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Much of the pioneering work on caves of the Cumberland Plateau (province
spanning Tennessee, Kentucky, Alabama, and Georgia) has been stratigraphically located
within the Mississippian Bangor and Monteagle Limestones, wherein some of the
region’s largest and most spectacular caves occur. Of interest to the understanding of this
karst landscape, but severely underrepresented in the literature thereof, are caves and
karst features in a heterogeneous sequence of clastics and carbonates known collectively
as the Pennington Formation (Upper Mississippian). This work consisted of a regional
study of Pennington caves on the western Cumberland Plateau escarpment (Alabama and
Tennessee), and a case study of Pennington caves in Savage Gulf State Natural Area
(Grundy County, Tennessee). The objective of this research was to determine controls on
speleogenesis in the Pennington Formation, using cave geomorphology, dye tracing, and
GIS to explore lithologic, hydrologic, and structural influences on karst processes. This
resulted in a conceptual model for speleogenesis in the Pennington Formation, with the
major controls being: 1) direct and diffuse recharge from the caprock, undersaturated
with respect to calcite; 2) thin, horizontally bedded limestones sandwiched by shales and
other insoluble rocks; and 3) networks of stress release fractures oriented parallel to
major stream valleys. Our present understanding of the Cumberland Plateau could be

advanced by further study of karst dynamics in the Pennington Formation.
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CHAPTER 1: INTRODUCTION

Situated near the crown of the Cumberland Plateau’s stratigraphic sequence is the
Pennington Formation, a heterogeneous geologic unit that contains intermittent soluble
rock layers such as limestone, along with varying amounts of shale, siltstone, and
sandstone. This research takes a mixed method approach with the goal of understanding
structural, lithologic, and hydrologic controls on karst processes in the Pennington
Formation, with emphasis on speleogenesis on the western escarpment of the
Cumberland Plateau (Tennessee and Alabama) and in Savage Gulf State Natural Area
(Grundy County, Tennessee). The research question is: what are the controls on
speleogenesis in the Pennington Formation and how are those controls reflected in the
morphology of caves? Karstification of the Pennington Formation has implications not
only for the geomorphology of the Cumberland Plateau, but also for local ecology,
biodiversity, water quality, and land management.

Few studies concerning Cumberland Plateau caves have delved into the variable
limestones and relatively small caves of the late-Mississippian Pennington Formation.
Cave survey and exploration are often biased towards large cave systems that have
“going leads” (areas yet to be explored or surveyed) or the potential to connect to other
cave systems. However, much of the plumbing in karst systems consists of thin cracks
and flooded conduits that remain inaccessible to even the smallest and bravest of cavers.
The Pennington Formation’s thin limestone members contain hundreds of caves (defined
in Tennessee and Alabama as a natural cavity traversable for at least 50 ft/15 m), and host
karst conduit networks at scales below this threshold but significant to local hydrology.

The purpose of this research is to identify the major controls on speleogenesis in the



Pennington Formation in order to clarify its place within the greater context of
Cumberland Plateau hydrology and landscape evolution.

This study utilized information from state cave surveys in conjunction with other
digital geographic data to interpret cave morphologies in the context of regional and local
geology and hydrology. The methodology includes data mining from state cave surveys,
morphometric analysis of 60 digital cave models based on analog cave maps, cave
survey, cartography, and dye tracing of karst features in Savage Gulf State Natural Area,
and spatial analysis using Geographic Information Systems. The manuscript is organized
into six chapters. The literature review (Chapter 2) introduces cave and karst topics
pertinent to this study. Chapter 3 details the study area (western escarpment of the
Cumberland Plateau) from a regional and local perspective. Chapter 4 presents the
methodology used to investigate caves and karst features in the Pennington Formation,
followed by the results of this work in Chapter 5. The discussion, implications, and

suggestions for future work are given in Chapter 6.



