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PREFACE

Members o+ the Mational Speleological Society are to be
commended for the preparation ot this publication on the
caves and related Karst features of Kentucky. Percy H.
Dougherty, who was responstble for initiating the project,
doing technical editing of the manuscripts, and furnishing
typescript which was used as printer’s copy, deserves
special recognition.

The role ot the Kentucky Geological Survey was to do
minor copy editing, prepare the tayout, paste up camera-
ready copy, and maKe arrangements tor getting the manuscript
printed. 1In order to meet the printing deadline, i1t was
necessary to utilize computer printout, prepared by the
National Spelcoiogical Society, as trypescript for the
pubiication. Theretore, the publication does not contorm to
the usual style and editorital standards of the KentucKy
Geologicaxl Survey.

It ic +elt that this publication will satisty a
widespread need for up—to—date informatian about caves and
Karst geoloqy in KentucKy. The diverse range of topics
covered should be of i1nterest to a wide audience, including
both scientists and laymen.

Donald W. Hutcheson
Kentucky Geological Surwvey
Lexington, KentucKy

June 1983
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FOREWORD

CAVES AND KARST OF KENTUCEY is
a special publication of the Na-—
tional Speleological Society and
the Kentucky Geological Survey to
commemorate the Annual Convention
of the National Speleological So-
ciety at Kentucky State University
in Frankfort, Kentucky on June 22-
29, 1985. It is appropriate to
hold the Convention in Kentucky
since it is the home of Mammoth
Cave, the world’'s longest cave,
and the site of many other large
caves and karst landforms. In ad-
dition, Kentucky has a long tradi-
tion of cave and karst research.
The Convention and this book are
dedicated to the explorers, map-
pers, and researchers who have
added to our knowledge and appre-
ciation of the State’'s caves.

When plans were being developed
for the 1983 Convention, it was
realized that there was a need for
a book on the caves and karst of
Kentucky. After reviewing the pro-—
fessional literature and examining
grotto publications, a set of
goals was formulated to guide the
design of the book. The goals in-
cluded: (1) to provide a state of
the art approach to what has been
done in Kentucky cave and karst
reserch, written by people who are
doing the work; (2) to accumulate’
diverse materials about Kentucky
caves and karst in one publica-
tion, making available a quick and
easy reference and research vol-
ume, (3) to fill a gap in the pro-
fessional literature for no single
statewide reference to Kentucky
caves and karst exists, although
the Kentucky Geological Survey has
published several good case stu-—
dies on caves; (4) to use the
regional approach to compare and
contrast various cave and karst
regions in Kentucky, enabling the
reader to appreciate karst proces-
ses and understand how regional
differences create unique land-
scapes; (5) to show the status of
Kentucky cave and karst research

in applied areas; including pale-
ontology, archeoclogy, history, and
biology, (6) to present extensive
bibliographic material, and, (7)
to discuss gaps in the literature,
thereby possibly stimulating fur—
ther research in Kentucky cave and
karst environments.

These goals played a major role
in structuring the book into three

‘parts. Section 1 introduces two

chapters of background information
necessary to understand the caves
and karst of Kentucky. Chapter 1,
by Percy H. Dougherty, investi-
gates the geology and geomorphol-
ogy of the State in order to give
the reader a basic background in
order to understand the where and
why of cave formation. The discus-
sion takes the reader back 400
million years and traces the de-
velopment of the present rock
types and landforms so one can
appreciate the processes that have
created Kentucky’'s great caves.
Angelo George expands upon this
background by discussing where the
known caves are located and analy-—
zing the potential for further
discoveries.

Section II divides the State
into several cave and karst
regions. Each region is discussed
by an individual who has done sub-
stantial research in the area. The
Blue Grass Region is written by
John Thrailkill who has researched
the karst hydrology of the
lLexington area. The Cumberland
Plateau is divided into two dis-
tricts; a northern area centered
on Carter Caves, presented by John
Tierney; and a southern region,
with its major cave area around
Pulaski and Rockcastle counties
described by Ralph Ewers. Although
part of the same geologic and geo-
morphic regions, the two areas are
discussed separately because of
differences in their speleogenesis
and their geographic separation
into different drainage basins.
The chapters on the Mississippian
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Plateau are divided in a similar
manner. Arthur Falmer presents an
in—depth chapter on the Mammoth
Cave area and adjacent parts of
the Pennyroyal Plateau, while John
Mylroie and Mike Dyas discuss the
caves and karst of the Land
RBetween the Lakes and the westward
extension of the Mammoth Cave and
Pennyroyal plateaus. Although
similar geologically, the result-
ing caves differ substantially
because aof the factors producing
them. Loral hydrology and subtle
differences in the geology between
areas may result in a much differ-
ent end product. Another chapter
investigates the cave and karst
processes aoperating on Pine
Mountain. Joseph Saunders has done
much caving and investigation of
this unique thrust faulted region
and shares his experiences in
Chapter 6.

The subject matter in Section
IIl is diverse. This section
focuses upon the applied research
that has taken place on the caves
and karst of Kentucky. Ron Wilson
locks at the early life in Ken-—
tucky by investigating the cave
paleontolagical record. He ex-
plores how vertebrate bones got
into caves, what the presence of
the bones indicates, what animal
species once lived in Kentucky,
and concludes with a general over-
view of the paleontoclogical work
done in the State. Patty Jo Watson
presents material on the early
human population of the State,
concentrating on the archeclogy of
the Mammoth Cave Region, with
reference to other parts of the
State. She explores why primitive
people were interested in the
caves, shows evidence of their
exploration in Mammoth Cave, and
discusses how cavers can help
archeological research. Stanley
Sides discusses the saltpeter
industry of Kentucky. Although
concentrating on the Mammoth Cave
area, the paper also discusses the
impact of the saltpeter industry
on the development of the United
States and the early economy of
Fentucky. The final selection, by

Thomas Barr, shows the status of
research in cave biology. The
fragile ecosystem is explored and
the reader is made aware of the
unusual organisms inhabiting
Kentucky caves today.

Caves and karst features form
unique environments which are
easily disturbed. Cave formations
once broken and removed from the
cave may never regenerate, result-
ing in the loss of a beautiful
creation of nature for future
generations. Such destruction may
also eliminate research objects
essential in unravelling the
mysteries of cave processes. In
addition, undue traffic in caves
may have a negative effect upon
bat colonies, endangering a
valuable animal which does more
good than harm through its eradi-
cation of harmful insects. Other
cave organisms may also be ser-—
iously reduced or wiped out by
careless action. Chemical spills,
sewage, over—fertilization of farm
fields, and many other human ac-
tivities may have a severe impact
on the well-being of caves and
karst, so we must be extra careful
and protect these areas.

The National Speleological So-
ciety is the leading organization
engaged in the conservation of
caves and karst areas. Their slo-—
gan is, "Take nothing but pic-
tures, leave nothing but foot-
prints, and kill nothing but
time." They have embarked upon an
educational campaign to develop an
appreciation among lay people of
the delicate nature of caves. The
Society sponsors several conferen-—
ces and workshops each year and
publishes two journals, the NSS
NEWS and the NSS BULLETIN. For
further information on how you can
help in the conservation of caves
and karst environments, please
contact: The National Speleolog-
ical Society, Cave Avenue,
Huntsville, Alabama 35810.

Percy H. Dougherty, ed.
Department of Geography

Kutztown University, Pennsylvania




Chapter 1

AN OVERVIEW OF THE GEOLOGY
AND PHYSICAL GEOGRAPHY
OF KENTUCKY

Percy H. Dougherty
Department of Geography
Kutztown University
Kutztown, Pennsylvania 19530

Kentucky is the home of the big
caves, a fact that cannot be
doubted when one realizes that
Mammoth Cave, at nearly S00 km is
J00 km longer than its nearest
competitor. Of the 10 longest
caves in the United States, 2 are
found in Kentucky; this number
would have been 3 if it had not
been for the recent connection of
the 70-km—-long Roppel System with
Mammoth Cave. FPeople working on
the Mammoth Cave Project feel that
the eventual mapped distance of
the system will exceed 200 km by
the turn of the century. Many
other large cave systems in the
State exceed 3 km, the distance
needed to have a cave listed on
the World’'s Longest Cave List
published by the International
Speleological Union. In fact,
Kentucky has 45 caves on the
list.

Why has Kentucky been so
blessed with such long caves?

Why are there so many caves in
Kentucky? Where are the caves
located? How have they formed?
And, what is the impoartance of
caves and their associated 1land-
scape? These and other questians
will be answered during the course
of his chapter and examined in
more detail throughout the book.

Chapter 1 sets the stage on
which all cave forming processes
work. One must know the general
geology and geomorphic history of

the area in order to understand
where and why caves form. In an
area with flat lying rocks of
homogeneous compositon, there
would be little need for such a
study because the existance of
caves would be limited. Kentucky,
on the ather hand has a great
diversity of earth materials and
an ideal landform assemblage for
the formation of caves and karst.
Several factors are investigated
throughout the book to show why
Kentucky is the home of the "big
ones." These factors include: (1)
compositon of the limestones——
porosity, permeability, thickness,
impurities, jointing, and bedding,
(2) composition of the caprock and
adjacent strata, (3) the geologic
structure and contribution to the
enhancement of speleogenetic pro-
cesses, (4) other factors such as
weather, climate, and the impact
of vegetation on karst processes,
and (35) differential erosion and
the impact of river systems on
karst processes.

Formation of caves and karst
features is a complicated process
involving the interaction of many
factors. In the following
discussion, only those caves
developed in limestone
environments will be considered.
Most caves in Kentucky are the
result of karst processes,
although there are examples of
caves developed by tectonic
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movement, piping of sediments, and
basal spring sapping. In the
context of this bocok, a strict
definition of karst will limit the
discussion to those environments
in which groundwater results in
the solution of rock through
carbonation. Karst landscapes are
often characterized by extensive
development of sinkholes, interior
drainage, lack of surface streams,
caverns, solution sculptured rock
(karren), large springs, and other
landforms assocated with such
areas. For a more detailed
discussion of caves and karst in
general, the reader is encouraged
to refer to one of the following:
Jennings (1971), Sweeting (1972),
Jakucs (1977), Sullivan and Moore
(1978), or Bogli (1980).

The remainder of this chapter
will discuss the spatial
distribution of rock types and
landforms in Kentucky. An
understanding of the geologic
history and the depositional
history of Kentucky enables one to
better understand why some areas
have more caves. In addition, the
explanation of differential
erosion of the various raock types
and a discussion of regional
structural variations help one to
understand why certain landforms
are more conducive to cave and
karst formation. Geomorphic
history is discussed in relation
to geology in order to facilitate
the separation of the State into
distinct regions. The potential
for caves and karst in each region
is introduced in this chapter and
more fully discussed in Section II
for those areas containing caves
and karst.

GEOLOGY

Virtually all of Kentucky is
composed of sedimentary rock
formed from materials that were
originally deposited as sediments
in great inland seas or as
near-shore deposits in ancient
oceans. These sediments have been
compressed and cemented into the
variety of limestones, sandstones,
conglomerates, shales, and coal

deposits that form the layers of
rock we see today. The story of
their deposition is told by the
many plant and animal fossils
found in the rock, indicating that
during the Ordovician Period deep
seas once covered Kentucky. Later
deposits of the Pennsylvanian,
Cretaceous, and Tertiary periods
show that water levels fluctuated
greatly from near shore deposits
to coastal plain, deltaic, and
beach deposits. Great coral reefs
of the Middle Silurian and Middle
Devonian periods resulted in
several limestone deposits in the
State. Of the material deposited
in the ancient seas, it is the
limestone in which we are
primarily interested, because most
caves and karst topography in the
State are formed in this rock
type. By understanding the spatial
distribution of limestone of
different ages, and studying its
relation to the surface, one can
better understand where caves are
to be found and how they are
formed.

The oldest rocks in the State
of Kentucky are those exposed in
the Inner Blue Grass Region around
Lexington. They date back over 400
million years to the Ordovician
Period. "In order to give a point
of reference, Figure 1 shows the
geologic calendar that will be
referred to when the age of
various rocks and events are
mentioned. The areal extent of the
Ordovician rock, shown in the
geologic map (Fig. 2), covers most
of the area between Lexington,
Louisville and Cincinnati. The
rocks of the Ordovician Period
were deposited in deep seas.
Toward the end of the period, seas
became shallower, as evidenced by
the amount of mud that was
depaosited and subsequently
hardened into shale. The following
Silurian Period was characterized
by warm, clear, shallow seas, as
indicated by the profusion of
caral deposits and brachiopods in
Silurian dolomites and limestones,
although the presence of shale
beds suggests periods of turbid
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Figure 1. Geologic time chart

showing the ages of rocks ex- the end of the period the sea
posed in Kentucky (from McGrain, floor was covered with an organic
1983, p. 3). black muck that formed a
pronounced shale layer, a
distinctive characteristic of the
Devonian. The black shale that
outcrops in a zone around the Blue
Grass Region of Kentucky may have
important economic implications,
for it is an oil shale (McGrain,
1983).

water must have occurred. Also
during this period there was
widespread warping of the strata,
which resulted in the uplift of
the Cincinnati Arch, a long,
gentle arching of the earth’s
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Figure 2. Geologic map showing the age of rock outcrops in Kentucky
(from McFarlan, 1958, p. 5).
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As the Mississippian Period
progressed, the deposition of the
black shales was replaced by an
influx of sands, gravels, silts,
and muds deposited by rivers
eroding the nearby land masses.
Deltaic deposits, with their
characteristic crossbedding and
water current worked materials
were laid down. Long periods of
clear, calm conditions followed;
and massive beds of limestone, in
which many of today’'s caves are
located, were deposited. A period
of recession of the seas occurred,
followed by extensive erosion of
the land surface. These events are
recoirded as an uncomformity
between the Mississippian and
later Fennsylvanian strata.

Pennsylvanian conditions were
warm and contained intermittent
transgressions of the sea, as
evidenced by the presence of
marine deposits in the
predominantly fresh—water
sediments. The period was
characterized by the formation of
great swamps and forests, as shown
by the prolific fossil record.
Great masses of vegetation were
buried under deltaic deposits and
silts. This vegetation, in the
absence of oxygen, changed into
coal. Similar developments
occurred in both the eastern and
western basins on elither side of
the Cincinnati Arch, resulting in
the two major coal fields, which
have made the State a leading
producer of coal.

The Permian Period may have
been well represented in Kentucky
but its record was undoubtedly
eroded away, for only minor
evidence of i1ts presence remains.
The rock of this period is
preserved in some small fault
blocks and in small igneous dikes
in Elliott County in eastern
Kentucky and Caldwell and
Crittenden counties in western
Kentucky; the only non-sedimentary
rock found in the State (McGrain,
1983). At the end of the period a
series of uplifts occurred,
leading to increased erosion,
which obliterated much of the

geologic record of the late
Paleozoic. By the end of the

‘Paleozoic, the Cincinnati Arch had

formed, the western and eastern
coal basins were present, the Pine
Mountain Fault had been thrust 10
to 16 km to the northwest, and
many of the high—-angle faults of
central and western Kentucky were
present. Most of the State’s
depositional and diastrophic
activity came to a close.

The only major deposition
following the Paleozoic has been
the Gulf Embayment flooding,
during the Cretaceous Period, of
the Jackson Purchase in extreme
western Kentucky. Since that time,
only alluviation from the major
streams, aeolian deposition of
loess, and minor Fleistocene
deposits in northern Kentucky have
occurred. None of these deposits
have an impact on cave and karst
formation or their spatial
distribution. The major process at
work on Kentucky’'s landforms has
been differential erosion, the
erosion of rock of different
resistance at varving rates.
Conglomerates and standstone,
because aof their greater
resistence, have emerged as the
higher landforms, such as cuestas,
escarpments, and mountains; shales
and limestones, because of their
weakness and susceptibility to
solution, form the valleys and
lowland plains. Since most of the
State receives in excess of 965 mm
of precipitation a year, with some
areas experiencing over 1,270 mm a
year, the process of erosion has
been rapid and has left a great
imprint on the present landforms.
Kentucky 's modern landforms are
therefore the remnant of past
landforms rather than landscapes
that were uplifted to their
present position. These stages are
summarized in Figure 3 which shows
the regional evolution of the
Kentucky landscape.

A major factor in the present
landscape formation has been the
river patterns and their
subsequent entrenchment. Most
rivers in Kentucky do not flow
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Figure 3. Regional evolution of the Kentucky landscape (from McFarlan,
1943, p. 159).

along the dip of the sedimentary Hamilton, Ohio. Both rivers then
strata. Major rivers such as the flowed north through Dayton to

Kentucky, Green, Cumberland, and enter the Teays drainage from West
Licking flow across the strata as : -

superposed streams that pre-—date i

the present landforms. The rivers e e

were able to maintain their N
courses aver the more resistant :
strata being uncovered by |
differential erosion. 783

The most recent event of o : : 3 ,
importance to the cave forming I i i b =T
process was the development of the i 7 ; LA
Ohio River during the FPleistocene. VS SN T o (L ST, ¢
Prior to the Fleistocene, the L7 TR NS AN A S g
Licking and Kentucky Rivers were L e i :
part of the Teays River System. g : T 1 /
The Kentucky River flowed along A S s
the present course of the Ohio R i e
River to the area near A

Lawrenceburg, Indiana, where 1t B T P S e

flowed through the present valley " .
of the Great Miami River. The Figure 4. Map of the preglacial

Licking flowed through Cincinnati, Qraingge of the Tgays—age basin
via the present Mill Creek Valley, in Ohio and the midwest (from
and joined the Kentucky River near Thornburg, 1969).
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Virginia and Eastern Ohio at a
jJunction in west—central Uhio. The
stream then flowed across central
Indiana as the River Teays.
Glacial advance blocked the
northward flow and the present
Ohio River breached the Madison
Gap to flow in its present course.
Hecause of the great flow of water
in the new channel, downward
cutting was rapid. This cutting
left branch tributaries of the
ancestral Ohio discordant with the
main stream; rapid cutting
occurred resulting in the
entrenchment of the Kentucky,
Cumberland, Tennessee, Green, and
other rivers. Fluctuations in
river flow and periods of rapid
entrenchment lowered base level
throughout the major cave areas of
Kentucky, a process that has
resulted in the profusion of
levels in Kentucky caves.

