
piezometer. There may or may not be a free-water
surface within this coal throughout the ridge, depending
on the amount of vertical flow entering the coal seam.
Piezometer B3A is the deepest coal-seam piezometer in
the elevation-head zone. The water level in this
piezometer coincides with the upper boundary of the
coal seam, indicating that the coal seam is in equilibrium
with water entering the piezometer from non-coal strata.
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Coal seams affect head in overlying strata. Because
coals are more conductive than other strata, head
throughout the elevation-head zone is dissipated by
coal beds. As a result, piezometers in this zone have
water levels that are near the midpoint of the monitored
interval. Piezometer B4B has a head that is two feet
below the interval midpoint. It is located above the
Hazard Number 8 Coal that contains a free-water
surface over at least a part of the area. Piezometer B3B
has a water level very close to the interval midpoint. It is
located above the Hazard Number 7 split, a coal seam
that maintains a water level at or near the top of the
coal. Strata in the elevation-head zone are mostly
saturate .

Water levels within screened intervals in
piezometers above coals do not represent free-water
surfaces, rather, water levels represent the average
potentiometric surface over the interval. Because
piezometers in coal seams completely encompass the
monitored interval, a static head within the coal seam
indicates that the coal bed contains a free-water
surface.

Pressure-Head Zone
Ground-water beneath the elevation-head and

shallow-fracture zones generally has pressure head as
a component of total head. Widespread confining units,
depending on topographic position, may be an
exception. The pressure-head zone is projected to
extend to the base of the fresh water system at the
fresh-saline water interface. The fresh-saline boundary
is the limit of fresh ground-water flow; thus, the
interface makes a convenient lower boundary for this
investigation. It is recognized that saline ground water
has a pressure head component.

67

Eleven piezometers are located in the pressure-head
zone. Two piezometers are in the Hazard Coal zone,
three piezometers are completed in a sandstone unit
above the Magoffin Member, one is located at the
upper contact of the Magoffin Member, two are within
the Magoff in Member, and three are below the
Magoffin Member.

Table 11 shows the wide variation in the time
required for piezometers in this zone to equilibrate after
an imposed stress. Equilibration times range from
nearly instantaneous in fractured intervals to many
months in strata below drainage or deep within the ridge
core. Coal beds in this zone required a longer time to
reach equilibrium than the shallower coal beds. All
piezometers were allowed to equilibrate naturally for two
months following installation, then were pumped or
bailed to evacuate standing water.

Piezometers at similar elevations in different
topographic positions have different water-level
responses. Figure 47 shows hydrographs for
piezometers in the Hazard Coal zone. Water levels in
piezometer A2B, located near the valley wall, generally
fluctuate with precipitation. The storm in late August
produced a 0.3 foot rise in water level in this
piezometer. Water levels fell in late October and
recovered during the end of the year as rainfall
increased. Piezometer B2A is located in the ridge core.
Water levels in this piezometer respond more subtly to
pressure changes that are transmitted through the coal
bed. The hydrograph indicates a consistently higher
head in A2B, the shallow piezometer, and may reflect
recharge conditions. The drop in water level in
piezometer B2A in November reflects purging and
gradual recovery.
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Figure 48 shows water levels for three piezometers
located in the sandstone overlying the Magoffin
Member. Piezometers A2A and C2B, located in
fractures, equilibrate within days and minutes,
respectively. Piezometer B1B, in the ridge core, may
still be in the equilibration process after six months.
Piezometer C2A, is located at the contact between the
sandstone above the Magoffin and the Magoffin
Member. The rapid response of this piezometer to
precipitation and pumping stresses suggests that
fractures, although not noted from core logs, are
present in the open interval (Figure 49).

Three piezometers are completed below the
Magoffin Member and two piezometers are located
within the Magoffin Member. Hydrographs for
piezometers located below the Magoffin are shown in
Figure 50 and hydrographs for the two piezometers
located within the Magoff in are shown in Figure 51.
Water-level responses indicate very low conductivity in
the Magoffin. A discussion of the four piezometers in
the pressure-head zone located in low-conductivity
strata follows.

Piezometers A1 B, B1 A, B1B, and C1B illustrate the
difficulty interpreting water-level data in low-conductivity
strata. It is unclear from available data whether or not
static water levels in these piezometers reached
equilibrium during the study period (approximately 6
months).

Piezometer B1A (Figure 50) was allowed to decline
naturally following construction. A three-feet drop in
water level during late September coincides with a
small volume of water removed from the piezometer
during an unsuccessful purging attempt. In general, the
hydrograph shows an exponential water-level decline
that eventually flattens out toward the end of the study
period.

Piezometer B1B (Figure 48) was partially purged in
late September. Prior to purging, the water level showed
an exponential decline similar to piezometer B1A.
Following the initial purging, the piezometer partially
rebounded. The piezometer was purged again in mid
November to collect water samples. Water levels did
not rebound after the second purging. The initial
rebound may represent an adjustment to the artificially
high head in the immediate vicinity of the well. In
low-conductivity strata, head does not change rapidly
unless connected by fractures. If the strata in the vicinity
of the piezometer equilibrated to the post-construction
water level, water levels lowered by bailing would tend
to rebound to this artificial head. After the second
purging attempt, heads had begun to adjust to the
actual formation head and did not rebound.
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Piezometer A1B is located in the Magoffin Member.

Water levels declined exponentially after construction.
The well was partially bailed to approximately two feet
below the level of the sand pack. Water levels
rebounded to a level several feet above the sand pack.
This rebound probably represents an adjustment to an
artificially high head in the vicinity of the piezometer as
described above. This piezometer was bailed again in
late September and was lowered to level that was about
18 feet below the top of the sand pack. The sand pack
was probably partially dewatered during the final bailing
and heads did not rebound significantly.

Piezometer C1B located in the Magoffin Member
(Figure 51) responded differently. Following well
construction, the water level in piezometer C1B
remained at an artificially high level and did not decline
over time. The piezometer was partially bailed in mid
September and pumped in late September. The volume
of water removed by pumping was approximately equal
to the volume of water contained in the well bore and
gravel pack. After pumping in late September, water
levels did not rebound.

Water levels for the two Magoffin piezometers have
remained within the screened interval several months
after purging. Heads measured in these piezometers
near the end of the study period may be representative
of the head within the Magoffin Member or may
represent piezometers in poorly conductive strata that
have not equilibrated.

Ground-Water Flow System
Piezometric data provide point-specific information

that may be used to infer behavior of the larger system.
In Edd Fork, piezometric data are used to define three
zones that exhibit similar hydraulic characteristics. The
ground-water flow system in the Edd Fork watershed is
composed of three hydraulically distinct zones; the
shallow-fracture zone, the elevation-head zone, and the
pressure-head zone. Boundaries separating these
zones are transitional but can be inferred from water
level data.

The shallow-fracture zone functions as both a
recharge zone and a discharge zone. Recharge from
precipitation infiltrates vertically through the soil layer
into the underlying fracture system. Water migrates
vertically and laterally through the upper, unsaturated
part of the fracture system as gravity drainage. Some
percolating water exits the valley wall as springs where
fractures or coal beds intersect the surface. Discharge
from springs reinfiltrates into the system downslope or
flows along the surface and discharges directly to Edd
Fork.
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A water table that intersects Edd Fork in the valley
bottom is present within the shallow-fracture zone along
the valley slope between site A and site C. The water
table surface fluctuates seasonally, as well as in re-
sponse to specific rainfall events. It is probable that
mining activity in the watershed has depressed the
elevation of the saturated zone in the ridge tops and on
hillslopes beneath mining benches in a manner similar
to Wolfpen Branch.

The shallow-fracture zone comprises the local flow
system in the Edd Fork watershed, contributing subsur-
face flow to Edd Fork. Mine spoil located throughout the
watershed undoubtedly stores and releases water that
helps to sustain flow during dry periods. Edd Fork prob-
ably does not contribute much recharge to unfractured
strata below the shallow-fracture zone. Because
ground-water flow is three dimensional, there is also a
component of flow in this zone that is approximately
parallel to Edd Fork and may discharge downstream to
Edd Fork or to Trace Branch.

Water that does not discharge through the shallow-
fracture zone, percolates into the elevation-head zone,
partially through vertical fractures and partially via inter-
granular flow. The elevation-head zone is saturated ex-
cept for the Hazard Number 8 Coal bed. Unconfined
conditions are indicated because head is equal to eleva-
tion. Flow throughout this zone is nearly vertical in non-
coal rock but is more nearly horizontal in coal beds.
Near-vertical, downward gradients in rock are in re-
sponse to more conductive coal beds that divert part of
the flow horizontally toward valley walls. Water either
discharges as springs, evidenced by sustained flow
from the Hazard Number 8 Coal seam at the base of
the highwall, or it reenters the shallow-fracture zone.
Saturated conditions in the ridge core indicate that
some water moves downward to recharge deep strata.
Vertical fractures present above drainage probably
provide vertical recharge conduits and promote greater
flow than would occur intergranularly.