CHAPTER 2: LITERATURE REVIEW

Karst is a term describing landscapes that are developed in soluble rocks such as
carbonates or evaporites and contain features such as caves, disappearing streams, and
dolines or sinkholes (Figure 1) (Ford and Williams 2007). This chapter first introduces
the conditions necessary for karst processes to occur, broken down into four major
components: lithology (2.1.1), aqueous geochemistry and hydrology (2.1.2), geologic
structure and relief (2.1.3), and time (2.1.4). Speleogenesis, i.e. the formation of caves,
and patterns of cave morphology are covered in Section 2.2. Section 2.3 covers
conceptual and physical modeling of the karst landscape and karst features, including
cave survey and cartography (2.3.2), geomorphometry of caves (2.3.3), the use of
fluorescent dye in karst aquifer studies (2.3.4), and Geographic Information Systems
(2.3.5). Finally, the Pennington Formation is introduced in Section 2.4.

2.1 Introduction to Karst
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Figure 1. A comprehensive karst conceptual model (Ford 2006).



2.1.1 Lithology of Carbonate Rocks

Carbonate rocks are formed from sediments, unconsolidated materials, which
include the shell fragments and other parts of aquatic plants and animals that use calcium
carbonate in their bodily structures. These sediments accumulate in shallow marine
environments, and may be cemented in place by calcite precipitated directly from
seawater. Cementation is also possible through the process of recrystallization after
exposure to fresh water, which may be accomplished either by crustal uplift or sea level
decline. Telogenetic carbonate rocks are those in which compaction and recrystallization
of minerals within pore spaces severely reduces the original matrix porosity and
permeability of the sediment. In telogenetic karst, bedding plane partings and other
discontinuities in the otherwise massive rock may be hugely significant as inception
horizons for early karst conduit development (Palmer 2001; Filipponi et al. 2009).

Periods of sediment accumulation may be noticeable as individual beds in the
stratigraphic record, with bedding plane partings representing a disruption or change in
the rate of sedimentation. A sequence of beds with similar character is known as a
formation. Unconformities are breaks in a sedimentary sequence that represent an
interruption of deposition, and possibly erosion of beds underlying the unconformable
surface (Driese et al. 1994; Palmer 2007a). Where soluble rocks have been subaerially
exposed at or below an unconformity, paleokarst features (e.g. ancient dolines, karren,
and collapsed caves) may be preserved, and modern karst features may develop above or
below the unconformity (Driese et al. 1994; Klimchouk et al. 2000).

A disconformity is an unconformity within sedimentary rocks with little to no

difference in inclination between beds; that is, younger beds are deposited roughly



parallel to older beds (Driese et al. 1994; Humbert 2001). In marine and near-shore
sedimentary deposits, the transgression and regression of sea level control the genetic
environment affecting composition of lithologic sequences (Van Wagoner et al. 1988).
Since marine environments are highly variable over time and space, carbonate rocks are
often interbedded with other less-soluble rocks like siltstone, shale, and sandstone (Ford
and Williams 2007).

The thickness and stratigraphic position of soluble units is important in defining
the shape and size of caves and karst aquifers (Ford and Ewers 1978; Powell 1969; White
1969). The rock types present above and below a soluble unit, especially impermeable or
less soluble rocks, ultimately constrain recharge and discharge. Impermeable strata at the
base of karst aquifers cause water to be expelled as springs, while impermeable or
otherwise resistant strata atop karst rocks can retard exposure and dissolution of soluble
rock (Crawford 1978; Sasowsky 1999). Presence of a caprock, as it is often called in the
karst literature, helps maintain the relief and thus hydraulic gradient necessary for karst
development (Crawford 1978; Kastning 1999).

Another indirect lithological consideration of importance to karst geomorphology
is the genesis of soils from various parent materials (Palmer 2007a). Sandstone
weathering products produce sandy soils that are less effective at retaining carbon dioxide
as clay-rich soils derived from finer-grained rock types like siltstone or carbonates
(Klimchouk et al. 2000). However, sandy soils are relatively inert and typically maintain
the low pH of rainwater as it passes through; therefore, water draining from sandy soils
may be more chemically aggressive than water whose pH has been mitigated by more

alkaline soils (Palmer 2007a). For this reason, the lithologic transition from relatively



insoluble, impermeable rock like sandstone to soluble rock such as limestone is optimal
for the development of karst features because recharge originating from sandstone
caprock is chemically aggressive toward limestone (White 1969; Davis and Brook 1993;
Palmer 2001).
2.1.2 Aqueous Geochemistry and Hydrology

This research is concerned with the dissolution of carbonate rocks in meteoric
water, therefore a brief explanation of the aqueous geochemistry of this system is at hand.
The reader is directed to the plethora of available texts (White 1988; Klimchouk et al.
2000; Ford and Williams 2007; Palmer 2007a) for more information on this topic as well
as detailed descriptions of dissolution in non-carbonate rocks, dissolution involving non-
meteoric or deep-seated water, and dissolution by sulfuric acid or biochemical reactions.