REGIONAL DIVISIONS

The end result of all of the
periods of deposition, uplift,
faulting, and erosion is seen in
the landform madel in Figure 5. A4
wide variety of plains, plateaus,
escarpments, and mountains have
been sculptured out of the
sedimentary rocks of Kentucky.
Note the similarity between the
geology map (Fig. 2) and the
distribution of present landforms.
Each of these regions will be
discussed in detail in the
following sections, with
particular attention given to
their potential for cave and karst
formation. The Lexington Plain or
Inner Blue Grass, the Cumberland
Flateau, Pennyroyal Flateau, the
Mammoth Cave Plateau, and the Pine
Mountain Region offer the best
conditions for cavern formation
because of their rock type,
structure, and hydrologic
conditions.

Blue Grass Region

The Blue Grass is the central
lowland of Kentucky, composed of

Ordovician outcrops that form the
axial portion of the Cincinnati
Arch. Here one finds the oldest
surface rocks in the State,
primarily limestone and shale.
Near the edges of the Blue Grass
some areas of Silurian and Middle
Devonian limestone and shale are
included. The resulting landscape
presents a gently rolling surface
that appears relatively flat in
comparison to surrounding
thoroughly dissected regions.

This area has been referred to as
the Lexington Peneplain in the
past because of its lack of
substantial relief (McFarlan,
1943). Regions of greater relief
develop in the outcrops of shale
that surround the limestone
interior of the region. The
Lexington and Cynthiana limestones
occupy the central position around
the City of Lexington and
caonstitute a fertile limestone
basin called the Inner Blue Grass.
This basin is surrounded by a zone
of shales called the Eden Shale
Belt, which, in turn, is bounded
by the Outer Blue Grass, a region
of limestone and shale that
extends to the Ohio River in the
north where it is mantled by a
thin veneer of Fleistocene glacial
deposits with little topographic
significance to the landforms of
the area. Where limestone is the
dominant rock, the surface 1s
mildly karstic, and small caves
may be found. The greatest relief
is not caused by karst landforms,
but by the deeply entrenched
courses of the Kentucky, Licking,
and Dhio rivers. Their courses are
superimposed up to 150 meters
below the Blue Grass surface. The
canyons display beautiful examples
of entrenched meanders and, in the
zone of shales, deep gorges have
formed.

The northwestern portion of the
region surrounding Louisville 1s
not geclogically similar to the
Blue Grass but is included because
of its topographic similarity and
occurrence of the same
geographical factors responsible
for the historical development and
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and major escarpments.

structure of rock units from west to east across the State. (From
McGrain, 1983, p. 13.)

economy of the Blue Grass. The
Louisville part of the Blue Grass,
called the Scottsburg Lowland, has
developed on limestones of Middle
Silurian and Middle Devonian age
and more recent alluvium deposited
by ancestral stages of the Ohio
River. Geographically, the region
constitutes one of the anchors of
what Raitz (1980) has called the
"urban triangle" of the Blue
Grass, a joining by transportation
arteries of Louisville, Lexington
and Covington, the three largest
urban areas in the State, and all
within the Blue Grass.

Limestone within the Blue Grass
is not only responsible for the
karst features and caves, it has
also played an important role in
the economic growth of the region.
Soils formed on the Inner Blue
Grass are exceptionally fertile,

s
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EASTERN KENTUCKY

BLUE GRASS

COAL FIELD

Physiographic map of Kentucky showing geomorphic regions
Generalized cross section depicts the

brown silt loams with a high
phosphatic level. The Woodburn
Formation which once supported
commercial production of phosphate
rock. These formations have
resulted in the Blue Grass
becoming widely known as an
agricultural island in central
Kentucky, characterized by its
beautiful mansions and extensive
horse farms. In addition, the Blue
Grass is the center of the burley
tobacco region. Kentucky produces
80 percent of all burley tobacco
grown in the United States, making
tobacco Kentucky’'s number one
legal agricultural crop. This crop
accounts for 85 to ?0 percent of
the state’'s agricultural income
per year and 20 percent of the
total United States tobacco
production in a good year (Raitz,
1980) .




12 THE CUMBERLAND PLATEAU

An outgrowth of the limestone
agricultural bounty is the
development of the bourbon
industry. Early Blue Grass
settlers had an excess of corn at
the end of the season and had no
convenient means of transporting
the bulky commodity to Cincinnati
or other markets. A bulk reduction
of the corn to distilled spirits
was a logical result. In 1789
Reverend Elija Craig, of
Georgetown in Bourbon County,
developed the recipe for a malt
whiskey that now carries the name
of the county in which i1t was
first distilled. Even today, State
law requires that 51 percent of
the grain in bourbon must be corn,
thus imparting the unique taste to

the beverage. Kentucky at one time
had over 400 distilleries

producing in excess of B8 percent
aof America’s bourbon whiskey.
Through corporate mergers and the
necessity of large scale
operation, the number has dropped
to 28 distilleries; all but F are
in the Blue Grass. Experts in
bourbon whiskey attribute the
excellence tao the use of pure,
natural limestone waters that
emerge from the karst springs of
the area. Kentucky still produces
75 percent of all United States’
bourbon (Raitz, 1980).

The karst springs were also
instrumental in the early
settlement patterns of the Blue
Grass. Cities such as Lexington,
Harrodsburg, and Georgetown were
built at the sites of karst
springs in order to assure a
steady supply of water for the
settlers. Even today, the city of
Georgetown still gets its water
supply from the great flow of
Royal Spring.

Cumberland Plateau

The gently southeastward
dipping upland surface east of the
Pottsville Escarpment and west of
the steeply rising Pine Mountain
is referred to as the Cumberland
Flateau. The Cumberland Plateau is
often referred to as the Eastern

Kentucky Mountains or the Eastern
Kentucky Coal Field. The latter
terms often include the Pine
Mountain Overthrust and its
associated basin and mountains as
part of the region, but this
discussion will consider these
areas as part of the Cumberland
Mountains. The reason for this
separation is the independence of
speleogenetic processes at work 1n
the development of caves and karst
in the two areas, and the great
difference in the two areas’
geomorphic history.

The Cumberland Plateau is a
maturely dissected landscape where
Mississippian limestones are
capped by more resistant
sandstones, shales, conglomerates,
and coal-bearing deposits of
Fennsylvanian age. The maximum
development of karst features and
caves is found along the
Fottsville Escarpment. It is here
that the extensive caves of
Fulaski, Rockcastle, and Carter
counties have developed.
Especially important to the
landscape’'s development have been
streams like the Rockcastle River,
Cumberland River, Buck Creek,
Licking River, and Tygarts Creek.
These rivers have entrenched
themselves through the
Pennsylvanian sediments, exposing
the underlying Mississippian
limestones.

Few level areas are present on
the plateau surface. The maturely
dissected Rockcastle Conglomerate
and Corbin Sandstone are so
dissected that only small ribbons
of level interfluves are present.
Soils on these flat areas are
relatively poor and support only
the barest, subsistence
agriculture. In the valley bottoms
the agricultural production 1is
better, but the alluvial lowlands
are severely constricted to small
meander bends on present and paleo
drainage. The largest lowland
areas are related to shale
outcrops that have been weathered
and eroded i1nto bottom flats that
support limited agriculture. What
this region lacks in agricultural




OVERVIEW OF THE GEOLOGY AND

productivity is offset by coal
mining activity. 0il and natural
gas are also produced in this
region.

Through most of its extent the
Fottsville Escarpment is a
southeast-dipping cuesta capped by
more resistant beds of Rockcastle
Conglomerate of Pennsylvanian age.
Near the Tennessee border the
escarpment reaches 550 m, with a
combination of Rockcastle, Corbin,
and Lee strata forming the cuesta
front. To the north, near the Ohio
River, the escarpment is known as
the Waverly Escarpment, a low
relief feature resulting from a
pinching out of the Rockcastle
conglomerate.

0Of geologic and geomorphic
note in this area are Cumberland
Falls and the sandstone arches.
Cumberland Falls developed where
the Cumberland River crosses
resistant sandstones and
conglomerates and then falls to
the level of Lake Cumberland in
the lower Pennyroyal Province. The
falls have retreated upriver from
the Burnside area to where they
are today. Not far from Cumberland
Falls aone can visit the beautiful
sandstone arches and Yahoo Falls
in the Daniel Boone National
Forest. Further north, at Red
River State Park and at Carter
Caves State Fark, one can also see
good examples of natural bridges
formed in the highly eroded
residual stream interfluves (Fig.
&) .

Hydrologic divides separate the
region into several cave and karst
subregions. The most important in
terms of the number of caves and
the length of cave passages is the
Ful aski/Rockcastle area where such
caves as Sloans Valley, Coral,
Cave Creek, Hails, Big Sink,
Frecinct 11, and Goochland are
found. The caves are formed along
the maturely eroded front of the
Pottsville Escarpment, where it is
crossed by the Rockcastle and
Cumberland drainage. The second
major cave region is at Carter
Caves where Tygarts Creek has cut
through the caprock exposing the

PHYSICAL GEOGRAPHY OF KENTUCKY
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Figure 6. Portion of Pomeroy-
ton Quadrangle showing the Red
River gorge and associated
natural bridge (from McGrain,
1983, p. 33).

Mississippian limestones and
resulting in the formation of
several caves and arches.

Cumberland Mountains

East of the Cumberland Plateau
is the zone of Fine Mountain or
Cumberland Overthrust, whose
northern and western boundaries
terminate at the Russel Fork
Fault. This highland region
contains the highest elevation in
the State, 1,265 m on Big Black
Mountain in Harlan County. The
western part of this province is
the southeastward-dipping strata
of the Lee Formation, which forms
Pine Mountain. The eastern border
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is formed by the cuesta of the
westward-dipping Lee Formation
that forms Cumberland Mountainj
with the Middlesboro Basin being a
large synclinal valley between the
two mountains. The whole area is a
huge block 200 km long and 40 km
wide that was elevated and
displaced westward as much as 10
km from the southeast (McGrain,
1983).

The area has a diverse history
of stream entrenchment and
exhibits water gaps and wind gaps
representing the effect of
superposition and stream piracy.
As 1in the Cumberland Plateau, the
Mississippian limestones are
overlain by Fennsylvanian shales,
sandstones, conglomerates, and
coal-bearing strata. Some aof the
most productive coal-mining in the
State is on the elevated strata of
the Middlesboro Basin. This basin
is similar in composition and
topographic expression to the
lower Cumberland Flateau.

Because of the overthrust, the
region presented a formidable
obstacle to transportation and
settlement in pioneer days.
Settlers were forced to traverse
this area by crossing the famous
Cumberland Gap, a wind gap in
Cumberland Mountain. Another
topographic obstacle is the Breaks
of the Sandy, where the Russel
Fork of the Big Sandy River cuts
through the northern end of Pine
Mountain in a 300 m gash through
the Lee sandstones. This rugged
landscape exemplifies the
topographic obstacles to
development faced by the original
settlers (Fig. 7).

Cave and karst development is
restricted to the thin exposures
of limestone that outcrop on the
steeply dipping mountains. Because
of the great relief in the area,
the deepest caves and the largest
pits in Kentucky are found in this
district.

Mississippian Plateaus

Although composed of Middle to
Upper Mississippian outcrops, this

PLATEAUS

Figure 7.

Topographic map of
Pine Mountain and nearby
Cumberland Plateau (from
McGrain, 1983, p. 33).

area is best characterized by its
topographic expression. It is
divided into two major parts, the
upper Mammoth Cave Flateau ad the
lower Pennyroyal Flateau. The
Pennyroyal Flateau is adjacent to
the lower Blue Grass Region being
separated from it by The kKnobs
Region and Muldraughs Hill. The
latter trends to the east and
merges with the Pottsville
Escarpment and pinches out the
FPennyroyal on the eastern side of
the Cincinnati Arch. The
Pennyraoyal extends on a westward
arc, roughly following the
Cumberland River through Fentucky
and Tennessee. It then arcs
northwestward to the junction of
the Cumberland and Ohio rivers. 0On
the west and north, the Pennvyroyal
is bounded by the Dripping Springs
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Escarpment, which separates it
from the Mammoth Cave Plateau.

The Pennyroyal Plateau forms a
corridor extending away from the
Ohio River between the Dripping
Springs Escarpment and the FKnobs
Region. The corridor continues as
it swings back toward the Ohio
River, skirting the Western
Kentucky Coal Field from which 1t
is separated by the Mammoth Cave
Plateau. It was through this
plateau corridor that many of the
original settlers found an easy
transportation route. The
limestone derived soils are very
fertile and have been extremely
productive agriculturally,
although they are less fertile
than the Blue Grass phosphatic
soils.

Much of the Pennyroyal Plateau
exhibits extreme karstification,
with numerous sinkholes dotting
the landscape (Fig. B). Sinkholes
become less noticeable as one
approaches the axial section of
the Cincinnati Arch, where the
karst—prone St. Louis and Ste.
Genevieve formations have been
stripped away revealing the less
soluble Warsaw and similar
formations. On the eastern side of
the Cincinnati Arch, the karst
landscape is once again obvious; a
large number of sinkholes and
karst features have developed on
the St. Louis formation.

The Mammoth Cave Plateau is
bounded on the outer margin by the
Dripping Springs Escarpment. The
escarpment is capped by sandstone
overlying the St. Louis, Ste.
Genevieve, and Girkin formations
that comprise much of the
cave—forming limestone in the
Mammoth Cave area. At the inner
margin of this district is the
higher Western Kentucky Coal Field
of Fennsylvanian rock. In this
text, the Mammoth Cave Plateau is
divided into a Mammoth Cave Region
and a Western Kentucky Karst
Region because of differences in
the drainage basins responsible
for the karst processes. An
argument could also be made for
the inclusion of another district
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Figure 8. Topographic map of

the Park City Quadrangle of the
Pennyroyal Plateau showing its
high density of sinkholes (from
McGrain, 1983, p. 50).

between Elizabethtown and the Ohio
River, but this is not being done
in this volume.

Mammoth Cave is unsurpassed 1in
length because of the ideal
conditions for speleogenesis on
the Mammoth Cave FPlateau. The
permeable nature of the overlying
sandstone permitted maximum water
penetration of the limestone
layers. Meanwhile, caprock
continued to provide a stable
ceiling for the area (Fig. 9).
Gently dipping toward the Green
River, which became entrenched
following the Pleistocene
formation of the Ohio River, the
plateau developed several levels
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Figure 9.
cross sections showing multi-
level development of the cave
and the resistant protective
sandstone caprock (from McGrain,
1983, p. 54).

Mammoth Cave Region

of cave passages. The thickness of
the rock, the rock structure, and
the factors just identified have
resulted in the formation of a
cave system that may some day
exceed 00 km in length.

Knobs

The Knobs Region is a thin belt
of conical knaobs that surrounds
the Blue Grass. The Knobs are
erosional remnants of Muldraugh
Escarpment to the west and the
Pottsville Escarpment to the east.
As the upland surfaces are eroded
back, interfluve areas, protected
by caprock of sandstone and shale,
remain as 1solated hills
surrounded by a base level at the
elevation of the Blue Grass. 0On
the western side of the Cincinnati
Arch the knobs are primarily
Silurian to Middle Devonian
limestones, and on the east they
are predaominently shale. The
region is, therefore, sandwiched
between the Blue Grass Ordovician
rocks and the younger
Mississippian rocks of the
Pennyroyal Plateau. The Knobs
Region reaches its greatest width
south of Louisville, where there
is a gentle dip and no faulting.
In the southern Blue Grass,
faulting is present and the dip is
steeper, resulting in Knobs that
are narrow in areal extent.

Al though both areas are rugged
topographically, the stream

bottoms are often flat and broad
(Fig. 10). Regional soils are of
inferior quality. The maljor
resource of the area may be the
pil shales found in some of the
knobs. Caves may be found in the
knobs, but they are limited in
length.