Below the elevation-head zone, ground water is con-
fined. The top of the pressure-head zone extends to
about 150 feet above the level of Edd Fork (Figure 38).
Upper boundaries are the elevation-head zone or the
shallow-fracture zone. Vertical gradients in the pres-
sure-head zone are less steep than in the elevation-
head zone, but flow has a strong vertical component.
Head data in the valley-bottom sandstone unit indicate
that flow is downward, although there is a lateral
component of flow under Edd Fork. On the basis of
head data, there is a regional system, flowing downward
and laterally, that does not discharge to Edd Fork.
Because flow is three dimensional, there is probably a
third component of flow in this sandstone

parallel to Edd Fork, towards Trace Branch.
The Magoffin Member, a thick, shale/sandy shale se-

quence, is located below the level of Edd Fork. Because
strata are saturated below the Magoffin, some flow
must pass through the Magoffin to recharge the
regional flow system. The Magoffin, therefore, is a
leaky, confining unit. Because it is laterally extensive
and has a steep vertical gradient, significant quantities
of water may pass through this unit. Ground-water
below the Magoffin Member is sodium-bicarbonate type,
indicative of slow-moving water that has a long
residence time. Cation-exchange reactions are primarily
responsible for conversion of water from
calcium-magnesium type to sodium type (Wunsch,
1992). Slow flow through a clayrich unit such as the
Magoffin would accomplish this exchange. As a result
of this water-quality difference, two ground-water zones,
the above-Magoffin-Member zone and the
below-and-including-Magoffin-Member zone are
distinguishable. Bienkowski (1990), also found a dif-
ference in quality above and below the Magoffin in the
Eastern Kentucky Coal Field where the Magoffin Mem-
ber is present.

Continued generation of sodium-bicarbonate-type
water along the flow path may be expected where cal-
cite continues to dissolve and host sites for cation ex-
change are available. Sodium-chloride type water, how-
ever, is generally considered connate or formation water
in eastern Kentucky (McGrain and Thomas, 1951). High
chloride content in fresh ground water near stream
valleys, probably results from mixing with chloride-rich
water at depth.

Fracture permeability probably exists at depth, either
in discrete fractures or as coal cleat. If fractures play a
part in determining the depth of fresh-water flow, -
fractures are probably closed, are less abundant, or are
poorly connected with greater depth of the flow system.
The fresh-saline water interface may represent an area
where no fracture permeability is present; therefore, no
flushing of connate water occurs.

SUMMARY OF EASTERN
KENTUCKY GROUND-WATER

INVESTIGATIONS

Objective
Ground-water data from three previous investigations

in eastern Kentucky will be summarized. Groundwater
zones will be identified using data from the following
sites:

1. Ground Water Geochemistry and its Relationship
to the Flow System at an Unmined Site [Star Fire]
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in the Eastern Kentucky Coal Field (Wunsch,
1992).

2. A Conceptual Model of Ground-Water Flow in the
Eastern Kentucky Coal Field (Kipp and others,
1983) and Stress-relief Fracture Control of
Ground-Water Movement in the Appalachian
Plateau (Kipp and Dinger, 1987)

3. Data from Test Drilling to Trace Movement of
Ground Water in Coal-Bearing Rocks near Fish
trap Lake, Pike County, Kentucky (Davis, 1986)
and Movement of Ground Water in Coal-Bearing
Rocks near Fishtrap Lake in Pike County,
Kentucky (Davis, 1987).

Location
Locations of all study areas, including Edd Fork, are

shown on Figure 52. The Edd Fork, Star Fire, and Wolf
Den Branch sites encompass approximately the same

stratigraphic interval within the Breathitt Formation.
The Fishtrap Lake site lies below the Magoffin
Member, the lower in the Breathitt Formation.

Methods
Three studies were summarized and data evaluated

in order to describe ground-water zones similar to those
in Edd Fork. Drill data, pressure-injection test data,
water-level data, and water-quality data were available
from publications regarding these sites. The types of
data available depend on the original intent of the study.
Consequently, the level of detail varies from site to site.
These three particular study areas were selected for the
following reasons: (1) these studies represent the coal
hydrology studies completed in the Eastern Kentucky
Coal Field; (2) all sites are located in the Breathitt
Formation; (3) study areas encompass different
topographic and drainage positions; (4) a wide variety of
detailed information is available; and (5) individuals
involved in data
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collection are available to verify accuracy or limitations
of the data.

Data Description and Summary
Star Fire Site, Perry County

A one-year study by Wunsch (1992) provides a
detailed description of geochemical facies that may be
present in a ridge setting adjacent to a third-order
stream in eastern Kentucky. Geochemical evolution of
ground-water in the ridge is related to the ground-water
flow system. The site is located on the Vest and Noble,
Kentucky 7.5 minute quadrangles. The site and
monitoring points are shown on Figure 53. One core
hole was drilled to characterize stratigraphy. Estimates
of hydraulic conductivity were obtained from
pressure-injection tests conducted in the core hole
using 5-foot intervals. The variation of conductivity with
depth is shown in Figure 54. Sixteen piezometers were
installed in rotary bore holes at various sites on the
ridge. A summary of piezometer data is presented in
Table 12. Figure 55 shows piezometer screened
intervals in cross section. Figure 56 shows the
relationship of water levels to piezometer interval depth
for all piezometers. Water quality data, representing an
average of samples collected during the study, are
shown on the Piper diagram in Figure 57. The author of
this dissertation recognizes that water quality varied
within each piezometer over the course of the Star Fire
study;

however, average values are useful for identifying major
ionic differences. The reader is referred to Wunsch
(1992) for a detailed geochemical evaluation of the Star
Fire site.

GROUND-WATER ZONES
The Magoffin Member is above drainage at the Star

Fire site. Average water-quality data show that waters
above and below the Magoffin Member are different
types. Calcium and magnesium are the dominant
cations in strata above the Magoffin. Sodium is the
predominant cation, except in shallow valley-bottom
piezometers, in ground-water below the Magoffin
Member.

Three zones differentiated on the basis of hydraulic
properties are also present. The shallow-fracture zone is
identifiable from core- and bore-hole logs, down-hole
camera examinations, electric logs, pressure-injection
tests, and piezometric data. These data indicate that a
highly fractured zone extends to a depth of about 60
feet along ridges and valley walls. No data are available
in the valley bottom. Pressure-injection tests (Figure 54)
show conductive fractures in the upper 60 feet. Three
piezometers are located in the shallow-fracture zone.
Piezometer 14A shows water-level fluctuations
characteristic of shallow-fracture piezometers.
Piezometer 21B is dry, indicating unsaturated conditions
(Wunsch, 1992). Piezometer 41B exhibits water quality
that is a mixture of rapidly infiltrating water and older
water from the ridge interior (Wunsch, 1992).
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Piezometric data support the existence of an
elevation-head zone that extends approximately to the
top of the Magoffin Member. No piezometers were
placed within the Magoffin; however, because it is
above drainage and head drops approximately one-foot
per foot between piezometers above and below it,
heads are likely to be at or near the interval midpoint.
For this reason, the Magoffin Member is included as
part of the elevation head zone.

A downward gradient of approximately one-foot per
foot is present between piezometers 13A and 11B. As
described by Wunsch (1992), flow is predominantly
vertical through the ridge; however, coals divert some of
the flow laterally. Water levels from piezometers
completed in coal beds indicate that coal seams are
partially drained. Coal seams at this site are thicker than
coal seams at Edd Fork and may transmit a greater
volume of water. Everywhere below the Magoffin
Member, head in the system includes both
elevation-and pressure head components.

Similar data collection procedures conducted at sites
with different stream orders invites comparison of
results for the Edd Fork and Star Fire sites. The sites
encompass nearly the same stratigraphic interval; the
primary difference is that the Magoffin Member is below
drainage at Edd Fork and above drainage at Star Fire.
Both sites show water-quality differences between
piezometers above and below the Magoffin. The pH is

generally higher in strata in and below the Magoffin
Member than in strata above the Magoffin Member.
Calcium and magnesium are the dominant cations
above the Magoffin Member. Hydraulic conductivity
profiles obtained from core hole pressure-injection tests
show that fractures and coals are highly conductive
zones; whereas, unfractured sandstone and shale have
low conductivity. The hydraulic gradient in the ridge
interiors is downward at both sites. Gradients continue
downward beneath the first-order stream at Edd Fork;
however, the third-order stream at Star Fire is identified
as a discharge zone. Saline water is encountered at a
depth of about 100 feet below creek level at Star Fire.
Water obtained from 260 feet below the level of Edd
Fork is fresh water. Deep piezometers; in the ridge
interiors indicate fresh water at both sites.

Wolfpen Branch Site, Knott County
A study, conducted in 1982 by the Kentucky

Geological Survey, was designed to collect
ground-water data from a small drainage basin prior to,
during, and after surface mining. Results were used to
develop a conceptual model of ground-water flow in the
basin and to assess the effects of mining and
reclamation on groundwater flow and quality.