At its most fundamental, the weathering of carbonate bedrock is a function of the
geochemical gradient between water and rock being in disequilibrium. Dissolution occurs
when water is undersaturated with respect to calcite, especially in water that is slightly
acidified by carbonic acid originating from soil-water interactions (Ford et al. 1985).
Precipitation (i.e. deposition) of mineral solids occurs when water is oversaturated with
respect to calcite, resulting in features such as flowstone, stalactites and stalagmites at a
range of scales (Ford et al. 1985; Klimchouk et al. 2000). Saturation index is a measure
of water’s potential to either dissolve or deposit rock. Denudation is a term that describes
the rock mass that has been removed from a karst landscape via dissolution over time
(Ford et al. 1985).

Climate is a major factor determining the rates of karst development because

climatic processes dictate mean annual temperature and the spatial and temporal



distribution of precipitation. Increases in mean annual temperature and precipitation
generally result in higher rates of karst development. This is not only because more fluid
is available to react with calcite, but also because warm, wet climates host greater levels
of plant and microbial productivity, and thus greater levels of soil carbon dioxide
production (dissolution is enhanced when water reacts with soil carbon dioxide to form
carbonic acid) (Palmer 2007a). Fluviokarst describes a type of karst landscape in which
the chemical and erosive power of major rivers and streams leads to features like large
trunk cave passages, ponors, blind valleys, and sinkholes at the heads of tributaries (Gunn
2004; Anthony and Granger 2006; White 2009).

Aquifers are geologic formations that contain and/or conduct groundwater
(Palmer 2007a, Worthington and Ford 2009). Karst aquifers are unique in that flow is
heterogeneous and anisotropic, making aquifer behavior difficult to predict (Field and
Nash 1997; Worthington 2009). Depending on conditions, parts of the aquifer may be
vadose, above the water table, or phreatic, below the water table. Pathways of high
hydraulic conductivity in karst aquifers are enlarged by dissolution; therefore the shape
and size of the aquifer can evolve relatively rapidly (Ford and Williams 2007,
Worthington 2009).

In karst hydrologic systems, the dissolution of rock enhances permeability of the
channel network over time (Palmer 1990; Worthington 2009; Worthington and Ford
2009). Mature karst aquifers are characterized by tertiary porosity, in which turbulent
flow affects further evolution and enlargement of the channel (Ford and Williams 2007,
Worthington 2009). Unlike a sandstone aquifer where water occupies intergranular pore

spaces, water in telogenetic carbonate rocks rarely enters matrix porosity (Palmer 1991;



LaFleur 1999). Rather, discontinuities such as joints, bedding planes, and fractures
transmit water through the aquifer, resulting in positive feedback between areas of
increased hydraulic conductivity and chemical weathering of preferred conduits (Siemers
and Dreybrodt 1998; Kaufmann and Braun 1999). Highly developed karst landscapes
may have little or no surface flow components, with subsurface conduits carrying the
majority of the drainage (Palmer 1990; Kaufmann and Braun 1999; LaFleur 1999). The
hydraulic capacity of karst aquifers is largely dependent on the amount of fluid available
to dissolve rock; therefore, climate, catchment size, and mode of recharge are important
factors controlling the scale of karstification (Powell 1969; LaFleur 1999; Groves and
Meiman 2005).