Western Kentucky Coal Field

The Western Kentucky Coal Field
is a large structural basin
separated from the lower Mammoth
Cave Flateau by the Pottsville
Escarpment. The escarpment 1s
capped by the Fennsylvanian
Caseyville Sandstone, forming a
belt of rugged hills rather than

Figure 10. Topographic map of
the Junction City Quadrangle
showing the residual hummocky
terrain and the broad lowlands
between the knobs (from McGrain,

1983, p. 47).
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an imposing cliff face. This area
is structurally a virtual
duplicate of the Eastern Kentucky
Coal Field of the Cumberland
FPlateau, although the elevation is
lower and the relief is not as
great. The presence of sandstones
and faulting has resulted in
several hilly areas standing in
relief against broad wvalleys
formed from eroded shales. River
valleys such as those of the Green
and Tradewater rivers were eraded
deeply prior to the Pleistocene,
and subsequently filled in with
alluvial deposits during ponding
caused by ice blockage of the COhio
River. The resulting broad flat
areas are readily amenable to
‘agriculture,. The agricultural
productivity of the area is in
sharp contrast to coal mining
which results in ruinaton of
agricultural land. Few caves are
found in this area because of the
lack of exposed limestone on the
predominently Fennsylvanian rocks.
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Chapter 2
CAVES OF KENTUCKY

Angelo 1. George
A. I. George Consultants
1869 Trevilian Way
Louisville, Kentucky 40205

The caves of Kentucky have been
important in the history of set-
tlement patterns for both the
American Indians and the pioneers.
Many of the cave entrances served
as living quarters to the Indians.
The Indians explored some of these
caves and exploited the mineral
resources such as water, gypsum,
epsomite, flint, and calcite. The
best examples are Mammoth Cave,
Salts Cave (Edmondson County) and
Great Wonderland Cavern (Hardin
County). By the middle part of the
18th century, pioneers were moving
westward into a land called Ken-
tucky. Like the Indians, the pio-
neers used caves for shelter (Cave
Hut, Muhlenburg County); they too
exploited the mineral resources
found in the caves, especially
water, epsomite, copperas, and
saltpeter. Caves have been used as
storehouses for foodstuffs
(Breeding Saltpeter Cave, Adair
County), mushroom farms
(Constantine Saltpeter Cave,
Hardin County), and livestock
quarters (Hidden River Cave, Hart
County). During these early times,
few records of caves are known.
What is known about this early
period is based upon contemporary
investigations into the history
and archeology of the site.

The first inventory of caves in
Kentucky sprang out of a need teo

exploit their economic worth in
the early 1BQ0s. This inventory
was followed by academic inquiries
into the distribution of caves
because of their unique fauna,
flora, and archeolagical signifi-
cance. The contemporary inventory
of caves in Kentucky began with
early efforts by the National
Speleological Society, followed by
local grottos and individuals
collecting and mapping caves in
this state.

In 1B0S4 a Lexington saltpeter—
gunpowder entrepreneur by the name
of Samuel Brown wrote of & caves,
giving their name, location, some
notes on each cave, and a detailed
description of one of them. He
knew of others, but concentrated
on the ones that he owned in
present day Rockcastle, Jackson,
and Hardin counties.

In 1817, Luke Munsell was hired
by the state government as chief
surveyor and directed to produce a
high gquality, detailed map of
Kentucky. By using existing maps
and his prior survey field work,
coupled with new field
investigations, Munsell by 1818
had published his "Large Map of
Kentucky." This was the first
really accurate map of the State
which showed the positions of
cultural and natural features in
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their true spatial relationships
with one another. Munsell took it
upon himself to include remarkable
geographic places. The completed
map thus shows a number of karst
features, sinking streams,
springs, dry stream channels, and
cave entrances. No other single
map in the State was to include so
many karst features up to the time
of our modern topographic mapping
program. The first real catalog of
caves and their distribution was
published by Constantine S.
Rafinesque in 1832. This catalog
is based upon his tenure at
Transylvania College {(Lexington,
Kentucky) between 1818 and 1826.
He was the first to examine the
caves’ geoclaogical and zoological
content. He devised seven
different classificatons of caves:
cliff caves (rock castles or rock
houses), fissure caves, sinking
caves, spring caves, crater or
funnel caves, saltpeter caves, and
stalactical caves. He gave names,
lacations, and physical
descriptions of eight caves in
Kentucky. Four of the caves
studied occur in the Inner Blue
brass, two caves in the Cumberland
FPlateau of Rockcastle County, and
two caves in the Mississippian
Plateau of Edmonson County.

Kentucky historians have played
a key role in the preservation of
accounts of early cave
explorations and discoveries.
Lewis Collins (1847), followed by
his son, Richard Collins (1874),
in their "History of Kentucky,"”
recorded the location and physical
descriptions of caves by county.
Data were gathered without credit
from old newspaper accounts,
travelogues, and a smattering of
scientific publications. Cave
descriptions selected were usually
of the kind with bottomless pits
(Frenchman Knob Pit, Hart County)
or lost Roman treasure caves
(Lovell Cave, Muhlenburg County).
I¥ the cave contained animal
bones, especially mammoth bones,
the finding of such in a cave was
a favorite vignette of the
Collins . All succeeding 19th
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century historians followed their
outline of cave descriptons.

Throughout the 19th century, the
fame of Mammoth Cave daminated the
cave scene with a host of
descriptions and maps published on
this famous wonder of the world.
There would be sporadic references
to nearby caves, such as Dixon,
Long, Short, Hundred Domes, James,
0iamond, Hidden River, and Mammoth
Onyx caves. Occasionally, a
travelogue would describe other
caves in the State. Alexander
Wilson (1810) wrote of
Bleedinghearts Cave (Warren
Coaunty), and the anonymous
(attributed to Constantine S.
Rafinesque, 1820} account of
Russell Cave (Fayette County) made
for a fine addition to the speleo
history of the State. But, all in
all, caves outside the Mammoth
Cave Region seem to have little to
offer in comparison.

Between the time of Rafinesgue
and Alpheus 5. Packard there is a
hiatus with little regional
collection of cave sites. Packard
conducted an extensive inventory
of cave life from the caves of
kKentucky and published his
findings in 18838. He mentioned
more than 50 caves from site data
and collections by Nathaniel §.
Shaler and his Kentucky Geological
Survey in 1873. Arthur M. Miller
(1919), State Geologist, listed 164
representative caves and 5 areas
where caves occur. Gerard Fowke
(1922) describeed 39 caves in the
State as part of his midwest
archaeological investigations.

From 1923 to 1257, William D.
Funkhouser and William 5. Webb
explored, excavated, and cataloged
caves as part of a Statewide
inventory of archeological sites
in Kentucky.

The massive publicity resulting
from Floyd Collin’'s entrapment in
Sand Cave, Edmonsaon County,
generated a demand for more
newspaper articles on caves, and
not just caves in the Mammoth Cave
vicinity, but caves all over
Kentucky. There was a plethara of
newspaper articles published
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between 1925 and 1935. The maximum
amount was in 1925 during the
Collins incident and just after
his death.

In 1943, the fledgling National
Speleoclogical Society undertook
the cataleoging of all known caves
in the United states and the
world; Robert Morgan began this
task and produced the first modern
catalag of caves. By 19244, he had
inventaried 102 caves in the State
and the list was documented with
an extensive bibliography. From
that time, grottos, surveys, and
individuals have maintained
extensive catalogs of caves in
Kentucky.

Collection efforts over the
last 20 years has vyielded 3,770
caves and 1,057 cave maps spread
out in 87 af the 120 counties in
kKentucky (Fig. 1, Table 1). The
gridwork display in Figure 1 was
constructed by plotting cave
entrances on 2.3 minute centers of
latitude and longitude.

GEOGRAPHIC DISTRIBUTION
OF CAVES IN KENTUCKY

Kentucky is contained in parts
of the Coastal Plain, Interior Low
Plateaus, and Appalachian Plateau

DISTRIBUTION QOF CAVES IN KENTUCKY “
by
Angela |. Georgo
1285
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Figure 1.

Province in the southeastern
United States. The State can be
divided into six major geomorphic
regions that closely align
themsel ves with prominent
litholegical, structural,
hydrological, and geomorphological
changes in the topography (Fig.
2). The geomorphic regions are
(from east to west): Eastern
Kentucky Coal Field, Knobs, Blue
6Grass, Mississippian Plateaus,
Western Kentucky Coal Field, and
Jackson Purchase. Caves are
developed in Paleozoic carbonates
ranging in age from Middle
Drdovician through Late
Mississippian. Well developed
pseudocaves occur in Lower
Pennsylvanian conglomerates and
clastics. No caves hae been
reported in anything younger than
Early Fennsylvanian in age.
Structural development of the
Cincinnati Arch coupled with
sediment downloading of the
Eastern and Western Kentucky Coal
basins at the close of the
Falenzoic Era set the stage for
the present distribution of caves
in Kentucky. Major landscapes as
we see them today have been in
existence since the end of the
Cretaceous Period. Generally, cave

Distribution of caves in Kentucky, plotted on 2.5-minute
centers of latitude and longitude.
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Table 1
Listing of Caves in Kentucky by County
Total No. Caves 3770
Co. with Caves 87

No. Mapped Caves 1057

NO. MO. MAFP NO. NO. MAP

COUNTY CAVES CAVES COUNTY CAVES CAVES
Adair 35 & Laurel 1
Anderson 18 Lea 43 14
Allen 20 7 Letcher 27 i5
Barren 135 43 Livingston 14% 7
Breckinridge 425 71 Logan S5 32
Eell 8 = Lyon P i
Roone 8 Madison 27 =
Bourbon 12 & Magoffin 2
Boyde 1 Marion 9
Bovlie 8 Mason i 1
Bullett 30 FORER McCreary 14 2
Butler : 10 . Meade 212 4%
Caldwell I9#% 25 Meni fee 4 1
Carter 187 35 Mercer 27 4
Carrpll 1 Metcalfe 1< 3
Casey A Monroe 22 1
Christian 24 12 Margan 1
Clark ? 1 Montgomery 4
Clinton 8 3 Muhl enburg 3 2
Crittenden 25 8 Nel son 21 12%%%
Cumberland 146 5 Nichol as 1
Edmonson 173 44 Ohio 4
Elliott 2 1 Oldbam 13 3
Estill 37 Owen S 1
Fayette 72 21 Pike 1
Floyd 2 fowell 7 1
Franklin 28 1 Pulaski 168 1i4
Garrard 10 Rockcastle 1891 &9
Grayson 41 Q Russell 10 1
Green 71 8 Scott 12 S
Greenup i Shelby K
Handcock 1 Simpson 40 i1
Hardin 297 a2 Taylor 8
Harlan 2 Todd 18 i1
Harrison 1 Trigg (=1-] 53
Har t 207 74 Trimble 10 2%
Hender son 2 Unign 2
Henry 23 = Warren 198%# 80
Hopkins 2 Washington 1
Jackson 134 10 Wayne 24 14
Jeffersan 109 T2HEn Whitley 1
Jessamine S0 12 Wol f 7
Knott i Woodford 40 10
Larue 23 Miscellaneous 3 2

#John Mylroie, personal communication, 1984,
**entral Kentucky Cave Survey, Bull. No. 1.
*##Phillip DiBlasi, personel communication.
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Figure 2. Six major geomorphic regions of Kentucky.

development sought out
structurally favorable areas where
there was a maximum amount of
relief between the point of
recharge and the point of
discharge along base level
streams. The great caves of long
extent are all found adjacent to
structurally induced Chesterian
(Mammoth Cave System, Edmonson
Eounty) and Pottsville escarpments
(Cave Creek System, Pulaski
County) or along the crests of
anticlines (Hayes Cave, GBrayson
County) and synclines (Big BRat
Cave, Breckinridge County).
Frequency of cave entrance
occurence, passage size, and
groundwater vyield decreases in the
direction of recharge boundaries.
This generalization can be seen in
the north—-central Kentucky karst
and is consistent with
Swinnerton’s (1932) theoretical
speleagenesis model.

Eastern Kentucky Coal
Field Region
The Eastern Kentucky Coal Field
Region is a synclinal structural
basin filled with Mississippian
carbanates and clastics on the
updip side, and overlain with

Pennsylvanian cyclothemic
sandstones, shales, toals,
siltstones, and limestones on the
downdip side (Fig. 2). The basin
can be subdivided into three
sections: Cumberland Mountain,
Kanawha, and Cumberland Plateau.
Caves are found in all three
sections. The majority of the
caves are developed within the
Cumberland Mountain and Cumberland
Plateau sections.

Cumberland Mountain Section

Along the southeastern boundary
of the Eastern Kentucky Coal Field
is the Pine Mountain Overthrust
Fault. This fault has formed a
synclinal trough flanked by two
parallel mountains, Cumberland and
Pine. The narthwestern slope of
Fine Mountain contains the
majority of caves in this
locality., Here, Mississippian
carbonates have been overthrust to
the northwest out and on top of
the Kanawha section of
Fennsylvanian clastics. The
carbanates are extensively
fractured and caves have formed
along the strike and Pine
Mountain. Pine Mountain stretches
for more than 1460 km through
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Kentucky and contains over 71 m of
carbonates. This karst area
represents probably one of the
greatest untapped caving
lacalities in the State. There is
much potential for big cave, deep
pits, and systems to keep cavers
busy for years. The most famous
caves are Linefork Cave, Icebox
Cave, the Payne Gap Cavern, Payne
Gap Water Cave, and Angel Cave.
The Colehole is a 73-m—deep pit
with no passage at the bottom.
Sand Cave is a pseudokarst feature
farmed in the Lee Sandstone.
Carbonate cave passage
configuration is similar to that
seen in the Valley and Ridge areas
of Virginia. :

Kanawha Section

The Kanawha Section is the
heartland of the Eastern Kentucky
Coal Field. It is a paradise far
the coal and pil barons, and a
bane for the caver, with
impossible roads, rugged terrane,
and few caves., Few caves are
memorable, and the geologic
section is full of Pennsylvanian
€lastics, coals, shales, and thin
carbonate units, There are less
than 20 caves indexed from this
secticon in Kentucky.

Cumberland Plateau Section

Stretching for more than 190 km
across the east central part of
Kentucky is one of the paramount
cave and karst localities in the
State. The locality is bounded on
the west by the Highland Rim
Escarpment and on the east by the
Pottsville Escarpment. More than
840 caves are known from this
area. Caverns of every possible
description can be found in this
section, whether large, dry
walking passage, or wet and muddy
5lush tube. Representative caves
are: Slpans VYalley System, Cave
Ereek System, Goochland-Smokehale
Complex, Great Saltpetre Cave,
Triple S Cave, and Eureka Cave.

By rights, the Carter County
karst should be in the Kanawha
section; rather, it exists as a

finger of Mississippian carbonates

within the northwestern paortion of
the Kanawha section. Nearly 200
caves are known from this area.
Many of these caves are long
braided networks or maze caves.
Best known are Bat Cave, Saltpeter
Cave, Burchetts ECave, Carter City
Connectiaon, Iron Hill System, and
the Cascade System. The highest
density of caves occur along the
axis of a syncline, truncated by
deeply entrenched Tygarts Creei.
This structural setting provides
far maximum rock fracturing along
the axis of the syncline, giving
rise to network cave development.
Cave entrance distribution in
Carter County shows a
northeast—-southwest stike
orientation along the Pottsville
Escarpment. Major streams fallaw
this trend toward the Ohio River.

Fseudokarst in the form of
natural bridges, rock shelters,
lighthouses, and dolines are well
developed adjacent ta wvalleys
breaching the Fottsville
Escarpment. These features have
formed in the Lee Formation, a
sandstone—conglomerate of Early
Pennsylvanian age. Best recognized
are the natural bridges and
pseudokarst caves of the Red River
Gorge in Powell County and the
Natural Arch in McCreary County.

Inspection of cave =ntrance
density reveals a dominant
northeast-southwest trend parallel
to the strike of the Pottsville
Escarpment. Dominant cave passage
trends are to the northeast and
northwest. This same pattern is
repeated in most of the major
caves throughout the State.
Structural upwarping of the
Cincinnati Arch and development of
the Appalachian Mountain System
are responsible for fostering the
original fracture pattern, visible
today in this dominance of cave
passage trends.

Mississippian Plateaus Region

The Mississippian Plateaus
Region (Fig. 3) is the largest
single continuous sequence of
exposed fractured karsted
carbonate rocks in Kentucky. The
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Figure 3. The Mississippian Plateaus Region, which contains 2,125
known caves, including Mammoth Cave.

Just north of Mammoth Cave is a
Fennsylvanian conglomerate and
sandstone filled fossil river
valley. Contained within the
Brownsville Channel are
pseudagkarst caves, dolines,
springs, and ponors.
Representative are: Big Spring,
Holley, and Lines caves. Deep
shafts have formed as a result of
initial pseudokarst development
followed by interstratal
karstification at
clastic—carbonate contacts. Good
examples can be seen at Frenchman
Knob Pit and Lost Hound Pit, Hart
County.

In the far northwestern part of

region contains the largest
compliment of caves with 2,125
known; the largest cave system in
the world, Mammoth Cave; and a
collection of lesser systems that
are among the great long caves in
the world: Whigpistle, Hicks, PBig
Bat, Lost River, Lisanby, Big
Sulphur, and Gradys.

There is a distinct regional
clustering of cave entrances along
the Chester Escarpment from
Brandenburg in Meade County
through Bowling Green in Warren
County. Cave entrance density
declines in both directions away
from the escarpment. The largest
of the cave systems. are all found

beneath the Chester upland or
below outliers from this landform.
Large graded trunks and bedding
plane tubes are the typical cave
passages. These passages goccur in
the Middle Mississippian carbonate
units. In contrast, the character
of the cave passages in Chesterian
rocks is joint determined maze.

the regiaon is the Western Kentucky
Fluorspar District. The Rough
Creek Fault Zone has intensively
fractured this part of the State.
it is the site of hydrothermal
activity. Karstification has
occurred along the faults, joints,
and bedding planes. These features
have been filled in with minerals
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from the hydrothermal activity.
Over S0 caves are known from this
locality. The relationship between
hydrothermal activity, and cave
development is a subject for
further investigation.

Western Kentucky Coal
Field Region

Like the Kanawha Section in the
Eastern Kentucky Coal Field
Region, cave development is sparse
in this region of Kentucky. The
few caves that are found are
mostly clustered along the strike
of the Pottsville Escarpment, and
rapidly decrease in number
westward into the interior of the
structural basin. More than &0
caves are known from this region.