Wolfpen Branch is located on the Vest, Kentucky, 7.5
minute quadrangle, approximately one mile upstream
from the Star Fire site on Lick Branch. The site and
monitoring points are shown on Figure 58.
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Four core holes were drilled at each of four nest
sites to characterize stratigraphy and locate fracture
zones. Thirteen monitoring wells were installed in
sandstone units at various topographic locations. Wells
in this study had long screen intervals that encompass
entire lithologic intervals, rather than short screens that
provide head data at discrete points in the system. A
conceptualized cross section showing relative well
locations is shown in Figure 59. A summary of well data
is shown in Table 13. The partial Piper diagram (Figure
60) shows only cations because analyses of major
anions are not available. The reader is referred to Kipp
and Dinger (1987) and Kipp and others (1983) for
additional information on this study area.

GROUND-WATER ZONES
The Magoffin Member is below the level of both

Wolfpen Branch and Lick Branch. Water quality from
four wells above the Magoffin show that the ground
water contains the cations calcium and magnesium.
One well above the Magoffin completed in a coal bed,
contains appreciable sodium. One well, located in the
Magoffin Member, indicates that ground water is high in
sodium and depressed in calcium and magnesium. No
data are available for ground water below the Magoffin.
These limited analyses indicate there is a water quality
difference in wells located in above the Magoffin
Member and within the Magoffin Member; however,
there are no quality data from below the Magoffin
Member.



Core data indicate that the shallow-fracture zone
exists at this site. The most extensive fracturing is at
depths less than 70 feet on the valley walls. Fractures
at site 50, near the confluence of Lick Branch and
Wolfpen Branch, extend to the top of the Magoffin
Member, 40 feet below the surface.

Three wells, 51, 82, and 83 are screened through the
entire thickness of the shallow-fracture zone. Water
cascades into these wells from fractures located above
the water level in the well. Direct inflow to wells via
fractures results in water levels that fluctuate rapidly in
response to precipitation events. Continuous water
level measurements for well 51 also recorded diumal
evapotranspiration effects (Kipp and Dinger, 1987).
Two wells, 82 and 83, are identically constructed except
that well 83 intercepts a fracture near the base of the
open interval. The water level in this well is 15 to 20 feet
lower than the water level in well 82. Water in the well is
drained by the fracture; however, water cascades in
from the overlying Hazard No. 7 Coal seam.

Three wells, 61, 71, and 81, terminate in the Hazard
Number 5A Coal seam. Water levels are within the
open interval. This may indicate that the coal bed is
draining the wells in a similar manner to that at Edd
Fork and Star Fire. The base of the elevation-head
zone is probably associated with this coal bed because
all other wells are located in the pressure-head zone.

Three wells, 62, 70, and 80, are open to a sandstone
unit between the Magoffin Member and the Hazard 5A
Coal bed. Water levels in these wells rise above the top
of the sandstone, indicating that pressure head is a
component of total head conditions exist.

Piezometers 50 and 52 are located approximately
100 feet from the confluence of Wolfpen Branch and
Lick Branch (Figure 58). Wolfpen Branch is a first-order
stream; however, Lick Branch is a third order stream.
Well 52 is completed in the Magoffin Member. The
Magoffin Member intersects Lick Branch, a stream that
is probably a regional discharge zone in this vicinity, on
the basis of the findings in the Star Fire investigation. A
292 feet-deep open well, completed to a greater depth
than well 50, has a higher head than well 50, indicating
that there is an increase in head with depth. This
supports a regional discharge zone in the vicinity of Lick
Branch.

Fishtrap Lake Site, Pike County
This study, conducted by the U.S.G.S. in 1985 and

1986, was initiated to investigate hydraulic connection in
fractured bedrock using dye traces and to make a
determination whether or not ridge-top and hill-side land
uses are geologically isolated from lower aquifers. The
site is located on the Lick Creek 7.5 minute quadrangle
map along a ridge adjacent to Levisa Fork and
Grapevine Creek (Figure 61). Grapevine Creek is a
third-order



stream and Levisa Fork is a major river. Both streams
are part of the artificially impounded Fishtrap Lake.

Eight core holes were drilled in various topographic
positions along the ridge to characterize stratigraphy
and determine fracture locations (Figure 61). Selected
intervals from all holes were pressure-injection tested to
determine approximate hydraulic properties.
Equivalent-porous-media-conductivity values were
calculated by the author of this dissertation from field
data. Hydraulic conductivity in relation to depth is plotted
in Figure 62. Small-diameter, multiple-completion
piezometers were installed in the core holes. The upper
sections of several holes were left as open-hole wells in
shallow fractures. Piezometer and well data are
summarized in Table 14. Piezometer intervals are
illustrated in cross section in

Figures 63, 64, and 65.
After completion of the study, it was reported that the

boundary of a mined-out coal seam was located within a
few hundred feet of Hole 1 (U.S.G.S., 1990). Cross
section A-A: (Figure 63) and the site map (Figure 61)
show the proximity of the mine to drill holes on the upper
part of the ridge. Two of three piezometers in nest 1 are
stratigraphically above the mine. Water-level and dye
injection data indicate that all three piezometers in the
nest are hydraulically connected. There is a possibility
that nest 1 was affected by mining, and therefore; it will
not be included in the analysis. Piezometer 9P is also
close to the mine and will not be used. The remaining
piezometers are stratigraphically below the mine and
data are probably not impacted by mining.





GROUND-WATER ZONES
Strata in this study area are in the lower Breathitt Formation. The Magoffin Member is only present in isolated
patches on the higher ridges. No water-quality data were available from this investigation; consequently, ground-
water



zones, relating to water types, were not evaluated.

Data from six core logs (2,3,4,6,7,and 8) show that
strata on ridge tops and valley sides are commonly
fractured to a depth of 40 to 50 feet. Qualitative
inspection of core data suggests that fracture frequency
is greater in sandstone-dominated strata than in shale.
Where shale is underlain by sandstone, the underlying
sandstone shows more fractures than the overlying
shale unit. Two of the six core holes, located in a
V-shaped valley bottom, showed very few fractures.

Five monitoring Points, 20H, 30H, 40H, 60H, and 8P,
are in the shallow-fracture zone. Because water levels
relative to fracture locations are known, possible effects
of fractures on water levels may be evaluated. Figure 66
shows fractured intervals and water levels for the five
monitoring points in the shallow-fracture zone. Water
levels fluctuate seasonally; water levels are lowest in
the dry fall months.

One valley bottom well, 20H, does not contain any
fractures in the monitored interval. This well remained
dry much of the year, containing water only in late
winter.



The maximum water-level elevation in piezometer
30H may be controlled by the fracture zone between 33
and 35 feet. At minimum water levels, water probably
cascades into the well from both overlying fractures.
This piezometer, located on the nose of a ridge, has a
very small recharge area. Sustained recharge is
probably unavailable except during very wet periods.

Piezometer 40H shows wide fluctuations in water
level. Water levels are generally above the fracture
zone, except in late summer-early fall, when the
piezometer goes dry. During periods when the water
level is above the fracture, the water level may
represent head either in a single fracture or in a system
of interconnected fractures. During dry periods, water
may drain out of the well. During wet periods, water
inflow is sufficient to maintain water in the well, possibly
corresponding to an overall rise in the water surface
within the shallow-fracture zone.

Well 60H probably has a maximum static water level
controlled by a fracture at 12 feet. Head in the interval
may represent the head of the fracture at

23 feet during the part of the year where water level is
above this fracture. The fracture in this well may or may
not be hydraulically connected to surrounding fractures.
This well goes dry in the fall and responds to
precipitation, indicating that the fractures are variably
saturated during the year.

Piezometer 8P illustrates a situation where the spring
water level may represent head in a different zone than
in the fall. In the fall, only the lowest fracture zone is
submerged. In the spring, the water level rises above
another fracture zone at 35 feet, indicating that a greater
part of the system is saturated. Water-level fluctuation
relative to fracture locations indicate that water levels
may represent heads in different parts of the system at
different times of the year.

Well 7P extends below the shallow-fracture zone, but
construction is typical of domestic water supplies. The
maximum water level may be controlled by a fracture at
88 feet. Falling water levels indicate that in flow,
probably from fractures, declines in response to lower
rainfall during



dry periods. Wells that terminate below the shallow
fracture zone hold water because water cannot flow out
through less conductive strata faster than it can flow in
from overlying fractures.

Several coal beds, ranging from one to seven feet in
thickness, are present in the ridge above Fishtrap Lake.
Pressure-injection-test data show large conductivity
differences between coal beds and other strata. This
situation, similar to the Edd Fork and Star Fire sites,
promotes strong horizontal flow in coal beds and
vertical flow in the intervening rock mass. Three
piezometers, 3PS, 6PS, and 6PD, illustrated in cross
sections B-B' and C-C'(see Figures 64 and 65),
maintain water levels within the open interval. These
piezometers did not go dry in the fall and exhibited little
short-term fluctuation. These responses indicate that
they are not part of the shallow-fracture zone. There is a
gradient of approximately one-foot per foot downward
between piezometers 6PS and 6PD. The above
characteristics are similar to those observed in the
elevation-head zone at other sites.