Tectonic activity along the
Rough Creek Fault Zone has
fostered the conditions for cave
develaopment in central Grayson
County. More than two thirds of
the caves known in the county
occur on or adjacent to faults. A
large scale polje, called The
Sink, is develaped along the Rough
Creek Fault Zone in Mississippian
carbonates. This polje is more
than 40 km west of the nearest
surface outcrop of Middle
Mississippian rocks.

Jackson Purchase Region

The Jackson Furchase Region 1in
western Kentucky is part of the
naorthern extension of the
Mississippian Embayment. The
embayment was filled in with
continental sediments at the close
of the Cretaceous Feriod. These
sediments have buried the western
end of the Mississippian Flateaus
Region. There are no enterable
caves in this section of Kentucky;
but, well drilling activity has
recorded karren topography with 15
to 30 m of relief, buried beneath
more than 305 m of sediment. Karst
cavities or better yet, caves,
occur below the karren zaone of
Faducah.

Blue Grass Region

The Blue Grass Region can be
divided into three main

sub-regions: Inner Blue Grass,
Eden Shale, and Outer Blue Grass
(Fig. 4). The geaomorphic
subdivisions are defined upon
lithologic and structural controls
of the Cincinnati Arch and the
upwarped Lexington Dome. The
overall picture is one of
concentric bands of contrasting
rock types. The Inner Blue Grass
contains Middle Ordovician
carbonates and shales; the Eden
Shale Belt contains Upper
Ordovician shales; the Outer Elue
Grass contins Upper Ordovician and
Silurian—Devonian carbonates and
shales.

Inner Blue Grass Subregion

The cave and karst area of the
Inner Blue Grass is a triangular
area centered in Fayette County.
Its base is just east of Lexington
and its apex extends into Woodford
County. The highest density of
caves occurs in central Woodford,
Fayette and Jessamine counties. In
southern Fayette and in Jessamine
counties, cave and pit entrances
show good parallel alignment along
the strike of master streams.

Few caves are developed east of
the Lexington Fault System, which
is the eastern limits of the

Figure 4. Divisions of the Blue
Grass Region, showing the con-
centric bands of contrasting
rock types.
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Lexington karst. There is a
recurrence of caves in central
Bourbon and Clark counties. The
caves and karst of Clark County
are in one of the few areas where
the Eden Shale is thin, and caves
have formed in the underlying
carbonates adjacent to stream
valleys. This situation also holds
true for the karst in the vicinity
of Harrodsburg, Mercer County.

Representative caves in this
locality are: Bryants, Russell,
Phelps, and Boggs. Over 260 caves
have been inventoried in this
locality.

Eden Shale Belt Subregion

Generally, the Eden Shale Belt
is devoid of cave develapment,

. except where the shale aquitard is
thin and the underlying carbonates
are in close proximity to base
level drainage.

Outer Blue Grass Subregion

The Outer Blue Grass marks the
recurrence of high density cave
and karst development. As in the
Inner Blue Grass, cave entrances
tend to cluster near base level
drainage and rapidly decrease
toward drainage divides. There are
two areas where most of the caves
occur. Several caves, such as
Adams Saltpeter Cave in Madison
County are found in the southern
part of the subregion. The
majority of the caves are related
to the deep entrenchment of the
Ohioc River and its tributaries
along the following counties:
Henry, 0Oldham, Trimble, Shelby,
Jefferson, Bullitt and Nelson.
About 280 caves are known and most
are small in lateral extent,
rarely exceeding 150 m in length.
Caves tend to have big entrances
whose passages degrade into
crawlways.

Knobs Region

The Knobs Region contains about
15 caves. Most of the knobs are
made up of siltstone and shale,
which are not conducive to cave
development. As Muldraughs
{Highland Rim) Escarpment is

BELT SUBREGION

approached, basal carbonates of
Early Mississippian age are
present on top of the knobs, and
this is where the caves are
located.

CONCLUSION

This discussion has only been a
brief overview of the distribution
of caves in Kentucky. There are
many caves known in addition to
the ones used in the compilation
of this report. Continuous effort
during the last 20 years has
allowed the inventory of 3,770
caves in Kentucky. If the past is
any indication of the future, the
next 20 years looks very bright.
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Chapter 3
THE INNER BLUE GRASS KARST REGION

John Thrailkill
Department of Geology
University of Kentucky

Lexington, Kentucky 40506

This discussion of the Inner
Blue Grass Region of central ken-—
tucky has been extracted from
chapters A and F of Thrailkill and
others (1982). Only minor changes
have been made to correct typogra-—
phic errors and delete references
to other chapters and omitted por-—
tions of chapters A and F.

The principal method used to
study the area was water tracing,
and a description of the dyes and
techniques used, as well as rela-
ted laboratory studies (Society of
Dyers and Colouriets, 1971;
Guinlan 1977; BGuinlan and Rowe,
19773 McCann, 1978; Byrd, 1981;
Quinlan and Ewers, 1981; Spangler,
1982; Spangler and others, submit-
ted for publication) are described
in Thrailkill and others (1982).

The focus of work in the region
has been on the geological, water
supply, and environmental aspects
of the karst and its aquifer, and
although valuable infaormation on
these subjects has been obtained
fram studies in caves (as will be
discussed), such studies have been
incidental to the regional study
to date. No listing or cave loca-
tions will be presented, both
because such a listing would be
incomplete and because of the
sensitive landowner relationships
that exist in many areas in the
region.

The information that has served
as the basis of the discussion
that follows has largely been
derived from area studies in por-
tions of the region outlined on
Figure 1. The field investigations
in these areas were conducted by
M. R. McCann (Northeast Woodford
County area), M. W. Hooper, Jr.
(Mercer County area), L. E.
Spangler and J. W. Troester
(northern Fayette and southern

Scott counties area), and D. R.
Gouzie (Walput Hill area). None
of what follows would have been
possible without their efforts. A
description of each of these
areas, as well as detailed infor-—
mation on the dye traces made and
spring discharges determined, is
found in Thrailkill and others
(1982).

Portions of the work described
in the present report have already
appeared (McCann, 1978; Thrailkill
and Troester, 1978; Thrailkill,
1980; Thrailkill and others,

19280; Spangler and Thrailkill,
1981; Thrailkill and others, 1981;
Spangler, 1982) or have been
accepted for publication
Thrailkill and others, accepted
for publication).

Major support for this work was
provided by the Office of Water
Research and Technology (now with-
in the United States Geological
Survey), United States Department
of Interior, as authorized by the
Water Research and Development Act
of 1978, Fublic Law 95-467. Addi-
tional funding was from the
McFarlan Fund of the Department of
Geology, University of Kentucky;
Dames and Moore; the Georgetown
Municipal Water and Sewer Service;
the National Speleological
Society; and the Institute for
Mining and Minerals Research, and
the Research Committee of the
University of Kentucky. The
support of these agencies, as well
as the landowners of the region
and the many others who have
assisted the research is grate—
fully acknowledged.

Work has, and is, continuing in
the I years since the discussion
that follows was written. Some of
the recsearch is described in Byrd
and Thrailkill (1983), Hooper and
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Thrailkill (1983), Thrailkill
(1983), Thrailkill (1984),
Thrailkill and Gouzie (1984), and
Thrailkill (accepted for
publication).

INNER BLUE GRASS REGION

The Inner Elue Grass Region is
an area of 5,600 km® in
central Kentucky. It is largely a
gently rolling upland at an
altitude of 250 m, with generally
less than 50 m of relief, that has
been termed the Lexington
Peneplain (Jillson, 1%261). Most of

the streams which drain the area
are on the upland, but the

Kentucky River, that crosses the
region, has incised a gorge more
than 100 m deep. Altitudes range
from 350 m in the southeastern
portion of the upland to 130 m
along the kKentucky River where it
leaves the region in the
northwest.

Although the streams on the
upland surface appear to provide
normal surface drainage, numerous
karst landforms (especially
sinkholes) are present, and
portions of the region, some with
areas in excess of 10 km=,
have no surface drainage. The
outlines of the region (Fig. 1)
were defined by including within
its boundaries all 7.5-minute
quadrangles (1:24,000) that depict
at least one sinkhole by
topographic contours (interval 3.0
to 6.1 m) in rocks of Middle
Ordovician age. The Inner Blue
Grass Region is both
geographically and
stratigraphically distinct from
another extensive karst area (a
portion of which has been termed
the Central Kentucky Karst) in
Mississippian rocks, as well as
from smaller karst areas in
Kentucky in Upper Ordovician and
Silurian rocks.

The mean annual precipitation
is about 1,150 mm, fairly evenly
distributed throughout the year.
Mean July and January temperatures
are about 25 and 0°,
respectively. The regolith is
often a meter or more thick and is

generally considered to be
residual. The entire region is
south of the area modified by
Fleistocene glaciation. The
present populaton is in excess of
350,000, of which more than hal+f
is concentrated at Lexington, the
second largest city in Kentucky,
which lies near the center of the
region (Fig. 1).

Geologic Structure

The region occupies the area
where carbonate rocks of Middle
Ordovician age have been exposed
by erosion on the crest of the
Cincinnati Arch, a regional
structural feature of the eastern
United States. Regional dip is
generally away from the highest
point on the arch in Jessamine
County (Fig. 1) in all directions
except to the southeast, where the
rocks have been down faulted.
Regional dip is gentle (on the
order of 10 m/km), and the beds
seen in outcrops generally appear
nearly horizontal.

The southeastern boundary of
the region follows the Lexington
Fault System in the south and the
intersecting Kentucky River Fault
System to the east (Rlack and
others, 1977). The eastern and
southern sides of these fault
systems are downdropped, and
unkarstified Upper Ordovician
limestones and shales cover the
Middle Ordovician carbonates.

There are a few areas of
substantial faulting within the
region, such as the Switzer Graben
in Scott County and the extension
of the Lexington Fault System to
the north. There are also a number
of short, high—-angle faults and
mineralized veins.

Stratigraphy

The boundary of the region
approximately coincides with the
depositional or fault contact of
relatively pure Middle Ordovician
carbonates with the overlyina,
thinly interbedded Upper
DOrdovician limestones and shales.
The overlying limestone and shale
sequence has been designated the
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Clays Ferry Formation, and the
underlying carbonates are, from
highest to lowest, the Lexington
Limestone, Tyrone Limestone,
Oregon Formation, and Camp Nelson
Limestone.

All of the area studied to date
has been in the lower portion of
the Clays Ferry Formation and the
upper two-thirds of the Lexington
Limestone. The lower third of the
Lexington Limestone (including the
. ogana and Curdsville members) and
the three formations below it are
exposed only in the gorge of the
FKentucky River and the laower
reaches of its tributaries, and
underlie areas not yet
investigated. Furthermore, it is
believed the subsurface
circulation of meteoric water
within the area studied does not
extend into these units; therefore
these units will not be further
considered.

The principal lithologic
characteristic of hydrogeologic
interest in the Lexington
Limestone and overlying Clays
Ferry Formation is the amount of
insoluble material in the latter
and in units of the former. This
factor has been considered a major
control in the development of
solution openings by most earlier
workers (Hamilton, 1948, 1950;
Palmquist and Hall, 1961; Mull,
1968; Faust, 1977). Stratigraphic
descriptions of the Clays Ferry
Formation and the various subunits
of the Lexington Limestone
accompany the published geological
quadrangles of the area studied (
Black, 19244, 1947; Cressman,
19264, 19267, 1972; FKanizay and
Cressman, 1947; Miller, 1967;
MacGQuown and Dobrovolney, 1968;
Pomeroy, 1968, 1970; Cressman and
Harbar, 1970; Allingham, 1972).
These descriptions are believed to
be based generally on hand
specimen examinaticon and usually
state the approximate percentage
of clay, chert, and other
insoluble components, as well as
note the occurrence of minerals
such as dolomite and apatite.

In a study of the Lexington
Limestone in Franklin County,
Fisher (1968) found that the
maximum inscluble content of the
Grier and Tanglewood limestone
members was 13 percent and
averaged less than 5 percent. His
data also indicate that the
maximum content of insoluble
minerals in units generally
considered argillaceous (Macedonia
Bed and Brannon Member) was only
25 percent,; and that lithologies
usually described as shales are
usually more than 50 percent
calcite and dolomite.

Cressman (1973) calculated
normative mineral percentages
based on chemical analysis of
15~cm core segments from the Clays
Ferry Formation and the
Millersburg, Brannon, Tanglewood
Limestone, and Grier Limestone
members of the Lexington
Limestone. Analyses were performed
on five core segments selected
randomly from the core available
for each of the five units. The
mean gquartz plus clay content
calculated for the Grier and
Tanglewood limestone members was 8
percent and 5 percent
respectively. For the remaining
three units (considered
argillaceous) these amounts were:
Brannon Member, 38 percent;
Millersburg Member, 35 percent;
and Clays Ferry Formation, 44
percent.

Although dolomite is present in
most of the units, especially the
more argillacious ones, it
generally occurs as isolated
rhombs. Fisher (1%948) found the
dolomite—-calcite ratio to be
generally less than 0.2 and to
exceed unity only in one thin
(less than 1 m) bed in the Grier
Limestone Member. The normative
mineralogy calculated by Cressman
(1973) yields mean valies of this
ratio to be 0.1 and 0.17 for the
Grier and Tanglewood limestone
members, respectively; the three
argillacious units he examined
range from 0.27% to 0.4& (above).

The stratigraphic nomenclature
used on the various geclogic maps
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is not always consistent, and the
terminoclogy of Cressman (1973)
will be used in this report.
Except for the Clays Ferry
Formation and Millersburg Member,
all of the argillaceous units (11 .
units of the Lexington Limestone
except the Clays Ferry) are less
{actually considerably less) than
6 m thick. The delineation of the
various units is based on
lithology, and the units show
complex gradational and
intertonguing relationships, which
often result in multiple
pccurrences of a unit in the
stratigraphic section.

In the northeastern Woodford
County, naorthern Fayette and
southern Scott counties, and
Walnut Hill areas, the relatively
pure Tanglewood and Grier
limestone members make up most of
the section. The argillaceous
Millersburg Member, Greendale
Lentil, and Stamping Ground Member
occur within the Tanglewood, the
Brannon, and Cane Run members at
or near the Tanglewood — Grier
contact, and the Macedonia Bed
occurs within the underlying
Grier. In the Mercer County area,
two relatively pure units overlie
the Tanglewood, and only two of
the argillaceous units within the
Lexington Limestone are present.
These relationships, which are
considerably simplified, are shown

in Table 1. Subdivisions of the
Perryville in the Mercer County
area (i.e., Cornishville and
Salvisa beds) and the thin pure
Devils Hollow Member within the
Tanglewood in the northeastern
Woodford County area have been
omitted.

Previous Hydrogeologic Investigations

A number of hydrogeclogic
studies of the Inner Blue Grass
Region have been published. The
earliest of these, by Matson
(19209), dealt with the larger Blue
Grass Region, which includes
extensive non—-karst areas outside
the Inner Blue Grass Region. He
presented data on a number of
wells in the present study area
{(e.g., 48 in Fayette County, 30 in
Scott County, and 20 in Mercer
County), but with such general
locations that they could not be
utlized in this study. His
discussions of the hydrogeology
are general and lack conclusions
regrading controls of groundwater
occurrence and movement in the
Inner Blue Grass Region. Although
he mentioned a trace to a spring
with o0il and NaCl, and that NaCl
was used in an examination of
Royal Spring (Matson, 1909, p.
80-81), he gives no location
information. The only published
information on water tracing in

Table 1.--Stratigraphic Units in the Study Area. All (Except Clays

Ferry Formation) are Units of the Lexington Limestone. * Indicates Unit
Present Only in Mercer County Area: +*#*|ndicates Unit not Present in

Mercer County Area.

LIMESTONE UNITS

Sulpher Well Member#*
Perryville Limestone Member*
Tanglewood Limestone Member
Grier Limestone Member

ARGILLACEOQUS LIMESTONE UNITS

Clays Ferry Formation
Millersburg Member %
Greendale Lentil**
Stamping Ground Member
Brannaon Member

Cane Run Member ®x
Macedonia Hed
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the region prior to the present
study was presented by Jillson
(1924%), who established flow
connections in the Roaring Spring
ground water basin in Weoodford
County.

Hamilton (1950) reported an
inventory of 964 wells in a four
county area (Bourbon, Favyette,
Jessamine, and Scott). Although he
lists the total depth of all but a
few of these, he reports water
levels in only 56 and hence could
not prepare a map of the
potentiometric surface. He states
that only about one out of five
wells drilled is productive
{Hamilton, 1950, p. 47-48) and
concluded (also in Hamilton, 1948)
that solution porosity is limited
to a depth of 25 meters, that such
porosity is developed mainly along
joints and is greatest in
topographically low areas. He
states that argillaceous limestone
units within the Lexington
Limestone play a major role in
that they severely inhibit the
downward circulation of meteroic
water and hence retard the
development of solution porosity
in the rocks that underlie them.
His maps, which delineate areas of
high, intermediate, and law
probability of obtaining a
satisfactory vield and quality of
groundwater, are apparently based
mainly on stratigraphy.

A series of hydrogeologic maps
covering the Inner Blue Grass
Region (Hall and Palmquist,
19260a—d; Palmgquist and Hall,
19260a-c) were issued as part of a
statewide project, and a
discussion of the hydrogeology of
the larger Blue Grass Region
(whose area is nearly 30,000
km®?) was published in
Palmquist and Hall (19261). The
hydrogeologic maps indicate areas
of high, intermediate, and low
probability of satisfactory well
vield and quality. Although this
approach is the same as the one
used by Hamilton, the two
assessments are often quite
different for the same area
(Hamilton, 1950; Palmquist and

.

Hall, 1960c). Variations between
the assessments are probably due
to differing evaluation criteria
and the density of well control.
Palmquist and Hall 's map (1960c),
of the same four counties studied
by Hamilton (1950) is apprently
based on &4 wells and 31 springs,
as opposed to the 264 wells listed
by Hamilton. Their summary states
that 35 wells and springs were
inventoried in each county and
that water levels were measured in
most wells (Palmquist and Hall,
1961, p. 3, 13), but they give
neither the water level nor a map
of the potentiometric surface.

The summary (Palmguist and
Hall, 1961) covers the entire Blue
Grass Region, and it is difficult
tao separate their conclusions on
the Inner Blue Grass Region from
the largely unkarstified areas
that surround it. They appear to
ascribe differences in well vields
in the Inner Blue Grass Region
more to topographic position than
to stratigraphy f(reflected in
their hydrogeclogic maps), which
is more or less the reverse of
Hamilton’'s (1950) criteria. They
also state that less than half of
the wells drilled in the bedrock
are successful (Palmquist and
Hall, 1961, p. 21).

Henderson and Krieger (19&4)
presented a summary of the
geochemistry of waters of the
entire Rlue Grass Region. A brief
report and map on the hydrogeclogy
of Fayette County by Hopkins
(1966a) explains groundwater flow
in terms of regional and local
potential gradients controlled
mainly by topographic factors, and
evaluates areas along mapped
surface streams as having the best
prosects for groundwater
devel opment.

A report by Mull (19468) also
dealt with the hydrogeclogy of
Fayette County, but the most
detailed groundwater investigation
was in the Georgetown Quadrangle
extending to North Elkhorn: Creek
in Scott County. Mull considered
that the direction of groundwater
movement was controlled by the dip
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of the rocks and the topography,
and presented his data on water
levels in 54 wells on the
structure contour map.

A study of wells in the
Centerville fuadrangle in Bourbon,
Fayette, and Scott counties
(Johnson, 1970; Johnson and
Thrailkill, 1973) was designed to
evaluate the relative importance
of the various factors proposed by
earlier workers. Based on
information {(much of it from
Hamilton, 1930) from 82 wells
classified as adequate, sulfur,
salt, or dry, nonparametric
statistical methods were used to
test the effect ot a number ot
topeographic, stratigraphic, or
structural variables. Although
apparently significant
relationships were found, the
interdependence of topographic and
stratigraphic variables in an area
of nearly horizontal beds made the
results difficult to interpret.

Faust (19277}, in a study of a
six—county area (Bourbon, Clark,
Fayette, Jessamine, Scott, and
Woodford), prepared the first
potentiometric map in the region.
At the small scale of the map, it
appears to conform rather closely
to tapography. The map was based
on data from more than S00 wells
(Faust, 1977, p. %), but the data
are not shown. Faust also ocutlined
the recharge areas of a number of
springs and wells, including Royal
Spring, Spring Station Spring, and
Versailles Spring. Like earlier
warkers, he believes the yield of
wells is related both to
topography and stratigraphy.

There are also a number of
Statewide reports that furnish
specific hydrogeological
informaton within the region.
These reports include Van
Convering (1962) on large springs,
Hopkins (1966b) on the elevation
of the fresh-saline water
interface, Whitesides (1971) on
specific capacities of wells, and
a series of annual water resources
reports containing daily water
level data in {(currently) four
wells in the Inner Blue Grass

Region (United States Geological
Survey, 1983, is the most recent).

Other publications dealing
primarily with other aspects of he
geology of the region have
included data and discussions of
the hydrogeology. MacBuown (1967)
located 16 springs and 2 wells in
a study of the Curdsville
Limestone Member, the basal unit
of the Lexington Limestone. He
found that some of the springs
emerged at or near the contact of
limestone beds and thin bentonites
and other shale units, and that
the vertical intergranular
porosity and permability of the
Curdsville was guite low. Another
aspect of his investigation showed
that trends of sinkhole and stream
allignments were similar to joint
orientations in the Bryantsville
fluadrangle in the southern part of
the region. An expanded discusson
af this relationship can be found
in Hine (1970), who also showed
that joints and fracture traces
{(identified by soil tone on aerial
photographs) tended to be parallel
as well, and who located S5 wells
in the Bryantsville Quadrangle, at
least one of which was on sinkhole
trend.

GROUNDWATER BASINS

The present day study has shown
that the major flow of subsurface
water in those portions of the
Inner Blue Grass Region
investigated is in at least 38
individual basins. The term
"groundwater" is usually reserved
for potable water in saturated
voids which is beneath the
potentiometric surface and hence
at pressures greater than
atmospheric. Because these basins
contain such water, they will be
referred to as "groundwater
basins" although much of their
flow is unsaturated and above the
potentiometric surface in what is
termed the "vadose zone." These
concepts will be discussed later.

Flow within each basin is
dentritic, in that recharge from
swallets, sinkholes, and elsewhere
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successively coalesces to emerge
at a spring that drains the basin.
A few such springs, such as
Roaring Spring, Burgin Spring, and
Cove Spring have multiple outlets,
usually within a few tens of
meters of each other; in two or
more of the outlets dye was
detected during some traces.
instance, however, did dye
detection indicate flow between
adjacent basins. In a few basins
(Roaring Spring, Distillery
Spring, Slacks Spring, and
Vaughans Spring), major flow
appears at the surface at the
bottom of deep sinks (karst
windows) , and discharge from
Spring Lake Spring feeds a surtace
stream that flows into a swallet
of the Lindsay Spring Basin.

Al though groundwater basins are
a fundamental element of the
hydrogeology of the region, there
has been little discussion by
previous workers. Palmguist and
Hall (12461, p. 14) considered
groundwater in the entire Blue
Grass Region (including the Inner
RBlue Grass Region) to occur in
small, self-contained units that,
with few exceptions, coincide with
surface watersheds. Faust (1977,
p. 12-13), outlined the recharge
areas of selected points,
including Royal, Spring Station,
and Versailles springs. He states
that such recharge areas generally
coincide with surface drainage
basins, and apparently based his
delineation of recharge both on
topography and his potentiometric
surface map.

In no

Basin Identification, Size,
and Location

Outlines of the 38 basins were
drawn to enclose swallets from
which dve traces were made to
major springs. Although subsurface
drainage from untraced swallets
within the basins as outlined
probably also discharges at the
spring, details of basin shape are
largely unknown, especially for
basins identified by only a single
dve trace.

GRASS KARST REGION

The area of each basin (Table
2) was estimated from the area
outlined and ranges from less than
0.5 km® up to 15 km= for
the two largest. It should be
emphasized that the areas given
are those that are believed to be
underlain by an integrated conduit
system,. and that the catchment
area of the spring is usually much
larger, since it includes areas of
shallow subsurface or surface flow
outside the basin boundaries. The
areas given in this report
(Table 2) are thus generally much
smaller than earlier estimates
(Spangler and Thrailkill, 1981;
Thrailkill and others, 1981;
Spangler, 1982), which were based
on the catchment area. These
relationships are shown in Figure
s

In one location where surface
flow was observed between a spring
(Spring Lake Spring) and a swallet
{in the Lindsay Spring Basin), the
length of the surface flow path
suggests that the two basins
should be identified separately.
Other instances where such flow is
seen, are in the bottom of a deep
sinkhole or blind valley, and the
feature is considered a karst
window within the basin.
Groundwater basins were not
defined for the short dye traces
to Bailey and Faxton Springs
because of lack of evidence of the
existence of deep integrated flow
conduits considered characteristic
of groundwater basins.

Some of the smaller groundwater
basins appear to underlie surface
drainage basins (e.g., Baker Cave,
Ganoc Spring, and Santen Spring),
while others do not (e.g., Cove
Spring, Elkhorn Spring, and Sharp
Swallet). At least some flow
indicated by dye traces in all of
the larger basins (5 km*® or
more in area) passes beneath
surface divides, and the shape of
most larger basins shows little
carrespondence to present or
inferred former surface drainage
(e.g., Roaring Spring, Slacks
Spring, Russel Cave, and Burgin
Spring basins). In a few basins
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BASIN IDENTIFICATION,

SIZE,

AND LOCATION

Table 2.-- Springs and Groundwater Basins in the Study Area.

6.
7.
8.
9.
10.

11.
12,
13.
14,
15.

16.
17.
18.
19.

20.

21.
22,
23.
24,
25.

26.
27.
28.
29.
30.

WA WWU
WM

6.
37.
38.
39.

40.

Bailey Spring
Baker Cave Spring
Big Spring

Blue Spring

Roggs Spring

Boone Spring

Bryan Station Spring
Burgin Spring

Cougar Spring
Cornett Spring

Cove Spring
Distillary Spring
Elkhorn Spring
Eureka Spring
Gano Spring

Gay Sink Spring
Hartman Spring
Holland Spring
Humane Spring
I-75 Pond Spring

Jennings Spring
Lindsay Spring
McGee Sink
Nance Spring
Paxton Spring

Pin Oak Spring
Railroad Spring
Roaring Spring
Royal Spring
Russell Cave Spring

Santen Spring

Shawnee Caopper. Spring
Shawnee Hefer Spring
Shawnee Run Spring
Silver Springs

Slacks Spring

Slacks Cave

Sloans Spring

Spring Lake Spring
Spring Station Spring

Magni tude

GROUNDWATER BASIN

Name

same
same
same
same

Distillery Spring

same

same

same
same
same
same
same

Roaring Spring

same
sSame
same
same

same
same

Yaughan Spring

same

same
same
same
same
same

same
same
same
same

same

Slacks Spring
Slacks Spring

same

Royal Spring

Area

{(km=2)

NE &N -
w

4

R |
(8]

| DU

(SIS
NN




THE

INNER BLUE GRASS KARST REGION

Table 2.—-

41. Steeles Spring
2. Swopes Spring

43. Tevis Spring

44, Spring 13

4%5. Spring 13B

44, Vaughans Spring
47. Versailles Spring
48. Votah Spring

49. MWests Spring

Cl6 -

D57 -

({e.g., Lindsay Spring and VYaughans
Spring), underground flow is known
to pass beneath perennial surface

streams.

Interbasin Areas and Basin Shape

Relatively few dye traces were
conducted in the northeast
Woodford County and Walnut Hill
areas, and further work would
probably result in the enlargement
of the known groundwater basins
and the discovery of new basins.
While similar results would be
likely near the margins of the
Mercer County area and the
northern Fayette and southern
Scott counties area, intensive
reconnaissance in the central
portion of these areas (especially
the latter) has shown that swallet
are much less common between the
outlined basins. Furthermore, dye
introduced in each swallets
emerged at small springs a short
distance down slope after
following shallow flow paths.
Examples of such traces (none over
S00 m long or with a vertical drop
of more thamn % m) were those to
Paxton Spring and to Bailey
Spring.

This absence of deep,
integrated, subsurface drainage
between basins is more marked than
the simple reduction in size of
conduits that might be expected as
the divide bhetween basins is

37
Continued.

same 1
Roaring Spring -
same 1
same 2
same S
same 2
same 3
Sharp Swallet i
Duval Cave 1
Ansley Swallet 1

approached, and the term
"interbasin areas"” will be used
for these portions of the region.

Within interbasin areas,
infiltrating water from slopes and
shallow sinkholes is believed to
flow in small conduits at or just
below the interface between the
bedrock and overlying regolith.
Flow is generally down the
topographic slope and emerges at
small, often ephemeral, high-level
springs. Streams fed by such
spings generally flow on the
surface but may be diverted into
shallow subsurface conduits
adjacent to the stream channel for
short distances. If and when such
a stream enters a groundwater
basin, its flow is diverted
underground by a swallet to emerge
at a major spring, often several
kilometers distant.

The bottoms of most of the
major stream valleys (e.g., South
Elkhorn Creek, North Elkhorn
Creek, Taown Branch, lLower Cane
Run, and the Salt River) appear to
lie in interbasin areas. Faust
(1977, p. 12 and plate 3)
described losing reaches on both
North and South Elkhorn Creeks,
and gaging stations on these
creeks not uncommonly report no
surface flow (U.S5. Geological
Suirvey, 1983%). It is likely,
therefore, that a portion of the
flow of the major surface streams
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Figure 2. Map showing relation-
ship of groundwater basins
(dashed outlines) to surface
streams (solid lines) and sur-
face divides (dotted lines).
Catchment area of spring C shown
by dotted pattern. Although dia-
grammatic, map approximates the
eastern portion of the northern
Fayette and southern Scott coun-
ties area, where A through E are
the Silver Spring, Slacks
Spring, Royal Spring, Vaughans
Spring, and Russell Cave Spring
basins, respectively. Long
dashes indicate line of section
of Figure 3.

is diverted into conduits through
swallets in the channel and
returns in inconspicuous springs
in the stream bed. Such conduits
are probably shallow, as are the
conduits in interbasin areas at
higher =levations, but may be of
considerable size because of the
larger flow volumes. They are
probably present mainly in the
vicinity of the channel, but may
cut across bends and meander
l1oops.

Thus while there is only
shallow subsurface flow in
interbasin areas, the interbasin
areas form part of the catchment
area of major springs draining

groundwater basins; the boundaries
between adjacent catchment areas
within an interbasin area probably
conform closely to surface
divides.

Although the shallow subsurface
flow described above is
characteristic of interbasin
areas, it also occurs within the
basins as outlined. As an example,
the traced swallets in the Shawnee
Run Spring Basin are fed by flow
from high level springs within the
basin, and there appear to be
extensive and numerous areas of
such shallow subsurface flow
within many of the basins. An
alternative way of depicting such
basins would be as narrow strips
adjacent to the major flow
conduits, but since the location
of these conduits is generally
unknown, and because there is some
evidence from wells that at least
the Slacks Spring Basin is
developed over a considerable
area, as discussed below, this was
not done.

Attempts to more closely define
the boundaries between basins and.
interbasin areas were also
complicated by evidence that such
boundaries cannot be simply
depicted in two dimensions,
because basin flow conduits appear
to be developed beneath what
appear to be interbasin areas in a
few cases. This sitwation is
illustrated by the Lindsay Spring
and Silver Springs basins, in
which the major flow conduit
passes beneath streams (fed by
high-level springs) that remain
entirely on the surface.

In contrast to the conduits
in upland interbasin areas that
are just beneath and roughly
parallel to the land surface, the
major flow conduits in groundwater
basins appear to have gradients
similar to surface streams and
thus are nearly horizontal and
only slightly above the level of
the discharging spring. Although
the path followed by water
immediately after it enters a
swallet is usually unknown, in a
few instances where it can be
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observed in caves and pits it is discussed in some detail below;
usually steep and often nearly "blind valleys" which terminate
vertical. Such high gradients were downstream as the entire flow of a
cbserved as often near the margins surface stream is diverted
and upstream portions of basins as underground; "pocket valleys,"”
in the center and downstream which begin abruptly upstream at a
portions. major spring; and "karst windows,"”
The evidence available, depressions in which a major
therefore, suggests that the base underground flow emerges at the
of the zone of active meteoric surface as a spring and is then
water circulation is nearly flat diverted underground (the length
in groundwater basins (and as much of the surface flow varies from
as 30 m deep beneath what appears to be a pool in the
topographically high areas), rises bottom of a deep sinkhole (e.g.,
abruptly at basin margins, and is McBGee Sink) to a stream several
within a few meters of the surface hundred meters long flowing in
in interbasin areas. Thus what may be described as a
groundwater basins in the Inner combination of a pocket valley and
Blue Grass Region are believed to a blind valley (e.g., the channel
resemble U-shaped valleys, as below Spring Station Spring). The
shown in Figure 3. flow in these landforms is major

subsurface flow at or very near
the potentiometric surface. The

GROUNDWATER BASINS AND

KARST LANDFORMS numerous sinkholes in the region
The Inner Blue Grass Region is that contain a small stream fed by
characterized by landforms such as a high-level spring which sinks in
"sinkholes," the distribution of the bottom of the sinkhole are not
which was used to define the area karst windows); and "paleovalleys”

of the region, and which will be

le—surface watershed >
e -1km
-5m -
}l<—— Basin C —_
spring catchment s

|
,

. 4 ) J
Y,
mmmy’ 720"

l¢« Basin A —| kBasin C»l |«<-Basin E —>I

Figure 3. Cross section of groundwater basins and interbasin areas
along line on Figure 2, showing aquifer (lined pattern) and base of
zone of meteoric water circulation (lower limit of lined pattern and
dashed line). Note portions of basins A and E with interbasin area
characteristics (penetrated by deep flow in basin A). The relationship
of basin C to the catchment area of the draining spring and the surface
watershed of the stream that overlies it is also shown. Sinkholes in-
dicated by S. Vertical exaggeration approximately 100X.
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which appear to be normal surface
valleys but contain no surface
stream channel. Paleovalleys
usually contain a series of
sinkholes in their bottom, and
apparently formed when their
surface stream was diverted
underground at several points
along its course, forming a series
of blind valleys, followed by
complete abandonment of surface
flow except possibly during high
discharge events.

Except for some sinkholes, all
five of these landforms are the
result of deep circulation of
subsurface water, and their
presence in an area should
indicate the existence of a
groundwater basin, allowing the
location and extent af basins to
be at least estimated from an
examinatiaon of the topographic
maps. Although some correlation
appears to exist, it has not been
possible to rely heavily on it
because of sinkhole modifications
and the inadequacy of available
maps. Before examining these
factors further, a discussion of
the origin of sinkholes in the
region is appropriate.