Piezometers 2P, 4P, and 3PD, shown in cross
sections B-B'and C-C'(see Figures 64 and 65), exhibit
water levels that represent artesian

conditions. These piezometers are completed in coal
beds at elevations between 855 and 875 feet.
Piezometer 4P is 32 feet deep; however, the hole
shows little fracturing. Because the coal bed is artesian,
piezometer 4P was not included in the shallow-fracture
zone. Insufficient piezometric data are available at this
site to accurately locate the boundary between the
elevation-head zone and the pressure-head zone.
Piezometers that are believed to be representative of
the three zones are identified on cross sections A-A!,
B-B'and C-C'(see Figures 63,64, and 65).

CONCEPTUAL MODEL OF
LOCAL AND REGIONAL
GROUND-WATER FLOW

Objective
The objective of this section is to describe general

characteristics of the five ground-water zones identified
from site-specific investigations and integrate the
ground-water zones into a conceptual model of local
and regional flow.
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Ground-Water Zones
Above-Magoffin-Member-Zone and

Below-and-Including-Magoffin-Member Zone
Three sites, where the Magoffin Member is regionally

present, show a marked change in water quality
between strata above the Magoffin and strata within or
below the Magoffin. Strata located above the Magoffin
Member, referred to as the above-Magoffin-Member
zone, has ground-water that is predominantly a
calcium-magnesium- bicarbonate-sulfate type.
Groundwater in the below -  and - including - Magoffin -
Member zone is predominantly sodium-bicarbonate
type or sodium-chloride type. These water types are
apparently independent of drainage position and are
present where the Magoffin is above or below drainage.
As documented by Wunsch (1992), infiltration of water
from the surface via fractures creates zones of mixed
water types, especially at shallow depths.

Bienkowski (1990) divided the Breathitt Formation
into two hydrologic units, distinguishable by chemical
differences, on the basis of regional analysis of publicly
available well data. Strata from the base of the Magoffin
Member to the top of the Lee Formation were included
in the Lower Breathitt hydrologic unit. Strata from the
base of the Magoffin to the Conemaugh-Breathitt
Formation contact were termed the Magoffin hydrologic
unit (see Figure 15). Chemical analyses were limited to
pH, alkalinity, total iron, total manganese, sulfate,
specific conductance, and total dissolved solids. Major
and minor ion analyses were not evaluated. Wells in the
Magoffin hydrologic unit were higher in manganese and
total dissolved solids than water in the Lower Breathitt
hydrologic unit throughout the coal field. The Magoffin
hydrologic unit above drainage has a lower pH, than the
Lower Breathitt hydrologic unit. Where both hydrologic
units are below drainage, total iron is higher in the
Magoffin hydrologic unit (Bienkowski, 1990). Chemical
data from Star Fire (Wunsch, 1992) supports the lower
pH values for strata above the Magoffin in
above-drainage situations. In Edd Fork, where the
Magoffin Member is below the level of Edd Fork, pH
values are generally lower in strata above the Magoff in.

Direct comparison of water quality results from
studies using discrete sampling intervals and results of
the regional study by Bienkowskii (11990), however, is
difficult. Most information obtained from Bienkowski's
study is obtained from shallow, domestic-type wells with
open hole completion and a mean depth of 113 feet.
Water quality in shallow wells is influenced by infiltration
of recent precipitation, and shallow wells in valley
bottoms may represent mixed water types where highly
mineralized, older water and younger, less

mineralized waters intermingle. On the other hand,
discrete sampling intervals at site-specific locations
minimize intermixing of ground water from different
zones. Another problem is the lack of comparable data.
The Star Fire data do not include the same analytes as
used in the regional study by Bienkowski (1990).

Recent water-quality data from the Star Fire and Edd
Fork investigations indicate that water within the
Magoffin Member is more similar to water below the
Magoffin than that above it. For this reason, the
boundary differentiating above and below Magoffin
strata should be placed at the top of the Magoffin
Member rather than below it.

Shallow-Fracture Zone
The shallow-fracture zone in eastern Kentucky is a

zone of highly fractured strata that parallels the land
surface to a depth of 50 or 60 feet. The exact
mechanism of fracture development is unknown,
however, it is likely a combination of tectonic jointing,
overburden unloading, and surficial weathering
processes. Possibly, release of stress from overburden
unloading occurs along existing joint planes. Surficial
weathering may enhance fracture openings. Fractures,
both in outcrops and drill holes, have near-vertical
orientations. At least one orthogonal set is generally
present. Near-horizontal bedding plane fractures are
also noted in some core holes. Core holes drilled in
V-shaped valleys seem to exhibit fewer fractures than
holes drilled in other topographic settings. This
observation is supported by stream-valley studies by Hill
(1988). The effect of lithology on the distribution of
fractures requires more data than are available from this
study; however, it is known that fracture spacing differs
among lithologies and that fractures may terminate at
lithologic boundaries.

High values for hydraulic conductivity in the shallow-
fracture zone are directly attributable to fractures
general, the equivalent-porous-media-hydraulic-
conductivity calculated from pressure- injection tests is
approximately 1,000 times greater in fractured rock than
in less-fractured strata. Fracture frequency is high in the
shallow-fracture zone, as noted in drill logs, increasing
the likelihood of intercepting a conductive fracture during
hydraulic testing. Intervals in the shallow-fracture zone
that do not intercept fractures have hydraulic
conductivity values similar to deeper strata, indicating
that conductivity is fracture dependent.

Depth to the water table is variable, and is affected by
rainfall, topography, fracture location, and previous
surface disturbances. Piezometer response to individual
precipitation events is rapid and transient, generally



Shallow-Fracture Zone

lasting less than a day. Saturation conditions are
transient as well. Rainy periods cause a rise in the
water table throughout the shallow-fracture zone. This
is apparent in piezometers in the valley sides and
ridges, as well as in valley-bottom piezometers.
Fractures that may be unsaturated during dry weather
and are above the static-water level become
submerged during rainy periods. Abrupt water-level
increases in valley bottoms result from increase in head
in the shallow-fracture system. Water levels decline as
water discharges through fractures to adjacent
streams. Seasonal effects are similar, piezometers that
contain water during the winter and spring may go dry
during extended dry periods, indicating a lower
saturated zone.

The position of water levels relative to fracture
location illustrates the difficulty of identifying the
saturated parts of the shallow-fracture zone. Fracture
zones in open intervals may allow water to freely drain
out of the piezometer to a zone of lower head. Water
from higher, potentially saturated fractures commonly
cascades into piezometers or wells if water levels in
wells are below the fractures. Flow out of wells may
also be greater than incoming flow, resulting in a dry
well, or a water level in the well that is below the level of
saturated fractures. If fractures are well connected, a
continuum may exist, and water levels may represent
the head of the continuum or the position of the water
table. If individual fractures are poorly connected, a
continuum may not exist and water levels may
represent very local head. Additionally, the
shallow-fracture zone is dynamic, exhibiting transient
head conditions that may change daily.

General conclusions about the position of the water
table may be drawn from available data. Static-water
levels are generally deeper on ridge tops and upper
valley slopes than in valley bottoms. The upper surface
is probably irregular; being higher where recharge is
more direct and lower where less direct infiltration
occurs.

Because the shallow-fracture zone receives direct
recharge from precipitation, surface disturbances may
alter recharge to this zone. Where surface runoff is
high, less water may infiltrate. Surface mining removes
much or all of the shallow-fracture zone and may clog
underlying fractures, resulting in diminished infiltration
to deeper zones. Overlying mine spoil may store
precipitation and buffer recharge to the shallow-fracture
zone.

Flow through the shallow-fracture zone is difficult to
quantify. Fracture flow may be non-Darcy flow because,
of the potential for turbulent flow and because on a
small scale, a continuum in both space and time, may
not exist. Because flow is highly fracture dependent,
estimates of discharge based on fracture frequency
and
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properties are preferred. However, more information
than is presently available on the distribution, spacing
and aperture of fractures is required to quantity flow
using these methods. It is evident, though, that
significant flow passes through shallow fractures.
Streams in small basins are commonly flashy;
hydrographs show steep rising and falling limbs. It is
reported that surface (overland) flow in forested
watersheds is virtually nonexistent and that runoff is in
the shallow subsurface (Springer and Coltharp, 1978).
Runoff studies in an undisturbed, eastern Kentucky
watershed by Springer and Coltharp (1978), indicate
that 31.5 inches (59 percent of total precipitation) is
subsurface storm runoff. Because of shallow soil cover
and the rapid response of shallow piezometers to
precipitation, it seems reasonable that at least part of
subsurface storm runoff is through the shallow fracture
zone. Slow release of water from storage in this zone
probably sustains flow in first-order streams. During
extended dry periods small streams may go dry, when
water in the surface-fracture zone is depleted.

Water quality in the shallow-fracture zone is variable.
Fracture-zone wells in small, relatively pristine basins
are predominantly calcium, magnesium, sulfate, and
bicarbonate waters. Iron and manganese are variable.
Total dissolved constituents are variable, ranging in this
study from less than 50 mg/L to more than 800 mg/L.
The magnitude of the values is not necessarily related
to mining impacts, but, may be more dependent on
proximity to direct recharge, location within the flow
system, and lithology. Shallow wells in recharge zones
are generally low in total dissolved solids because of
rapid influx of rain water (Wunsch, 1992). Wells in close
proximity to coal beds may have pH values in the acidic
range and contain significant amounts of iron
(Wunsch,1992). Shallow wells, close to third-order or
higher streams, commonly contain significant amounts
of sodium and chloride, the result of mixing of deep
water with shallow water.

Elevation-Head Zone
The elevation-head zone, located above drainage, is

characterized by a downward head loss over the entire
interval of approximately one-foot-per foot. The overall
vertical gradient is attributable to hydraulic stratification
resulting from highly conductive coal beds that are
interbedded with poorly conductive sandstone, shale,
and claystone.

Lithologic stratification creates hydraulic stratification
where conductivity differences between coal beds and
other strata may be four orders of magnitude or more.
Such conductivity extremes between coal beds and
non-coal strata, creates a situation where flow is
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near-vertical in the non-coal strata and more nearly
horizontal in the coal beds.

The influence that coal seams exert on the flow
system can be investigated by calculating horizontal
deflection of flow in coal beds and by estimating the
potential discharge through coal beds.

Fractures are present in the elevation-head zone
although frequency is less than in the shallow-fracture
zone. Loss of drilling circulation in this zone and
fracture-controlled heads indicate that fractures
influence flow locally in this zone, but the net impact of
fractures throughout the elevation head zone is
unknown.

The effects of stratification on ground-water flow can
be investigated using the Tangent Law as it applies to
refraction of ground-water flow lines. Flow lines that
cross boundaries of different hydraulic conductivity
refract (Figure 67a) according to the following
relationship (Freeze and Cherry, 1979):

The horizontal travel of a water particle within a stream
tube can be estimated using this relationship. Three
factors impact the horizontal distance travelled through
a coal bed; the conductivity ratio of the two units, the
angle of incoming flow, and the coal-bed thickness. The
incoming-flow angle is estimated at 0.1 degree
Thetarock. To estimate the impact of conductivity
changes, conductivity ratios are varied over four orders
of magnitude. Figure 67b shows the effect of flow line
refraction per foot of coal thickness. Lateral deflection
for a one-foot-thick coal bed ranges from 0.01 foot for a
one order of magnitude difference in conductivity to 17.5
feet of lateral deflection where coal is 10,000x more
conductive than rock. In a typical hillside, where coal is
1,000x more conductive than rock and totals 10 feet
thick, maximum theoretical horizontal flow for a water
particle would be 17.5 feet. Because coal is generally
thin and flow lines must intersect rock below the coal,
some part of the total flow must pass into the underlying
strata.

Darcy's Law may be used to calculate the volume of
water discharge through a coal bed. The following
assumptions are used:

1. Darcy's Law is valid.

2. Incoming flow is vertical and the gradient is one
foot per foot.

3. Flow within the coal is horizontal and the gradient
is calculated using the coal thickness divided by
the length of travel. Gradients in coal beds are low
because head is generally located within or near
the top of the coal.

Figure 68a is a schematic of the theoretical
conditions. Calculations using a reasonable range of
conductivity values for coal and rock produce a wide
range of ratios for flow-out versus flow-in. If the lowest
conductivity value is used for rock and the highest value
is used for coal, then coal can transmit 3,000x as much
water as flows in. Conversely, if vertical conductivity of
the rock is on the order of 7xl0-6 feet per minute and
coal conductivity is low, on the order of 1 x10-5 feet per
minute, then the rock transmits 10,000x more water
than the coal. Using mid-range values of 7xl 0-7 feet per
minute for rock and 1x10-4 feet per minute for coal; the
rock has the potential to transmit 120 times more water
than does coal. It is not unreasonable to conclude that
incoming flow from rock is greater than outgoing f low
from the coal, given the greater cross-sectional area of
the rock (400 square feet for rock and 3 square feet for
coal).

From this illustration, one can see the importance of
conductivity estimates. Vertical conductivity in rock may
be dependent on fractures and in-situ vertical
conductivity measurements are virtually non-existent.
On the basis of observed discharge from coal beds and
piezometer water levels that are within coal beds, it is
apparent that coal beds discharge considerable flow.
That amount, however, may be small compared to the
volume of flow that may recharge deeper systems.

Water levels in the elevation-head zone near the
ridge interior are generally stable, seldom varying by
more than a foot. Water levels in piezometers nearer
valley walls fluctuate by several feet, because of their
closer proximity to surface fractures.

The base of the elevation-head zone is probably
associated with a coal bed that can effectively relieve
head in overlying units. However, it is not necessarily the
lowest above-drainage coal bed. Confined conditions
exist in some above-drainage coal beds. Data from
available sites suggests that the base of this zone may
also be related to distance above drainage. If coal
seams are present within a ridge above drainage '
regardless of stream size, at least 70 percent of the
above-drainage strata (below the shallow-fracture zone)
will be in the elevation-head zone.



Pressure-Head Zone
The pressure-head zone extends from the base of

the elevation-head zone (or the shallow-fracture zone
near valley bottoms) to the fresh-saline-water interface.
Although the ground-water system is confined and
saturated below the interface, the fresh-saline-water
interface is a convenient boundary because it marks
the limits of fresh ground water. Strata above drainage
eventually build up head because pressure is no longer
relieved laterally. Conductivity differences between coal
beds and other lithologic units are smaller than in
shallower rocks. Fracture zones, generally associated
with stream valleys, are highly conductive and produce
use

able amounts of water. Rocks that do not contain open
fractures or that contain poorly connected fractures are
saturated but yield very little water. Lowest calculated
horizontal values for this zone are approximately 1x10-7

feet per minute.

Few piezometers are located in this zone,
consequently, head distribution and flow are poorly
understood. There is generally a gradient (0.037 foot
per foot at Star Fire) from the ridge interior toward major
drainage. Vertical-head drops near drainage are an
order of magnitude greater than apparent horizontal
gradients indicating at least some part of the flow is
moving vertically
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into a regional flow system. Gradients in this zone
depend on location within the flow system.

THE FRESH-SALINE-WATER INTERFACE
The fresh-saline-water interface is the lower

boundary of fresh ground-water flow in Kentucky. Its
location with respect to major stream valleys is
documented by Hopkins (1966) and Wunsch (1992) in

Kentucky. Its depth beneath upland areas is not
documented; however, drill data indicate that the
interface is deeper in these areas than near stream
valleys (Wunsch, 1992). The argument that the interface
is depressed below ridges may be substantiated from
ground-water theory using following equation (Davis and
DeWeist, 1966):



The Fresh-Saline-Water Interface

Components are illustrated in Figure 69 and
assumptions for the analyses follow.

1 . The fresh-saline-water interface is a discrete
boundary and is, therefore, a flow line.

2. Saline water below the interface is stagnant: fresh
water flows above it. Vf,s and Vs,s are components
of darcy velocity along the interface, where, Vf,s
does not equal 0 and Vs,s is equal to 0.

3. The density of fresh water is less than saline
water and is represented by ρf and ρs,
respectively.

4. Hydraulic conductivity above and below the
interface is Kf and Ks, respectively.

5. The slope of the interface is sin (alpha).
Because it is assumed that there is no flow below

the boundary, the last terms in the equation are zero
and the equation becomes:
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Sin(alpha) increases with increasing values of Vf,s.
Because sin(alpha) is positive, the interface slopes
upward in the direction of flow of the overlying fluid.
Because ground water flows from the ridge interiors
toward the major stream valleys, the interface must be
deeper under ridges than under streams. The
magnitude of the interface slope is controlled by the
flow velocity and hydraulic conductivity of the strata.
Because the cross-sectional area of fresh-water flow
decreases closer to the discharge zone, flow,
conductivity, or both, must increase. If this change in
hydraulic properties is a shallow phenomenon, the
interface may rise sharply closer to the stream valley.
The interface may be flatter under the upland areas
where flow is slow and there is a larger cross-sectional
area for fresh water to flow.
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Conceptual-Flow Model
Local and regional flow systems are identifiable in

the Eastern Kentucky Coal Field. The shallow-fracture
zone comprises the local flow system. Water that does
not discharge via shallow fractures becomes part of the
regional system. Part of this deeper flow system may
discharge as a more intermediate system in intervening
valleys, but, in the context of this discussion,
intermediate flow is more similar to regional flow
systems than local flow systems.

First-Order Stream Basins
Low-order, upland streams are sustained by local

ground-water flow in the shallow-fracture zone. There is
a loss of head below first-order streams, indicating that
deeper strata do not discharge to these streams. Water
levels in valleys of first-order streams show that heads
only rise above stream level at shallow depths within
the shallow-fracture zone.