Sinkhole Origin

Contrary to widely held and
stated opinion, the collapse of
the roofs of caves is not the
principal cause of sinkholes in
the region (nor, for that matter,
in any other karst area with which
the author is familiar). 0f the
many sinkholes examined in the
region, cave roof collapse is not
believed to be a major factor in
the origin of any. Rather, they
are produced by solution of the
limestone bedrock at the contact
with the overlying regolith by
water that has infiltrated from
the surface, the same process that
occurs nearly everywhere in the
regiaon and has probably been the
principal agent in the lowering of
the bedrock surface through time.

Al though there will be some
penetration of the bedrock under a
hill slope through many closely
spaced, very small diameter

conduits, solution at the base of
the bedrock will be accelerated in
the vicinity of the larger
conduits, and the more rapid
lowering of the bedrock interface
nearby will cause the capture of
more flow from adjacent conduits,
and hence increased bedrock
saolution. When the resulting
subsidence of the overlying
regolith (which initially is
reflected by a simple flattening
in the surface slaope) is
sufficient to reverse the downhill
slope, a topographic depression is

results.

The existence of a topographic
depression will further accelerate
the enlargement of the conduit,
since most of the water that
infiltrates the surface within the
depression will flow through it
(although some of the flow will
probably still be carried by
smaller conduits). Major deepening
and widening of the sinkhole will
probably not occur, however, until
the conduit becomes enlarged by
solution throughout its length to
the degree that the water flowing
through it can transport particles
of regolith, after which time the
sinkhole. The volume of regolith
removed may now exceed the amount
of limestone dissolved, to the
extent that bedrock is exposed on
its sides or bottom. Although it
seems likely that a topographic
depression is generally formed
prior to the onset of regolith
removal (i.e., type one precedes
type two), this may not always be
the case, especially since the
general downslope movement of
regolith on hillslopes will tend
to fill type one depressions aor
prevent them from forming.

when the conduit i1s large enough
and flow velocities are high
enough for insoluble or otherwise
resistent beds that tend to perch
the conduit to be eroded through.
Type three sinkholes have steep or
near vertical drains to depth and
their flow is integrated into the
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dendritic system of a groudwater
basin. The various types of
sinkholes are shown in Fig. 4.

Conduits draining type one and
type two sinkholes, as well as
those draining pre—-type one areas
(incipient sinkholes), are usually
nearly horizontal, as would be
expected from their being perched
on resistent beds. They emerge on
nearby hillslopes or the heads of
small valleys as small, often
ephemeral, high-level sprinas,
some of which become turbid during
high discharges, indicating the
sinkholes they drain have reached
their type two stage.

Type one and type two sinkholes
are found throughout the region,
both in groundwater basins and
interbasin areas, and imply no
deep circulation of subsurface
flow. Type three sinkholes, on the
other hand, do characteri:ze
groundwater basins.

The tendency of sinkholes to
occur along faormer lines of
surface drainage is due mainly to
their development being favored by
the increased infiltration and
subregolith flow in such areas. In

Incipient
no depression

bedrock

Type One T
no regolith removal

Type Two i
horizental drain

Type Three
vertical drain

Figure 4. Types of sinkholes.

GRASS KARST REGION

some cases, however, the location
of such drainage lines was
controlled by reduced resistence
to erosion of the bedrock, due to
jointing or other factors, which
would also promote more rapid
conduit enlargement.

Returning to the idea that
sinkholes are due to the collapse
of cave roofs; the growth, and
especially the deepening, of a
type three sinkhole obviously is
highly dependent on the efficiency
with which regolith and other
debris can be removed through its
near vertical drain. Sinkholes
located above conduits in the
underlying groundwater basin
system need relatively short
drains to discharge sediment into
the effective transport
environment of the larger conduit,
and are more likely than other
sinkholes to deepen rapidly,
possibly to the point where they
break through into the underlying
conduit. A relatively minor factor
in this process (which is believed
to be responsible for the formaton
of karst windows in the region)
may be some collapse of the roof
of the underlying conduit in
response to the deepening of the
overlying sinkhole and enlargement
of its drain.

Finally, it should be noted
that in every instance of collapse
at the surface in sinkholes known
to the writer, the collapse has
been caused by the rapid
subsidence due to transport of
regolith by infiltrating water
within a type two or more commonly
a type three sinkhole, and no
collapse of bedrock is involved.
The balance bhetween water and
regolith transport through the
sinkhole drain suggests that such
events should be common, but their
occurrence has been greatly
influenced by the practice of
sinkhole filling, discussed below.
Regolith collapse outside of
sinkholes (i.e., not in
topographic depressions) 1s not
uncommon as well. All such
collapses the writer has examined
were due to the failure of the

41




42 SINKHOLE FILLING AND MAP INADEQUACY

roof of a shallow conduit
developed at or above the
regolith-bedrock interface.

Sinkhole Filling and Map Inadequacy

In some cases, type three
sinkholes, which indicate the
presence of a groundwater basin,
can be identified rather easily on
the 1:24,000 topographic map
{contour interval J.0 ar 6.1 m) of
the region. The method used is to
determine the minimum length
necessary for the bottom of the
sinkhole to be drained by a near
horizontal conduit. If this length
is greater than two or three
hundred meters it is quite
unlikely that such a horizontal
sinkhole drain exists and the
sinkhole is judged to be a type
three. Unfortunately, the depth of
sinkholes, especially the deeper
ones of small areas, is almost
always several meters greater than
the depth depicted on the map by
topograhic contours, since shadows
and dense vegetation obscure their
bottoms on aerial photographs.
Deep sinkholes less than S0 m
across are seldom shown at all on
the topagrahic maps. Many type
three sinkholes can be identified
as such only by field
reconnailssance.

A second factor hinders the
identification of the type three
sinkholes, and hence groundwater
basins, even after field
reconnalssance. Deep sinkholes
with steep walls provide
convenient sites for rural waste
disposal; often the long—term goal
is to nearly fill them and render
them suitable for pasture or even
row crops. This effaort by farmers
has presumably been underway for
much of the 2 centuries of
agriculture in the region, with
the result that many sinkholes
that are actually type three now
have a shallow saucer shape more
characteristic of type one or type
two.

The topographic maps of the
region do not accurately depict
many of the other karst landforms

that indicate the presence of a
groundwater basin. Few of the
streams in pocket valleys and
karst windows are shown, probably
because they are so short and
hidden by vegetation and shadows.
Many blind valleys and
paleovalleys are shown as normal
surface valleys, especially when
the reversed slope below swallets
is gentle and short. Finally,
swallets are toc small to be
termed landforms or to be shown
even by accurate maps, although
their presence is indicated in
some blind valleys. Swallets along
surface streams and in sinkholes
(many sinkholes do not contain
open swallets) can only be located
in the field.

GEOLOGIC AND OTHER FACTORS
INFLUENCING SUBSURFACE FLOW AND
GROUNDWATER BASIN DEVELOPMENT

A major objective of the study
on which this chapter was based
was to evaluate the degree to
which subsurface flow and the
location of groundwater basins
delineated by dye tracing during
this study could be explained by
genologic and other factors. Such
an explanation would not only
contribute substantially to an
understanding of the nature of
subsurface flow in the region, but
would allow the prediction of flow
directions and laocation of
groundwater basins in portions of
the region where dye tracing has
not been done.

A particular emphasis was
placed on the relevance to
subsurface flow of the geological
information contained on the U.S.
Geological Survey geologic maps of
the area investigated ( Black,
1964, 1967; Cressman, 1964, 1967,
1972; Kanizay and Cressman, 19467;
Miller, 1967; Macluown and
Dobrovolny, 1968; Pomeroy, 1968,

1970; Cressman and Harber, 1970;
and Allingham, 1972), inasmuch as

similar large-scale (1:24,000)
maps are available for the entire
Inner Blue Grass Region.

Previous hydrogeologic
investigations of the region have
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dealt mainly with the availability
of subsurface water, and have
reached varying conclusions as to
the importance of various factors.
Hamilton (1950) believed the
argillaceous units in the
Lexington Limestone were the most
important control of solution
development, and Mull (1948)
considered them a major factor.
Palmquist and Hall (1961), Hopkins
(1966a), and Faust (1977), on the
other hand, did not emphasize the
role of lithology, and considered
topography to be the major factor.
Mull (19568) ascribed such an
important role to the dip of the
rocks that he presented his well
data for the Georgetown Quadrangle
on a structure contour map.
Hamilton (1950), Palmquist and
Hall (1961), Hopkins (19&6éa), and
especially Faust (1977) believed
joints and faults played a
significant recle in subsurface
flow and solution development. The
only previous work utilizing
traced flow paths was by Jillson
(1945) , who emphasized the
geomorphic development of the flow
to Royal Spring and indicated
indirectly that downdip flow was a
factor in its development
(Jillson, 1945, p. 25-27).

Lithology of Stratigraphic Units

draining groundwater basins in the
study area, twc are interpreted as
being perched on argillaceous
units in the Lexington Limestone.
In one, the perching is observable
and seemingly clear cut; Shawnee
Hefer Spring in the Mercer County
area flows from a number of
hillside outlets over a distance
of 60 m along the outcrop of the
Macedonia Bed. Although no dye
introductions were detected at the
spring, its groundwater basin
probably lies to the southeast,
updip from the spring. The
interpretation is only slightly
less certain for Spring Lake
Spring in the northern Fayette and
southern Scott counties area,
which emerges at about the
stiratigraphic position of the Cane
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Run Bed, well above the level of
major streams, and is downdip from
its traced groundwater basin.

None of the other 37 major
springs draining groundwater
basins in the study area indicate
control by stratigraphic units in
the Lexington Limestone. It would
seem reasanable that the few that
emerge somewhat above the level of
major surface streams (e.g., Gano
and Steeles springs) are perched
on argillaceous or otherwise
resistant beds, but such beds, if
present (such as the Macedonia Bed
at Gano Spring) are not indicated
on the geoclogic maps or
accaompanying lithologic
descriptions, and were not

. observed in the field.

The control of shallow
subsurface flow in interbasin
areas {(including such areas within
groundwater basins) by mapped or
unmapped argillaceous limestones
appear to be more common. Not
infrequently, twoc or more
high—level springs will emerge at
the same stratigraphic level, and
in the Sinkhole Flain paleovalleys
a number of such springs emerge at
the top of Macedonia Bed.

There may be occasional
perching of surface streams for
short distances on argillaceous
units (e.g., the middle reaches of
Cane Run on the Cane Run Bed and
the stream in the Joyland Cave
blind valley on the Brannon
Member), but such instances are
not obvious nor widespread.

Because of the general
parallelism between bedding and
the overall topographic surface in
the areas studied, most of the
major flow conduits and springs
are in the lower exposed units of
the Lexington Limestone,
especially the Grier Limestone,
but the stratigraphic position of
springs emerging from this unit
varies over more than 12 m, and
there is no evidence of lithologic
control. Similarly, those smaller
groundwater basins that
approximately coincide with
surface drainages have their
margins beneath surface divides
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that are often underlain by higher
argillaceous units such as the
Millersburg Member and the Clays
Ferry Formation. The numerous
examples from both small and large
basins which do not show this
accord with topography, however,
indicate lithologic variations in
the lLexington Limestone are of
little or no importance in
controlling the development of
major flow conduits or the
location of groundwatr basins.
Subsurface flow in major conduits
occurs beneath all seven of the
argillaceous units mapped in the
area (Table 1), as follows (the
location of an example is in
parentheses): Macedonia Hed
(Burgin Springs Basin), Cane Run
Member (Royal Spring Basin),
Greendale Lentil (S5ilver Spings
Rasin), Millersburg Member
(Russell Cave Spring Basin), and
the lower part of the Clays Ferry
Formation (Cove Springs Basin).

Bedding Attitude

The parallelism between bedding
and the overall topographic
surface mentioned above also
complicates the evaluation of the
importance of the dip of the rocks
in determining flow directions in
groundwater basins. There is no
evidence, however,; of any useful
relationship between flow
directions as indicated by dye
traces and the dip as shown by
structure contours on the geologic
maps. Although flow in some of the
smaller basins is approximately
downdip (e.g., Versailles Spring,
Votah Spring, Jenning Spring
basins), in others it is nearly
updip (e.g., Distillery Spring,
Duvall Cave, BGano Spring basins).
Flow directions in the larger
basins appear to be similarly
unrelated to local dip. In the
Lindsay Spring and Silver Springs
basins, flow conduits cross mapped
anticlines and synclines at right
angles, and in the Russell Cave
Spring basin the discharging
spring and dye input points are on
opposite limbs of an anticline

that appears to represent the
crest of the Cincinnati Arch.

Because of the problems
associated with detailed
structural mapping of
stratigraphic units that often
show rapid lateral changes in
thickness and lithology, and whose
exposures may be subject to
slumping and rotation on
hillslopes, the structure contours
shown on the geologic maps may not
accurately reflect local bedding
attitude everywhere. If such local
structure is ignored and the
arientation of flow directions to
the original dip is examined, no
more consistent relationship is
found. In the northern Fayette and
southern Scott Counties area,
while flow in the Royal Spring,
Slacks Spring, and Nance Spring
basins is to the north—-northwest
and down the regional dip, flow in
the adjacent Silver Springs and
Lindsay Springs basin is to the
southwest along regional strike.
In the Mercer County area the
regional dip is to the west, as is
the general flow directions in
basins draining to the Salt River
{(e.g., Big Spring and Eureka
Spring basins). In basins draining
to the Dix and Kentucky Rivers
(e.g., Burgin Spring and Shawnee
Run Spring basins), however, flow
is generally to the east and hence
up the regional dip.

Faults, Joints, Sinkhole Trends,
and Similar Features

A number of steeply dipping or
vertical planar structural
features, including faults,
mineralized veins, and joints, are
shown on the geologic maps of the
areas studied. In addition, linear
trends of sinkholes are shown by
topographic contours and others
are visible on aerial phaotographs
{Thrailkill and others, 1983).

Four of the 39 major springs
draining groundwater basins emerge
at or within a few tens of meters
of a mapped fault. In two of
these, I-73 Spring and Nance
Spring, the dye intraoduction
peoints (only one for I-75 Spring)
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were along the fault or an
apparent (but unmapped) extension,
and the major flow conduit for the
basin is probably along or very
near the fault. In the Shawnee Run
Spring Basin, the spring is on the
downthrown (about 2 m) side of a
small fault that trends at nearly
right angles to the line of flow
from dye introductions on the
upthrown side. A more complex
relationship exists in the Shawnee
Copperhead Spring Basin, where a
major ftlow conduit intersects an
unmapped fault and may follow it
to its intersection with a mapped
fault near which the discharging
spring is located.

Dye introductions were made in
swallets located on mapped faults
in three other groundwater basins.
In the Sharp Swallet Basin, flow
appears to follow the fault, and
the discharging spring is probably
on an unmapped extension. In the
Boggs Spring Hasin, however, the
flow was away from the fault (part
of the same system as the I-7%
Spring Basin Fault) at a high
angle to the spring located some
distance away from its trace.
Similarly, in the Silver Springs
Rasin, flow from several swallets
located along a series of parallel
mapped faults is at right angles
to their trend, as was flow from a
swallet on the opposite side of
the faults from the spring.

The northern Fayette and
southern Scott counties area is
bounded on the southeast by the
northeast—trending Lexington Fault
System, a series of parallel
faults with up to 150 m of mapped
displacement. The single dye trace
made to Bailey Spring, which lies
on the souvtheast {(downthrown) side
of a major mapped fault in the
system, was from a swallet on the
naorthwestern side of the fault.
The line of the trace, which was
so short and apparently
represented such swallow flow that
no groundwater basin was defined,
crossed the fault at nearly right
anqgles.

It was possible to examine the
relationship of a flow conduit to
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an unmapped mineralized vein in a
cave in the Shawnee Copperhead
Spring BRasin. The conduit
intersects the barite vein in
several places at various angles
and appears to be unaffected by
its trend. In the Silver Spring
Basin the major flow conduit
appears to cross a mapped barite
vein at about a 45 angle.

No general relationship was
evident between traced flow lines
and Jjoint directions, although in
a few cases, as in the Silver
Spring Basin near the barite vein
discussed above, the orientations
of flow lines and mapped joints
are similar. It should be noted,
however, that except in a few
places where a conduit is
accessible and has been mapped,
the only indication of the
orientation of flow line is the
relative positions of the dvye
input and detection points.

Linear trends of sinkholes are
not uncommon in the Inner Blue
Grass Region. Based aon a sample,
there are about 1,000 such trends
identifiable on topographic maps
in the region (Thrailkill and
others, 1987%), and hence
appraoximately 120 in the area
studied assuming uniform
distribution. Most are less than 1
ikm long, and more trend between
northwest and north than in any
other direction. Faust (1977,
plate 2, p. 16) gave the location
of 40 such trends and stated that
they were probably favorably
placed to obtain goundwater.

Aligned sinkholes are present
along the mapped faults in the
I-75 Spring, Boggs Spring, Sharp
Swallet, Nance Spring, and Silver
Springs basins discussed above.
Traces from swallets on opposite
ends of a linear trend in the
northwestern Woodford County area
showed that the trend extends from
the Roaring Spring to the Fin 0Oak
Spring basins. Investigations in
the Royal Spring, Slacks Spring,
Cornett Spring, and lower Roaring
Spring basins strongly suggest
that the major conduit in each of




46 FAULTS, JOINTS, SINKHOLE TRENDS, AND SIMILAR FEATURES

these basins follows sub-parallel
linear sinkhole trends.