Third-Order and Larger Stream Basins
Third-order streams derive flow from both local

(shallow-fracture zone) flow systems and regional-f low
systems. Water in the regional system flows downward
from the upland areas toward the fresh-saline-water
interface. Because saline water is considered stagnant
relative to fresh water, flow must eventually parallel the
interface in the direction of major stream valleys. A
conceptual model of ground-water flow in the Eastern
Kentucky Coal Field is shown in Figure 70.

GROUND-WATER MONITORING
STRATEGY

Objective
The fourth objective of this study is to develop a

ground-water monitoring strategy that will detect
adverse quality and quantity changes to ground-water
resources.

Monitoring Strategy
A highly used ground-water resource and one

subject to disruption from surface and underground
disturbances in the Eastern Kentucky Coal Field is the
shallow-fracture zone. According to Bienkowski (1990),
most water wells in the coal field are less than 100 feet
deep and few are deeper than 225 feet. Shallow,
fractured bedrock is obviously an important, and
virtually irreplaceable ground-water resource for many
domestic users. Because most of the ground-water flow
is within

100 feet of the surface, surface activities have the
potential to seriously disrupt ground-water supplies,
either by removing the shallow-fracture zone or by
altering recharge, flow, or water quality. Underground
mines also have the potential to affect shallow ground
water where they discharge to the surface, intersect the
shallow fracture zone, or drain ground water from
overlying or adjoining strata.

Baseline Monitoring
In an area like eastern Kentucky that

characteristically exhibits temporal or spatial water
quality and quantity variations, documentation of
seasonal baseline variations is essential. Examples of
coal-field variations include documented differences in
water quality above and below the Magoffin Member;
detrimental constituents that may be linked to particular
coal-bearing or coal-associated strata; or water quality
variations associated with mixing water types, such as
in discharge zones. Baseline conditions need to be
defined, considering that much impact to ground water
is attributable to mining, an activity that potentially
magnifies undesirable ground water characteristics that
may exist naturally. For example, shallow ground-water
supplies are commonly impacted during periods of
drought. Common complaints are diminished supply
and inferior water quality, the same adverse impacts
that are generally attributed to mining. Wells that may
normally contain relatively low dissolved solids during
periods of normal precipitation may go dry or exhibit an
increase in dissolved constituents if more mineralized
water is gradually released from storage. It may be
difficult or impossible to distinguish these natural,
long-term variations from mining-related impacts. A
thorough documentation of seasonal flow and quality
fluctuations is needed to establish a "normal" range of
values.

Surface Mining
Surface mining impacts ground water in the shallow

fracture zone in several ways. The most obvious impact
is physical removal of all or part of the zone during the
mining process. Other impacts may include changing
recharge characteristics or altering water quality. These
types of impacts have the potential to affect the usability
of the shallow-fracture zone as a domestic water
source.

Site-specific effects of surface mining may be
monitored using shallow (within the fracture zone) wells
located downslope of the proposed disturbance. In small
basins, where baseflow is sustained by the shallow
fracture zone, wells located near streams may allow
more continual monitoring of ground water, especially if
surface flow diminishes during dry weather. Shallow,
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subsurface flow commonly continues even though
surface flow may cease.

Near larger streams, where the shallow fracture zone
may include regional discharge as well as local
discharge, monitoring wells should be located high
enough on the hillside to avoid zones of mixed water
types. For either small or large basins, monitoring wells
located on the outer edge of mining benches and
completed the entire thickness of the shallow-fracture
zone, would detect immediate and localized impacts to
the fracture-zone ground water.

Underground Mining
Underground-mining impacts to ground water vary

depending on the mining method, the position of the
mine relative to the elevation-head zone and the
pressure-head zone, and whether or not the mine is
above or below drainage.

The effects of room and pillar mining, a mining
method that leaves sufficient coal in-place to prevent or
minimize failure of overlying strata, may have minimal
impact on ground water in overlying rock. Such mines
can intercept the shallow4racture zone near the coal
outcrop if a sufficient barrier is not left between the
mined out areas and the valley wall. Potential drainage
from the mine into fractures can affect water quality in
the shallow-fracture zone if quality is poor, or cause
increased flow through the fracture zone.

Mine works located in the elevation-head zone would
not be expected to build up pressure head. Conditions
are naturally atmospheric and inflow to the mine is
ultimately determined by the conductivity of the
overlying strata. The creation of high-conductivity
conduits (entryways) would potentially after the nature
of discharge from the mine. Rather than diffuse
ground-water flow along the outcrop, flow would
concentrate in the entryways and create "point-source"
discharges. Mine water could preferentially enter the
shallow-fracture zone along entryways near valley walls.

Mining in the pressure-head zone is more likely to
disrupt the pressure distribution in the ground-water
system by creating a low-pressure sink. The increased
gradient toward the mine would result in the gradual
depressurization of the surrounding strata. Hydraulic
conductivity of the surrounding strata and the gradient
toward the mine will ultimately control inflow to the mine.
Strata in the pressure-head zone generally exhibit poor
conductivity and are not generally used for water
supplies. The area of importance, with regard to
monitoring in this mining situation, is along coal
outcrops where there is potential to impact shallow
fractures.

Room-and-pillar, above-drainage mines, whether in
the elevation-head zone or the pressure-head zone,
create similar monitoring problems: (1) mining too close
to the outcrop can result in infiltration of water into the
shallow fracture zone from the mine works, (2) flow will
be concentrated along entryways where flow of water is
unrestricted and could increase water flow in the
shallow4racture zone, (3) in the case of mines in the
pressure-head zone, the mine works will remain a zone
of high conductivity compared to the surrounding strata.

Monitoring above-drainage room-and-pillar mines
should be concentrated along potential discharge
points. Wells should be located in the shallow-fracture
zone below adits. An outcrop barrier that is sufficiently
wide to prevent interception of the shallow-fracture zone
by underground mining would minimize potential
impacts to shallow ground-water sources.

Mines in the pressure-head zone that are below
drainage are most likely to impact overlying streams that
are undermined and also, shallow fractures near the
mine adits. These mines are, for the most part, located
in the regional flow system and do not directly affect
aquifers. Mines have the potential, however, to intercept
fractures associated with valleys. Stress-release as a
result of mining under V-shaped valleys has been
documented to induce fracturing (Hill, 1988). Both
situations have the potential to cause dewatering of
streams or lowering of water levels in valley bottom
wells. Monitoring should include surface monitoring of
undermined streams and monitoring of wells in and
immediately adjacent to stream valleys that may be
adversely affected.

Mining methods, such as longwall or pillar-extraction
mining, in which roof support is removed, impact
ground-water in strata overlying the mine in addition to
creating impacts similar to those associated with room-
and-pillar mining. Mining-induced fracturing creates
permanent or temporary changes in water quality or
quantity. Such effects appear to be variable and are
related to topography, geology, mine design, seam
thickness, and depth of overburden.

Surface- Water Monitoring
Surface-water monitoring points effectively document

changes the ground-water system in addition to
assessing changes attributable to surface runoff.
Because shallow ground water in small, upland
watersheds discharges directly to streams, basin-wide
ground-water quality and quantity changes can be
effectively evaluated using surface-water monitoring
methods. This method of monitoring ground-water
changes is most effective during periods of little rainfall
when stream water quality is most likely representative



Surface-Water Monitoring

of ground-water quality. Monitoring stations upstream
and downstream of proposed disturbances would
provide much information on discharge variations and
water quality in a small watershed. Multiple-basin
monitoring points may be required where surface
mining crosses drainage divides, such as in
mountaintop mining.

Base flow in third-order or larger streams is
sustained by regional flow as well as local flow through
the shallow-fracture zone. In such situations, stream
monitoring methods would not be diagnostic of mining
impacts on ground water. Impacts related to surface
runoff, however, can be observed.

Monitoring-Well Construction
Effective wells can be constructed with screened

intervals open to the fracture zone. A blank section of
pipe installed below the screen will capture water that
may potentially pass through the well bore. Wells that
continually produce water should be purged then
immediately sampled. Wells that produce water
intermittently can be sampled by allowing water to
accumulate in the blank section of pipe. Other viable
options for downslope monitoring are existing (or newly
emergent) seeps and springs.

SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

Summary
Ground-water flow in the Eastern Kentucky Coal

Field is controlled by climate, topography, and geology.
The humid, temperate climate provides nearly
continuous recharge to the ground-water system. Steep
topography promotes downward ground-water flow
from ridgetops towards valley bottoms. Bedded and
fractured strata complicate the flow system by creating
heterogeneous and anisotropic conditions. Flow
modifications may also result from underground
(mining) and surface disturbances.

Researchers throughout the Appalachian
coal-bearing region have documented that the majority
of bedrock ground water is obtained from fracture
zones that are generally within 200 feet of the surface
where relatively direct connection to infiltrating ground
water exists. Fractures, coal beds, and bedded strata
alter flow paths largely by differences in fracture density
that may be lithologically dependent. This creates
contrasting conductivities among layers. Aquifers in
coal-bearing regions are generally poorly defined; they
are not widespread, identifiable geologic units, but tend
to be related to fracture occurrence. Identification of local
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and regional flow systems, particularly in the
mountainous coal-bearing regions such as eastern
Kentucky, have not been previously defined.

The objectives of this study are fourfold.

Objective I
Instrument a first-order watershed (Edd Fork site) and
describe the flow system.

A previously mined, first-order watershed, located in
Leslie County, Kentucky, was selected for intensive
monitoring. Three sites, located along a cross section,
were selected for coring and installation of piezometer
nests. Three core holes, 344, 500, and 760 feet deep
were drilled at the valley bottom, midslope, and ridgetop
locations, respectively. A continuous hydraulic
conductivity profile was obtained for each core hole. A
total of 24, multiple-completion piezometers, ranging in
depth from 17 to 680 feet, were installed among three
nests. Water-level data were collected for
approximately six months to obtain vertical-head
distribution from the ridgetop to 260 feet below
drainage. One set of water samples was collected.

Average hydraulic conductivity values ranged from
4xl0-4 feet per minute in fractures to 4x10-7 feet per
minute in unfractured shale. Conductivity values for coal
beds average 9xl0-6 feet per minute above drainage to
8x10-7 feet per minute below drainage.

Five ground-water zones were identified on the basis
of chemical and hydraulic properties. They are:

1. Above-Magoffin-Member zone
Major ions in this zone are generally calcium,
magnesium, sulfate, and bicarbonate.

2. Below-and-including-Magoffin-Member zone

Major ions in this zone are sodium and
bicarbonate. Ph values are generally higher in
ground water located in the below-and-including-
Magoffin Member zone than in the above-
Magoffin Member zone.

3. Shallow-fracture zone
This zone is a blanket-like, intensively fracture
layer that parallels the ground surface to a depth
approximately 60 feet. Characteristics are:
a. rapid infiltration of water via fractures, b. water
levels fluctuate with precipitation, and a often
fracture controlled.

4. Elevation-head zone
This zone, located above local drainage,
comprises approximately the upper 70 percent of
the above-drainage strata. Characteristics are:
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a. strata contains conductive coal beds inter-
bedded with low conductivity sandstones and
shales,

b. head at a point in the system is equal to
elevation head; overall head loss across the
zone one-foot per foot downward,

c. flow direction within individual units varies an
is controlled by conductivity contrasts
between units. Flow in sandstone and shale
beds is near vertical; flow within coal beds
has a horizontal flow component,

d. coal zones laterally relieve pressure head in
the system and function as drains. Water
diverted laterally through coal beds may re-
infiltrate into the shallow-fracture zone.

5. Pressure-head zone
This zone is located below the elevation-head
zone (or shallow-fracture zone in the valley
bottom). Characteristics are:
a. Ground water has a pressure-head

component,
b. Coals and other strata have conductivities that

are approximately the same order of
magnitude.

Objective 2
Summarize ground-water data from three other sites
and identify ground-water zones.
Star Fire site--(Wunsch, 1992)

The Star Fire site, in Perry County, Kentucky, is
located adjacent to a third-order stream. Four
piezometer nests, located in different topographic
positions, were utilized to collect data for an intensive
hydrogeochemical investigation. One core hole, drilled
to obtain a continuous hydraulic conductivity profile,
showed fractures and coal beds to be the most
conductive units. Twelve months of water-level and
water-quality data were obtained from fifteen
piezometers. A vertical distribution of potentiometric
heads shows that ground-water flow in the
above-drainage strata is primarily downward. Saline
water was found in a piezometer located approximately
100 feet below the elevation of Lick Branch.
Geochemical data indicates that Lick Branch is a
ground-water discharge zone. The same five
ground-water zones as described in the Edd Fork
investigation were identified. Two additional sites,
Wolfpen Branch and Fishtrap Lake, did not provide the
level of detail available from the Edd Fork and Star Fire
investigations. Data from the latter two studies were
used to substantiate the conclusions drawn from the
more detailed investigations.
Wolfpen Branch-(Kipp and Dinger, 1987; Kipp and
others, 1983)

The Wolfpen Branch site, located in Knott County,
Kentucky, is situated in a first-order basin that flows into
Lick Creek, a third-order stream. The Wolfpen Branch
site is located approximately one mile upstream from
the Star Fire site.

The Magoffin Member is below the level of Wolfpen
Branch. Four core holes and thirteen monitoring wells
were installed at four sites in the basin. Wells were
completed with large open intervals, primarily spanning
thick sandstone units between coal beds. Several wells
were completed in the shallow-fracture zone. Core-hole
data show intensive fracturing to a depth of almost 70
feet, substantiating the presence of the shallow-fracture
zone. Chemical data were limited to cation analyses
from six wells. Water from one well, located within the
Magoffin Member, is a sodium-type water. The
remaining wells, located above the Magoffin Member,
contained calcium and magnesium-type water. The
difference in water quality associated with the Magoffin
are consistent with previous results. Wells that
terminated in an above-drainage coal bed had water
levels within the screen, indicating that coals are
functioning as drains; consequently, an elevation-head
zone is present. Wells completed below the lowest
above-drainage coal are confined. Wells completed
below the level of Lick Branch, near the confluence of
Wolfpen Branch and Lick Branch, show potentiometric
head that is above Lick Branch; thus, Lick Creek is a
discharge zone. These results are supported by the
Star Fire study.

Fishtrap Lake--(Davis, 1986; 1987)
The Fishtrap Lake site is located in Pike County,

Kentucky, adjacent to an impounded third-order stream.
This site is stratigraphically below the Magoffin Member.
Water quality analyses were not a part of this
investigation. Some core hole and water-level data were
excluded from this analyses because of potential impact
from past underground mining activities.

Six core holes show intensive fracturing to a depth of
approximately 50 feet. Pressure-injection tests
performed on selected intervals show that fracture
conductivity is generally between 1x10-2 feet per minute
and 3xl0-4 feet per minute. Coal bed conductivities are
generally greater than 3xI0-5 feet per minute. Twelve
multiple-completion monitoring wells were installed in
the core holes. Water level fluctuations, especially in the
shallow-fracture wells, show the relationship of water
levels to fracture zones and the seasonal variation in
fracture saturation. Wells that are approximately 200
feet above lake level maintain water levels within the
well screen. Wells that are in coal beds located
approximately 100 feet above lake level are confined.
As in the
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other sites the boundary between the elevation-head
and pressure-head zones is above drainage.

The elevation-head zone, located above local drain-
age, comprises approximately the upper 70 percent of
the above-drainage strata. Characteristics are:
1 . strata contain conductive coal beds interbedded
   with low conductivity sandstones and shales;

2. calculated conductivity values from pressure
injection tests vary nearly five orders of magnitude
   (7xl0-3 to 1x10-7 feet per minute);

3. flow direction within individual units varies and is
   controlled by conductivity contrasts between
   units. Flow in sandstone and shale beds is near-

vertical; flow within coal beds has a horizontal flow
component;

Water quality differences associated with the
Magoffin Member at the four selected sites were
compared to the results of a ground-water chemistry
study for the entire Eastern Kentucky Coal Field by
Bienkowski (1990). Bienkowski concluded that there
was a difference in water quality between strata above
and below the Magoffin Member.

Objective 3
Describe, in general, ground-water zones identified
from analyses of the site-specific investigations, and in-
tegrate these zones into a conceptual model of local and
regional ground-water flow.
Two zones are differentiated on the basis of water
quality differences; the above-Magoffin-Member zone
and the Below-and-including-Magoffin-Member zone.
Major ions in the Above-Magoffin- Member zone are
calcium, magnesium, sulfate, and bicarbonate; whereas,
sodium and bicarbonate are common in the below-and-
including-Magoffin-Member zone. Chloride becomes
more prevalent in the below-drainage flow system with
increasing proximity to the fresh-saline water interface.
Ph values are generally higher in ground water located
in the Below-and-including-Magoffin-Member zone
than in the Above-Magoffin-Mernber zone. Both zones
exhibit variations in water chemistry as a result of in
filtration of recent precipitation or mixing of ground water
in discharge zones.

Three zones, the shallow-fracture zone, the
elevation-head zone, and the pressure-head zone, are
delineated on the basis of hydraulic characteristics.

The shallow-fracture zone is a blanket-like, intensively
fractured layer that parallels the ground surface to a
depth of 50 to 70 feet. Characteristics are:

1. a rapid infiltration of water via fractures;

2. water levels that fluctuate rapidly with precipitation,
and are fracture controlled;

3. water quality that varies in response to infiltration
by precipitation and location within the flow sys
tem;

4. depth to water table is affected by rainfall,
topography, fracture location and interconnection, and
surface disturbances; and

5. static water levels are generally deeper on ridges
and hillslopes than in valley bottoms.