Furthermore, the principal conduit
in the adijacent Sharp Swallet and
Nance Spring basins follows mapped
faults (as discussed above) that
are roughly parallel to these
linear sinkhole trends. These
relationships are shown in Table
3, where the basins are listed
from west to east.

The aligned sinkholes,
similarity of orientation, and
occcurrence of mapped faults in two
of the basins suggests the
existence of a fracture set of
regional dimensions, with the
possibility that the fracture may
be regularly spaced at intervals
of 2 to 3 km. This hypothesis
would suggest an additional
fracture between the Royal Springs
and Slacks Springs basins and two
between the Cornett Spring and
Roaring Spring basins. The first
interval was intensively
investigated but no groundwater
basin was discovered in this area,
which is on the northeastern side
of the valley of Cane Run. The
interval between the Cornett
Spring and Roaring Spring basins
has not yet been investigated.

Note that, except for the
Roaring Spring Rasin (which has
the least well defined sinkhole
trend), the orientation of the
hypothesized fractures varies
rather smoothly from N 10= W

in the west (Cornett Spring Basin)
to N 45 W in the east (Sharp
Swallet Basin). The pattern does
not extend farther to the east,
since the major basin is the
Vaughans Spring Basin, whose flow
appears to follow a very well
developed line of sinkholes which
trends N 20 E. Flow in all of the
basins is down the regional dip to
the northwest, except in the
Cornett Spring Basin, where flow
is updip to the southeast.

The presence of major
subsurface flow conduits beneath
liner sinkhole trends was
discovered early in the study, but
the nature of the features
responsible was unknown. They were
initially referred to as diaclases
(Thrailkill and others, in press},
a term which includes major
("master") joints, a set of
closely spaced joints, or unmapped
faults.

Late in the study, the
opportunity arose to examine one
of these features underground in
the major downstream conduit of
the Slacks Spring Basin. The
conduit, which is nearly straight,
is typically about &6 m wide and 3
m high. It is developed in the
Grier Limestone Member, and the
thin, irregularly bedded limestone
typical of this unit is exposed in
the sides of the conduit.
Individual beds are seldom thicker
than 20 cm and generally cannot be

Table 3.-- Sub-Paralled Groundwater Basins.

BASIN DRIENTATION
Roaring Spring N 25 W
Cornett Spring N 10 W
Nance Spring N 15 W
Slacks Spring N 25 W
Royal Spring N 25 W

Sharp Swallet N 45 W

INTERVAL FLOW DIRECTION

N to So. Elkhorn Cr.
8 km

5 to So. Elkhorn Cr.
2.3 km

N to No. Elkharn Cr.
2 km

N to No. Elkhorn Cr.
S km

N to No. Elkhorn Cr.
2 km

N to Mo. Elkhorn Cr.
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traced laterally more than a few
tens of meters. Visible joints can
seldom be traced more than a meter
or so vertically, and those
parallel to the conduit seldom
extend for more than 10 meters.

Over most of the 1-km
accessible length of the conduit,
the ceiling is the nearly flat
underside of an unusually
continuous tabular limestone bed,
a lithology more characteristic of
the Tanglewood Limestons Member.
The trace of a joint, apparently
little enlarged by solution, is
visible in the ceiling in many
places. This joint parallels the
conduit and can be observed in
several places to be continuous
for at least 50 meters. The flat
ceiling (often several meters
wide) is due to caollapse of weaker
beds up to a more resistant and
continuous bed, which is a common
process in the nearly horizontal
beds of the region.

Thus, it is beleved that
alignment of sinkholes and
localization of major conduits in
the absence of faults is
controlled by the presence of a
joint that, unlike most of the
joints in the region, is
continuous both horizontally and
vertically (at least 30 m in the
one observed, judging by the depth
af the conduit beneath the
surface). The presence of such a
joint will promote the development
of deep sinkhole drains near the
surface, and hence type three
sinkholes {(as discussed earlier).
At depth it will furnish a
favorable path for initial conduit
development if it trends at a
small angle to the eatrly potential
" gradient (as will be discussed
below). Such conduits will more
likely form in thin bedded
limestones with closely spaced
joints, and little enlargement of
the joint in massive and
horizontally extensive beds (such
as forms the ceiling of the
conduit as described above) would
be expected with the exception of
occasional near—vertical sinkhole
“drains.

This interpretation may
explain the rather anomalous
situation in the lower Vaughans
Spring Basin, where the path of
the major conduit down flow from a
karst window is along a linear
trend of sinkholes, but then
passes beneath North Elkhorn Creek
to the spring on the opposite
side. It is presumed that the
conduit is developed along a
fracture that has localized the
sinkhole trend but is beneath a
resistant bed at the creek, rising
through it on the far bank at the
margin of the bed or at one of the
few points it is penetrated by a
solution opening. It would seem
likely that the spring, which is
on the inside of a meander loop,
was once on the opposite
(southern) side of the creek, and
that the creek channel has
migrated laterally on the
resistant bed.

Topography

There appears to be no
consistent correlation between
groundwater basins and surface
drainage basins. Several of the
smaller groundwater basins (e.q.,
Baker Cave Spring, Humane Spring,
Gano Spring, Santan Spring, and
Tevis Spring basins) appear to at
least approximately underlie
surface drainage basins. In other
small basins, however (e.g., Fin
Oak Spring, Cove Spring, Hartman
Spring, Sharp Swallet, and Elkhorn
Spring), subsurface flow lines
cross surface divides. All of the
larger groundwater basins extend
beneath surface divides. Examples
include (surface divide is in
parentheses): Rig Spring BRasin
(Salt River—-kKentucky River), Nance
Spring Basin (North Elkhorn-South
Elkhorn creeks), Silver Springs
Hasin (North Elkhorn Creek—Cane
Run). In addition, in no instance
were the boundaries aof groundwater
basins related to the divides of
paleovalleys, such as the lLees
Branch paleovalley in the
northeastern Woodford County area
or the Sinkhole Plain paleovalley
in the Mercer County area. In
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contrast, the flow direction of
the shallow subsurface flow in
interbasin areas is believed to be
generally accordant with surface
drainage as discussed earlier.

Although the flow direction in
groundwater basins appears to bear
no consistent relationship to the .
details of present topagraphy,
there does seem to be a tendency
for such flow to be toward the
nearest major surface stream. In
the Mercer County area,
groundwater basins apper to be
developed on either side of a line
drawn midway between the Salt
River to the west and Herrington
Lake (Dix River) and the Kentucky
River to the east. Similarly, in
"the northern Fayette and southern
Scott counties area, groundwater
basin flow is generally away from
a line midway between South
Elkhorn Creek and Town Branch on
the southwest and Naorth Elkhorn
Creek to the north and east. These
flow directions would correspond
to the slope of the potentiometric
surface of a regional aquifer
(which does not now exist)
discharging along these major
streams.

Geomorphology

There have been easily
interpreted changes in the
landscape related to the
development of underground
drainage. The upper portions of a
number of surface valleys have
been converted into blind valleys
and in a few cases paleovalleys
have been created by the diversion
underground of essentially all
surface drainage. Similarly, in
several of the caves of the region
passages that are not now carrying
subsurface flow are found a few
meters above the active flow
conduits, and there are high-level
openings near a few of the major
springs (e.g., Roaring Spring,
Lindsay Spring) that probably
represent abandoned conduits
(although most of these are
utilized during high flow). None
of these higher level conduits,
however, indicate earlier flow

directons or groundwater basin
boundaries that are different from
those now active.

Prior to the Mercer County area
study, it was hypothesized that
the degree of groundwater basin
development would be less near the
margins of the region and in other
areas where the Lexington
Limestone has more recently lost
its cover of the overlying
argillaceous Clays Ferry
Formation. Such a relationship,
which was discussed briefly in
Thrailkill and others (in press),
was not born out by the Mercer
County area study, where well
devel oped groundwater basins
(e.g., Baker Cave Spring and Cove
Springs basins) are adjacent to
and even beneath outcraops of the
Clays Ferry Formation.

Conclusions and Utility of

Geologic Maps

The preceding analysis
indicates that no single factor or
simple combination of factors
appears to control the location of
groundwater basins or direction of
subsurface flow within them. The
best predictor of general flow
direction would seem to be
proximity to a major surface
stream, in that most of the flow
in most of the basins in the areas
investigated was generally toward
such streams, probably in response
to a potentiometric gradient in
existence early in the development
of the subsurface flow systems.

Groundwater basins will be
found beneath deep sinkholes,
blind valleys, and paleovalleys,
but the lack of such landforms
does naot necessarily indicate the
presence of interbasin areas.
Where the trend of aligned deep
sinkholes does not deviate from
the direction of the early
potentiometric gradient by a large
angle, it is likely that major
basin conduits are developed
beneath such an alignment.

All of the above features are
shown, with varying degrees of
accuracy, on the topographic maps
af the regiocn. The principal
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information presented on geologic
maps, the areal extent and
lithologic nature of stratigraphic
units in the Lexington Limestone,
is of little or no utility in
locating the boundries of and flow
directions within groundwater
basins, nor does bedding attitude
as shown by structure contours
provide useful information. About
the only features delineated on
geologic maps (and not on
topographic maps) that may be of
interest are faults along which
aligned sinkholes are not present,
although no conduits were shown to
follow such faults in the area
studied. It is possible that there
is a slight tendency for basins in
which the flow is down the
regional dip to be enlarged
relative of those in which flow is
updip, but no real evidence of
this was seen during the study.

NATURE AND DEVELOPMENT OF THE
HYDROGEOLOGIC SYSTEM

The following discussion may be
premature, inasmuch as no studies
in the region of important topics
such as water budget or carbonate
geochemistry have yet been '
completed. The relationships
established during the present
study, however, provide a
framework for an explanation of
the natuwre and development of the
hydrogeclogy of the system that is
sufficiently different from the
views of earlier workers to
justify its presentation.

The ideas that will be
presented are based aon arguments
that are rather highly deductive.
The only portions of the
subsurface system that can be
directly observed in any detail
are conduits that are large enough
to enter and are not completely
water filled. Although consistent
with observations made during the
study, the properties .of, and
processes occurring within, the
smaller conduits must mainly be
deduced from physical principles.

The differences between the
hydrogeclogy of the region and

s N

that of areas underlain by
granular material are so
substantial that virtually the
only feature the two systems have
in common is the presence, flow,
and availability of water beneath
the surface to wells. Because a
fundamental starting point for the
description of the hydrogeology of
granular aguifers, and the
overlying vadaose and regolith ‘
zones, is that the type of flow is
such that Darcy’'s Law is followed,
an examination of the types of
subsurface flow in the Inner Blue
Grass Karst Region is appropriate.

Types of Flow

Subsurface flow in an area
underlain by granular material is
largely through pores of such
small diameter that the flow
velocity is linearly related to
the potential gradient by the
hydraulic conductivity, a
relationship described by Darcy’s
Law. In addition, flow in small
planar fractures (e.g., joints and
bedding surface) will also obey
this relationship if the width of
the fracture is sufficiently
small. The term "capillary size"”
will be used here, although
capillary effects are pertinent
only in unsaturated flow. If the
pores (and fractures) are not
saturated with water, the flow
will be termed "unsaturated
intergranular flow" {(and the
degree of saturation is an added
parameter in flow relationships);
otherwise the flow will be termed
"saturated intergranular flow."
Although other types of flow may
occur, as in large soil fractures
and in areas of high potential
gradient near pumping wells, they
may usually be safely neglected in
describing the hydrogeologic
system. The body of saturated
granular material at depth in
which saturated intergranular flow
occurs, and in which the water
pressure is greater than one
atmosphere, is considered the
"aquifer” (and its contents
"groundwater") if its hydraulic
conductivity is high enough for
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water to be yielded to wells.
Above the "potentiometric surface”
(termed the "water table'" i1f the
aquifer is unconfined), at which
the pressure is atmospheric, most
of the flow is unsaturated
intergranular flow although a
region of saturated intergranular
flow (lower portion of the
capillay fringe) is usually
present just above the
potentiometric surface in the
"vadose zone" and, locally and
temporarily, in portions of the
regolith as a result of high
recharge.

In contrast, subsurface '
meteoric water in the Inner Blue
Grass Region is transported by six
different types of flow, all of
which are significant in
describing the nature and
development of the hydrogeologic
system. In the regolith, flow is
similar to that in the regolith
overlying granular material, and
water is transported largely by
unsaturated intergranular flow,
with areas of saturated
intergranular flow beneath ponds
and surface streams as well as
elsewhere following heavy rains or
snow melt. Unlike many areas of
granular rocks with appreciable
hydraulic conductivity, however, a
zone of saturated intergranular
flow is often present above the
regolith-bedrock interface due to
the very low hydraulic
conductivity of the bedrock 1f neo
conduits are developed. In
addition, one or more of the four
types of conduit flows discussed
below may occur in the regolith
(especially its lower part) in
conduits excavated by piping and
other non—-solution processes.

Flow in the bedrock ocutside of
conduits will be by saturated
intergranular flow as well.
Although this is overwhelmingly
the largest region in the
subsurface, intergranular
hydraulic conductivities in the
bedrock are so low that this flow
is of no interest on a short time
scale as a source of water to
wells nor aon an intermediate time

scale of a few weeks to a few
vyears in considering the water
budget of the region. As will be
discussed, however, such flow is
important on a long (i.e.,
geological) time scale in

"understanding the development of

the hydrogeolagic system of the
region. Note that the two types of
intergranular flow include flow
along narrow fractures, as well as
that between grains.

The other four types of flow
are in conduits, which are
solutionally enlarged openings
larger than the capillary size
openings so far discussed.
Although many conduits are tubes
rather than regular cross sections
that change little along the
length of the conduit, the term
will also be applied to all large
openings in the rock regardless of
their shape.

"Pipe flow"” occurs when the
conduit is completely filled with
water and (since there are no
capillary effects and the venturi
effect of high velocities is
negligible) the pressure is
greater than atmospheric. The
other types of conduit flow are
unsaturated (i.e., the conduit
contains both water and air). In
"bedrock channel flow", flow is on
bedrock beneath a free surface,
and hence the width, depth, and
gradient are fixed for a given
discharge except for soclution and
abrasion of the bedrock on a long
time scale. "Gravity flow" differs
from bedrock channel flow in
having a very high gradient,
lacking a well defined
cross—sectional area, and having
poorly defined contact (or none 1in
the case of water falling free)
with the bedrock, which precludes
the application of open channel
flow relationships (e.g.,
Chezy—-Manning) used for other
types of unsaturated conduit
flows. Finally, "equilibrium
channel flow" is similar to
bedrock channel flow (and is
describable by open channel flow
relationships) except that the
bottom and sides of the channel




are largely on sediment,
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mainly

transported regolith and bedrock
and its width, depth,
and gradients on a long and

possibly intermediate time scale
are determined by an equilibrium

fragments,

between water and sediment

transport.

variety of

for surface streams
and others,

MackKichan,

Table 4.-— Types of Subsurface Flow in the

TYPE OF
FLOW

Saturated
interaran-—
ular flow

Unsatur—
ated

intergran—
ular flow

Gravity
Flow

Pipe
Flow

Bedrock
channel
f1low

Equili-
brium
channel
flow

Such flow has been
extensively discussed (under a

names)

19643
1981).

by many authors
(e.g.,
Hammer and

Leopold

SATURATED OR

UNSATURATED

Saturated

Unsaturated

Unsaturated

Saturated

Unsaturated

Unsaturated

TYPE OF
OPENING

Capillary

Capillary

Conduit

Conduit

Conduit

Conduit
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Al though other types of
subsurface flow may occur in the
region, such as in saturated or
unsaturated conduits in areas of
ponding or in saturated conduits
partly filled with sediment, it

may be assumed,

at least

initially, that such flow may
adequately be described as one of
the types described above. The
proprties of the six types of flow
considered are summarized in Table

4.

Inner Blue Grass Region.

PRESSURE
REL. 7O
ATM.

Greater
(occ.about
equal or
less)

Less

About
equal

Greater

About
equal

about
equal

PREDOMI -

TANT
FLOW
MODE

1aminar

laminar

turbu-—
lent

turbu-
lent

turbu-—.

lent

turbu-
lent

POTENTIAL

VELOCITY

RELATION~-
SHIFS

Darcy

Darcy
(modified)

Gravita—
tional
accelera—
tion
vertical
film, etc.

Turbulent
pipe flow

Chezy-
Manning,
etc.

Chezy-

Manning,

Leopold,
etc.
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The Non-Meteoric System

Before proceeding further with
a discussion of the nature and
development of the subsurface
meteoric water flow system, some
mention of what will be termed the
non—meteoric system is in order.
As discussed earlier in the
section on water suppfy, many
wells drilled in the region
encounter water of unsatisfactory
quality, in some cases at depths
of less than 25 m. This water is
varipusly characterized as
containing sulfur, salt, iron,
etc., and may be present in

appreciable quantities in some
wells.

Although little is known of
this subsurface water, several
abservations can be made. First,
at least some of the water is in
conduits (and presumably by pipe
flow at these depths), inasmuch as
the intergranular hydraulic
conductivity is too low to
transmit the amounts of water that
have bheen encountered. Second, the
chemistry of the water indicates
that it is isolated from the
meteoric water system. Third, the
absence of such water in many deep
dry holes and underground quarries
suggest tht this system does not
completely permeate the bedrock.
Fourth, the apparent difference in
chemistry of this water suggest
that it may be in small,
relatively isolated bodies, and
that a continucus system does not
exist. Finally, the fact that some
wells that initially vyield water
of unsatisfactory quality later
produce meteoric water, suggests
that pressure communication
between the non—-meteoric and
meteoric systems may exist, and
continued pumping of the former
allows the latter to invade the
conduits and flush them out.
Alternatively, these cases may be
explained by the well initially
producing from both systems which
-then exhausts the non—-meteoric
system, supporting the suggestion
that these are actually a series
of isolated systems.