4. head at a point in the system is equal to elevation
head; overall head loss across the zone is 1 foot per
foot downward;

5. coal zones laterally relieve pressure head in the
system and function as drains. Water diverted
laterally through coal beds may re-infiltrate into
the shallow-fracture zone;

6. fracture frequency and interconnection are
probably less in this zone than in the
shallow-fracture zone;

7. water levels in piezometers are generally more
stable than in the shallow-fracture zone.

The pressure-head zone is located beneath the two
previously described zones. The majority of this zone is
below drainage. Characteristics are:

1. ground water is confined;
2. hydraulic conductivity values calculated from

pressure-injection tests show that differences
between coal beds and other strata are less in this
zone than in the elevation-head zone;

3. fracture zones, generally associated with some
larger stream valleys, are highly conductive;

4. strata that do not contain open fractures are
saturated, but, have very low conductivity values;

5. flow in this zone is generally in the regional
system, rather than in the local flow system (see
Figure 70).

A conceptual model for local and regional
groundwater flow was developed for the Eastern
Kentucky Coal Field. Local flow systems develop in
response to topography; however, the local flow system
is contained within the shallow-fracture zone. Flow that
does not discharge via the shallow-fracture zone flows
downward toward the fresh-saline water interface and
becomes part of a more regional flow system. Specific
points of the conceptual model are:
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1. first-order streams are discharge points only for
the local flow system;

2. there is a downward head loss below drainage in
strata located below the shallow-fracture zone;

3. the fresh-saline-water interface below upland
regions is deeper than below third-order or larger
streams;

4. ground-water flow to third-order or larger streams
has both a local and regional component;

5. water in the regional system flows from upland
regions toward third-order or larger streams.

Objective 4
Develop a ground-water-monitoring strategy that is
appropriate for eastern Kentucky.

A monitoring strategy must characterize spatial and
seasonal ground-water variations. Impacts to shallow-
fracture water supplies can be evaluated by installing
wells in the shallow-fracture zone downslope of the
disturbance. Ground-water changes in first order basins
can be detected by monitoring surface streams above
and below disturbances. Common impacts to shallow
fractures are:

1. removal of the shallow-fracture zone by surface
mining;

2. change in recharge, flow volume, or quality
resulting from surface mining,

3. interception of the shallow-fracture zone near the
outcrop by underground mines, allowing water
from the mine to enter the fracture zone.

Conclusions
1 Five ground-water zones are identified in the

Eastern Kentucky Coal Field Region. Two zones,
the above-Magoffin-Merriber zone and the below-
and- including- Magoffin- Member zone,
differentiated by water quality, are present where
the Magoffin Member, an areally extensive, leaky
confining unit, is present. Three zones, the
shallow-fracture zone, the elevation-head zone,
and the pressure-head zone are delineated on the
basis of hydraulic characteristics.

2. A conceptual model for local and regional
groundwater flow suggests that local flow systems
develop in response to topography; however, the
local flow system is contained within the
shallow-fracture zone. Flow that does not
discharge via the shallow-fracture zone flows
enters the regional flow system. Regional
ground-water flow is primarily downward beneath

upland areas toward the fresh-saline-water
interface. The interface is generally located at its
deepest point beneath uplands regions and slopes
upward toward third-order or larger streams.
Regional ground-water flow roughly parallels the
interface; consequently, third-order or larger
streams are discharge zones for regional flow.

3. Calculated conductivity values are consistently
higher for fractures and coal beds than for other
strata.

4. Piezometers located in sandstone and shale
commonly take longer than six months to
equilibrate if the formation is not fractured. This
situation makes it difficult to obtain both head
data and chemical data from the same
piezometers.

Recommendations
Recommendations of both a practical and theoretical

nature are identified from this study.

Theoretical
1 . Because ground-water flow in the Eastern

Kentucky Coal Field is fracture dominated,
fracture orientation, spacing relative to lithology,
expected depths of open fractures, and
mechanism of formation of the shallow-fracture
zone need to be better understood.

2. Construct a numerical model based on the
conceptual model. Head distribution in the system
is much better known now that extensive
piezometer networks have been installed in
different-order watersheds. Numerical analyses
may lead to a better understanding of flow rates
and the position of the fresh-saline-water
interface.

Practical
3. Multiple two-inch piezometers that are greater

than 300 or 400 feet deep are difficult to install.
Well development and sampling are even more
difficult. Schedule 80 pipe is generally needed to
insure adequate strength, but, its smaller inside
diameter, makes lowering purging equipment
(bailers) more difficult because of the tight fit. In
addition, the volume of water that can be removed
per bail is generally small. Water levels, especially
in recharge zones, are deep; thus, require
mechanized bailing procedures. As a result, deep,
two inch piezometers are very difficult and time
consuming to purge and sample. Deep
piezometers that are intended for frequent
sampling should be constructed using
larger-diameter pipe. Even



Practical

though such construction results in a greater
volume of water to be removed, there is a wider
choice of equipment available with which to
remove it.
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Sandy shale



Appendix D 161



162 Conceptual Model of Local and Regional Ground-Water Flow in the Eastern Kentucky Coal Field



Appendix D 163



164 Conceptual Model of Local and Regional Ground-Water Flow in the Eastern Kentucky Coal Field

APPENDIX E:
Water-Level Data



Appendix E 165



166 Conceptual Model of Local and Regional Ground-Water Flow in the Eastern Kentucky Coal Field



Appendix E 167



168 Conceptual Model of Local and Regional Ground-Water Flow in the Eastern Kentucky Coal Field



Appendix E 169



170 Conceptual Model of Local and Regional Ground-Water Flow in the Eastern Kentucky Coal Field



….



….



….



….



….



….



















..



…



.



….



….



….



….



….



….



194 Conceptual Model of Local and Regional Ground-Water Flow in the Eastern Kentucky Coal Field

Shelley A. Minns was born on October 7, 1954, in
Parkerburg, West Virginia. She attended Spencer High
School and completed her high school education at
Morgantown High School. Shelley obtained a Bachelor
of Science in Geology from West Virginia University in
1977, graduating magna cum laude. Shelley pursued a
career in geology, holding the following positions:

Terra-Aqua Resource Engineering,
Inc.--Crossville, Tenn.
Geologist-October 1983 to August 1987
Self-employed geologist-Abingdon, Va.
March 1981 to October 1983
Powell Mountain Coal Co.-Big Stone Gap, Va.
Project Geologist-March 1980 to March 1981
Thompson and Litton Engineers, Inc.-Wise,
Va.
Geologist-November 1978 to March 1980
Geological Consulting Services, Inc.-Blue-
field, Va.
Geologist-October 1977 to November 1978

Shelley enrolled in Ohio University in 1987 and ob-
tained a Master of Science degree in Environmental
Studies in 1989. While pursuing her doctoral degree,
Shelley was employed by the Institute for Mining and
Minerals Research and the Kentucky Geological Sur-
vey as a research assistant. Shelley is a Registered
Professional Geologist in Tennessee and is certified by
the American Institute for Professional Geologists. Her
professional publications are:
Minns, S. A., Sahba, A. M., Sendlein, L. V. A., Currens,

J. C., and Dinger, J. S., 1991, Hydrogeology and
ground-water monitoring of an ash-disposal site at a

VITA
coal-fired power plant in a karst system, in Proceed-
ings, Third Conference on Hydrogeology, Ecology,
Monitoring, and management of Ground-Water in
Karst Terranes: U.S. EPA and Association of
Ground Water Scientists and Engineers, a division
of National Ground Water Association, Nashville,
Tenn., December 4-6,1991, p. 331-347.

Minns, S. A., Sahba, A. M., Sendlein, L. V. A., and
Dinger, J. S., 1991, Hydrogeology and ground-water
monitoring of a coal-fired power plant ash-disposal
site in a karst system [abs.], in Proceedings,
Kentucky Water Resources Symposium: University
of Kentucky, Lexington, Ky., March 14-15, 1991, p.
73.

Sahba, A. M., Minns, S. A., Sendlein, L. V. A., and
Dinger, J. S., 1990-The effects of coal-fired power
plant disposal on the ground-water quality of an
alluvial system [abs.]: Geological Society of America
Abstracts with Programs, v. 12, no. 7.

Sahba, A. M., Minns, S. A., Sendlein, L. V. A., and
Dinger, J. S., 1990, The effects of coal-fired power
plant disposal on the ground-water quality of an
alluvial system [abs.], in Proceedings, Kentucky
Water Resources Symposium: University of
Kentucky, Lexington, Ky., March 14-15, 1991, p. 75.

Sahba, A. M., Minns, S. A., Sendlein, L. V. A., and
Dinger, J. S., 1991, Coal-fired power plant ash
disposal: University of Kentucky Institute for Mining
and Mineral Research Highlights, v. 10, no. 1.

Thomas, W. A., and Minns, S. A., 1993, Geologic con-
text of the distribution of fractures that control
ground-water flow in the Eastern Kentucky Coal
Field: University of Kentucky Institute for Mining and
Mineral Research Highlights, v. 12, no. 1.