Conduit Initiation

Virtually by definition, the
flow in bedrock to conduit
development is by saturated

intergranular flow, and such flow
is now occcurring in bedrock where

conduits are not present. An
examination of the transition from
intergranular to conduit flow
would thus seem to be an essential
part of the development of the
flow system, but as the following
will show, no very satisfactory
conclusion can be reached
regarding this phase of the
hydrogeolgic history of the
region.

The principal mechanism
responsible for the initiation of
conduits is solution of the
mineral calcite, and principal
constituent of limestone, and
although various attempts have
been made to guantify the
relationships between sclution and
flow (e.g., White, 1977), much
work remains in this area. It is
evident, however, that conversion
of an intergranular flow path to a
conduit flow path requires the
passage of large amounts of water
simply to remove the solution
products, regardless of the
details of the soluton kinetics or
degree of chemical undersaturaton
of the water as it enters the flow
path. Assuming a high and constant
carbon dioxide partial pressure,
no dissolved calcite in the water
as it enters the flaow path, and
complete saturation with respect
to calcite as it leaves the flow
path (all unrealistically generous
specifications), a volume of water
at least 1,000 times the volume of
the initial conduit (neglecting
the volume of the intergranular
flow path) is needed during the
periocd of intergranular flow.

Assuming a potential gradient
of 0.01 (based on the region’s
topography), a flow path length of
S km, and a minimum time for water
to traverse the flow path of 10
yvyears (thus providing the above
volume in 10,000 years), an
application of Darcy’s Law yields
a minimum hydraulic conductivity
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along the flow line of a little
more than 107 m/s.

Intergranular hydraulic
conductivities of the limestones
and thin shales of the Lexington
Limestones are low. MacGuown
(1967, p. 68), presents a
determination equivalent to about
10=% m/s for a specimen of
the Curdsville Member, which is
lithologically similar to the
Tanglewood Limestone Member.
Freeze and Cherry (1979, p. 29)
indicate that a hydraulic
conductivity of 107 m/s is
about the lower limit for
limestone, and hence this probably
represents intergranular, as
opposed to fracture, hydraulic
conductivity.

The actual flow velocity along
a flow path will be inversely
related to the bulk velocity
(suggested by the hydraulic
conductivity) by the void ratio,
assuming the flow path is
straight. A void ratio of
10==, and a degree of
tortuousness of the flow path such
that it is 10 times the straight
line distance, yields a flow
velocity of 1077 m/s, two
orders of magnitude too low for
conduit initiation under the
conditions assumed.

Because the Lexington Limestone
is thin-bedded and the individual
beds are jointed, pre—-conduit flow
along bedding and joint surface,
which will collectively be called
"fractures," would seem likely.
Such flow in a system of narrow
fractures (assuming certain
conditions of their
interconnection and spacing are
met) will obey Darcy’'s Law and is
here considered saturated
intergranular flow, even though
the flow paths are not between
grains.

Macfuown (1967, p. 47) found
the average spacing of bedding
surfaces to be 0.035 m and the
average joint spacing to be 0.24 m

in the Curdsville Member, which
vields a value of 24.2
fractures/m=2. Assuming a

width of 0.1 mm (10=° m) for
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a fracture that has not been
splutionally widened, a hydraulic
conductivity of about 10—212

m/s is obtained using methods
described in Freeze and Cherry
(1979, p. 74), and the void ratio
(assuming all fractures are
parallel to flaow) is about 2.5 =
10—=, Even if no path

lengthening due to tortucusity is
considered, a flow velocity within
a fracture of 4 x 10°°

results, one and a half orders of
magnitude less than that of an
intergranuar path.

Although this admittedly crude
analysis suggests the
intergranular flow paths should be
favored over fracture flow paths
during the pre-conduit flow stage,
the reverse is probably true,
since small conduits observed in
outcrop are usually, but not
invariably, localized along a
joint or bedding surface. Thus,
there may be errors and
inconsistencies in the
assumptions, most notably in the

specification of fracture width.
Since hydraulic conductivity along

a fracture is directly related to
the third power of the fracture

width (Freeze and Cherry, 1979, p.
74), if the width is 1 mm
(10—=) rather than 0.1 mm,

the hydraulic conductivity is
increased by 3 orders of
magnitude, favoring fracture paths
over intergranular paths. Such a
width for non—-solutionally widened
fractures at depth seems too great
(0.1 mm is probably too generous),
but it is likely that some
solutional widening (and even
conduit development) has occurred
in at least some fractures prior
to the initial entry of meteoric
water. Openings large enough to
transmit the non-meteoric system
discussed earlier are certainly
present in some places in the
rock.

The apparent near—comparable
efficiency of intergranular paths
suggests that pre-conduit flow
along such paths cannot be
ignored, however. If a steep
potential gradient were present at
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an angle toc bedding where no
joints were present, enlargement
of intergranular paths parallel to
the gradient would be expected.
Such paths would probably even
cross shale interbeds up to
several millimeters thick (which
probably includes most such
interbeds in the Lexington
Limestone), inasmuch as the shales
generally contain more than 30
percent calcite (and dolomite) and
less than 25 percent clay minerals
(Fisher, 1968, p. 780), and hence
even their vertical hydraulic
conductivity may be comparable to
the hydraulic conductivity of the
limestones. Conduit development in
such shales would be inhibited by
the accumulation of insoluble
residue, however.

Ewers and Quinlan (1981) have
presented the most persuasive
explanation for the initial
development of conduits from
saturated intergranular flow along
a fracture. Ewer’'s (1981)
experiments (utilizing salt and
plaster) indicate conduit
development begins at the input
point and extends down the flow as
a complexly branching dendritic

pattern of small conduits. Because
potential loss in the conduits, is

much less than in the
intergranular flow region, the
steepest potential gradient is
between the outlet and the end of
the conduit nearest the outlet
resulting in increased flow and
accelerated conduit growth along
this line. Once the first conduit
reaches the outlet, potential
falls in all the conduits and flow
within the growth of the other
canduits in the dendritic pattern
virtually ceases. If dendritic
patterns of conduits are growing
from other input points, a steep
potential gradient develops in the
intergranular flow region between
these conduits and those of the
pattern that first reached the
outlet, causing conduits in the
pattern that first reached the
outlet. Thus, the first type of
dendritic pattern (branching
downflow) is converted to a more

familiar second type t(branching
upflow).

Stages of Conduit Growth

Further solutional (and
abrasion) enlargement of the
conduits and integration of the
conduit system has led to the
present hydrogeologic system of
the region. During this
enlargement and integration,
individual conduits have passed
through a number of significant
stages. The transition teo the
first stage cccurs when the
cross—-sectional area of a conduit
becomes sufficiently large, and
the flow velocities (due to
integration of the conduit system)
sufficiently high, for the flow to
become pipe flow, and hence no
longer described by Darcy’s Law.
Prior to this transition, the flow
would be saturated (usually)
intergranular flow, even though it
was in the embryo conduits
described in the preceding
section. Because both the plan and
cross—section of the conduits are
probably quite irregular, the
transition to the first stage
probably occurs well before the
flow becomes turbulent.

The transition to the second
stage occurs when conduit size
throughout its length is great
enough for sediment {(both regolith
ad the insoluble residue from the
solutional enlargement of the
conduits) to be transported
through te system. The third stage
is reached when the size of the
conduit and the flow velocities
are sufficiently high for conduits
on bedding surfaces above thin
shales or otherwise resistant beds
to erode through to the underlying
less resistant limestone. The ’
conduit size and flow velocity
necessary is obviously a function
of the extent, thickness, and
degree of resistance of the
underlying bed.

It seems unlikely that
significant sediment transport can
occur unless the flow is
turbulent, and conduits that are
able to erode shales {(probably
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mainly by solution, inasmuch as
the "shales" are dominantly
carbonates, as discussed earlier)
must be able to transport the
insoluble residue out of the
conduit. Thus, the three stages
would seem to be sequential. There
is anather transition that occurs
at some point during the
en}largement of a conduit and
integration of the system whose
position in the sequence may vary,
although it probably occurs most
often during the second stage.
This transition occurs when the
size of the conduits and
integration of the system reaches
the point where the amount of
water being supplied to the
conduit is insufficient to fill
it, at least during times of low
recharge, and the flow becomes
unsaturated, either bedrock
channel flow, if the gradient is
low, gravity flow, if the gradient
is high (most common in a third
stage conduit), or equilibrium
channel flow in larger and deeper
conduits.

Where the conduit serves as a
sinkhole drain, this
classification corresponds to the
classification of sinkhole types
outlined earlier, in that
incipient and type one sinkholes
are drained by first stage
conduits, type two sinkhaoles by
second stage conduits, and type
three sinkholes by third stage
conduits.

As stated earlier, geochemical
studies of the ability of
recharging meteoric water to
accomplish the conduit enlargement
have not yet been completed in the
region. A considerable body of
literature exists on this question
based on studies in other areas,
however (e.g., Thrailkill and
Robl, 1981), and it is believed
that this model of conduit
initiation and development is
consistent with the geochemistry.

Groundwater Basins, Interbasin

Areas, and the Aquifer
Groundwater basins have been
identified as areas within which
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dye tracing has indicated that the
subsurface conduit system appears
to be deep, extensive, and well
integrated, while there is no
evidence that the subsurface
conduit system in interbasin areas
has any of these characteristics.
In groundwater basins, at least
the major flow of meteoric water
infiltrating the surface descends
steeply through stage three
conduits from stream swallets or
as type three sinkhaole drains.

In two of the groundwater
basins identified (Shawnee Hefer
and Spring Lake Spring basins),
the major basin conduits are
believed to be perched on a
resistant bed, and thus have not
reached the third stage of
development relative to this bed
{although third stage conduits are
probably developed through thinner
resistant beds above it).

In the remaining 36 groundwater
basins, flow within them appears
to be in large, nearly horizontal
conduits, whose elevation is
unrelated to lithology. Where
major conduits can be entered and
examined, they consist of open
passages traversed by a stream
flowing over sediment, with
accessibility terminating both
upstream and downstream when the
conduit becomes completely filled
with water. The nearly horizontal
gradient of these major conduits
is believed to be controlled by
the equilibrium flow occurring in
the unsaturated portions of the
major conduits.

As discussed earlier, the width
of the zone of near horizontal
flow at depth in underground
basins is uncertain. Although
potentiometric surface elevations
in the middle Slacks Spring BRasin
suggest that it may be extensive,
other evidence would seem to
indicate that conduit development
between major flow lines within
the basin is minor or absent, and
that the basin flow is largely
through a single conduit or, in a
few cases, condulits parallel to
and very near the major conduit.
Such evidence includes well data
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from the lower Slacks Spring Basin
and other basins in the Georgetown
fuadrangle, the fact that most of
the springs either have a single
outlet or multiple outlets very
close to each other, and the fact
that impoundment of springs has
not led to their abandonment and a
major diversion of flow as the
potential is increased.

Subsurface flaow within the
groundwatr basins (neglecting the
saturated and unsatrated
intergranular flow in the regolith
and saturated intergranular flow
in the bedrock outside of
conduits) is thus different in
different parts of the basin.
Water entering the basin from
stream swallets and type three
sinkhole drains, initially
descends steeply by gravity flow
and short reaches of bedrock
channel flow to the floor of the
basin. It then is transported to
the discharging spring mainly by
equilibrium channel flow and pipe
flow, although reaches of low
gradient bedrock channel flow
several hundred meters long have
been observed in the upstream
portion of smaller conduits.

Although it is rather easy to
explain the near horizontal flow
in the groundwater basins as being
due to equilibrium channel flow in
at least major portions of the
larger conduits, it should be
noted that other, and unknown,
factors promoting this horizontal
flow may be operating. By its very
nature equilibrium channel flow
requires that large amounts of
sediment are being transported in
the subsurface. While this is
certainly true in the Inner Blue
Grass Region, it may not be in
other karst areas where
near~horizontal flow also occurs.
This equilibrium flow explanation
is not, therefore, necessarily a
general explanation of the causes
of shallow versus deep phreatic
flow that has been extensively
debated in the literature (e.g.,
Thrailkill, 1968).

In hydrogeologic systems, an
aquifer is considerd to be a body

of rock that contains water that
is available to wells in useful
gquantities and that is under a
pressure greater than atmospheric.
In addition, the water should be
of usable quality. The term has
been avoided so far in this report
because the nature of the
subsurface flow system in the
region is so different from that
in granular materials that the
term is essentially meaningless
unless carefully characterized.
Similarly, since the term
"groundwater" is best reserved for
water in the agquifer, the term
"subsurface water" has been
employed.

In the Inner Blue Grass Region,
therefore, the aquifer consists
only of rock in which conduits are
developed (since intergranular
flow does not satisfy the yield
criterion) that contain meteoric
water (the non—meteoric system
fails the quality criterion) at
greater than 1 atmosphere
pressure., Because shallow bedrock
channel flow and equilibrium
channel flow, as well as gravity
flow, are at atmospheric pressure,
anly rock with conduits with pipe
flow and the deeper water filled
portions of larger conduits in
which bedrock channel flow and
equilibrium channel flow occurs
are included.

Within groundwater basins, the
potentiometric surface is
represented by the water surface
in the larger conduits in which
eqilibrium channel flaow is
occurring. Adjacent conduits are
completely water filled if they
are below this level, with the
water pressure determined by the
depth below the potentiometric
surface. Flaow in other conduits
that are partly above this level
will be mainly by bedrock channel
flow, with equilibrium channel
flow in those carrying large
amounts of sediment from the
surface. Well data from the middle
Slacks Spring Basin shows that at
least in one basin the
communication between these
various conduits is sufficient to
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produce the expected nearly flat
potentiometric surface over a wide
area.

It should be noted that fairly
high gradient bedrock channel flow
occurs in many places and at many
elevations in the groundwater
basins. Since the gradient is
high, the flow is rapid and
shallow. This water was excluded
from the agquifer in the above
definition because it is
essentially at atmaspheric
pressure and, since it is unlikely
that the surface of such flows is
reflected in the surface of nearby
unsaturated flows or the pressure
in pipe flow conduits) it is
meaningless as a potentiometric
surface.

In the smaller conduits in the
interbasin areas, pipe flow and
occasionally large channel flows
may be encountered near the
surface, and a consistent
potentiometric surface may be
definable over a small area.
major streams, larger flows
beneath a more continuous
potentiometric surface at or just
above the stream level would be
expected. The margins of
groundwater basins in
topographically high areas are
probably so steep that no aguifer
exists.

Thus the Inner Blue Grass
aquifer is discontinuous on two
scales. Since it exists only where
conduits are developed, it can be
tapped by only a fraction of the
wells that are drilled. In
addition, since it can be defined
only when pipe flow and low
gradient channel flow are
occurring, it may be characterized
as being extensive 1in groundwatere
basins and alaong major surtface
streams, discontinucus and local
in topographically high portions
of interbasin areas, and may be
absent at basin boundaries.

Along

Influence of Human Activities

Some mention should be made of
the effects of underground flow in
the region as a result of human
activities. The widespread
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practice of filling sinkholes
mentioned earlier has probably
decreased subsurface flow, since
precipitation that formerly
entered the subsurface rapidly
through swallets in deep sinkholes
is not retained in the regolith
(and occasionally in ponds
established in sinkholes) and
evapotranspired. On the other
hand, surface runoff into small
streams and into swallets that
divert their flow underground, has
been increased by land clearing
and urbanization. Although the net
effect (to either increase or
decrease recharge) may have been
substantial, it cannot be
evaluated with the present data.
Because of the high hydraulic
conductivity and low specific
storage of the aquifer, however,
such changes in recharge rate have
a small effect relative to what
would be expected in a granular
aquifer.

Human activities have also
modified the flow in conduits by
causing subsurface sedimentation.
The impoundment of major springs
such as Russell Cave and Rayal
Spring has apparently produced
extensive deposition in the
downstream portion of the main
conduit, and it is likely that the
series of low dams that have been
constructed on North and South
Elkhorn creeks has had a similar
effect on some of the springs
flowing into these streams. In
addition, there are extensive
fills of transported regolith in
several of the accessible conduits
in the region. In some cases these
are in upper level conduits
{(mainly sinkhole drains) in which
the water transport is by bedrock
channel flow and gravity flow.
Although some sediment would be
expected to be transported through
such conduits (and equilibrium
channel flow might develop
locally), the observed fill is far
in excess of the amount expected
and does noct appear to be
transported by even the highest
recharge events. Similarly, the
accessible portions of the major
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conduit in the Slacks Spring Basin
(whose spring is not impounded)
contain large amounts of
transported regolith on either
side of the active equilibrium
channel flow, and dates scratched
into the fill indicated that much
of it is not inundated, or
transported during high flows in
the conduit. It is believed,
therefore, that much of this
excess sediment may have been
introduced into the subsurface as
a result of initial land clearing
operations, probably in the early
part of the 19th century.

Finally, it may be noted that
underground basins exist within
parts of the city of Lexington, as
evidenced by the presence of major
springs, deep sinkholes, karst
windows, and blind valleys. No dye
tracing has yet been attempted
within this heavily urbanized
area, however, due to the
difficulty of clearly
distinguishing natural, subsurface
flow from that in storm drains.
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Figure 2. Structure and caprock distribution in the Cave Creek area,
Kentucky (adapted from Smith and others, 1973). Structure contours are
drawn on the Hartselle Formation in the north and on the Rockcastle

Member in the south.
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