Recharge to an aquifer depends on the amount of precipitation and the
fluctuations in base level over a given time period (Powell 1969, LaFleur 1999). Water’s
point of entry into karst rocks may be obvious, e.g. a surface stream disappears into a
cave, or subtle and quite difficult to observe, as in the case of hypogene caves formed by
deep groundwater. Epigenic recharge refers to relatively shallow circulation of meteoric
water, which interacts with surface components such as soil and vegetation (Palmer
2011). Autogenic recharge refers to meteoric water falling directly on areas of carbonate
bedrock. Allogenic recharge describes water entering karst systems after flowing across
or through insoluble rocks. Often, autogenic recharge becomes saturated with calcite as it
percolates through the epikarst, contributing to the formation of stalactites and
stalagmites in caves. Allogenic recharge is more likely to be undersaturated with respect
to calcite and readily dissolve carbonate rock (Palmer 2001). In either regime, sinking

streams or other point sources are referred to as discrete or concentrated recharge, and



percolation distributed over a large area is described as diffuse (White 1969; Palmer
2001). Most karst systems are characterized to some degree by both allogenic/autogenic
and discrete/diffuse modes of recharge (Kastning 1999).

The majority of dissolution, as well as stream downcutting via transport of clastic
sediments, occurs during extreme but short-lived hydraulic events, i.e. floods (White
2009, Groves and Meiman 2005). The greatest dissolutional and erosional power is
exerted on the system during high magnitude, low frequency storm events with short
duration of above-average discharge (Field and Nash 1997; Vesper and White 2004;
Groves and Meiman 2005). In thin, confined limestone units the effect is commonly
anastomotic mazes (Palmer 2001; Palmer 2011).

The residence time of water in unconfined karst aquifers is often short-lived
(White 1969; Groves and Howard 1994); water can flow miles per day as opposed to feet
per year in other aquifer types (Mull et al. 1988). Karst aquifers are particularly
vulnerable to contamination because of the relatively rapid transport of runoff and
contaminants from surface to groundwater (Mull et al. 1988; Veni 1998). This is
especially true where topographic relief creates a steep hydraulic gradient (Ford and
Williams 2007). Certain parts of a karst aquifer may act as “annexes” that store and later
release water (Palmer 2001; Palmer 2011). A well-developed epikarst, the zone of soil
and regolith between karst bedrock and the surface, may play host to a suspended aquifer
that is slowly drained from below (Williams 2008).

2.1.3 Geologic Structure and Topographic Relief
Geologic structure exerts a great deal of control over the pattern and distribution

of karst features (Palmer 1991; Sasowsky 1999), therefore, an understanding of regional



tectonic and geomorphic history is necessary to assess karst landscapes. The exposure of
carbonate rocks at the surface, and the relief necessary for karst development, both
depend on structural uplift and/or erosion (Ford and Williams 2007). The nature and
orientation of structural discontinuities like bedding planes, joints, and faults strongly
influence the inception of karst conduits and the behavior of recharge and discharge
through karst rocks (Moser and Ricci 1974; Sasowsky 1999; Ford and Williams 2007). It
is crucial to understand geologic structure and gradient in karst aquifers because the
topographic relief that is apparent on the surficial landscape is often misrepresentative of
the true flow direction of karstic groundwater; there may be cutarounds, distributary flow
paths, and unknown inputs that confound the interpretation of aquifer parameters
(Varnedoe 1973; Mull et al. 1988).

Fractured bedrock gives rise to pathways of increased hydraulic conductivity that
become preferential flow routes for recharge (Ford and Ewers 1978; Sasowsky 1999;
Palmer 1991; Palmer 2001). In telogenetic carbonates, discontinuities are crucial in
establishing the framework for dissolutional cavity enlargement in otherwise low-
porosity/low-permeability limestone and dolomite (White 1969; Palmer 1991; Kastning
1999; Sasowsky 1999). Groves and Howard (1994) modeled the minimum aperture width
of joints for formation of cave passages, finding that fractures with an initial width of 50

u m or larger are optimal for speleogenesis. A fracture flow model created by Siemers

and Dreybrodt (1998) illustrated that the condition of the rock prior to initiation of
conduit development strongly influences the resultant conduit pattern, since there is
positive feedback between widening fractures and flow. Most fractures occur as sets of

parallel and conjugate joints (Kastning 1999) and are typically more closely spaced in
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thinly bedded rocks than in thick strata (Powell 1969; Palmer 2007). Where dissolution is
uniform through sets of joints in a soluble rock, particularly beneath resistant caprock,
network maze caves can form (Palmer 1991).

Joints and fractures are not only a structural consequence of tension and
compression (Wilson and Stearns 1958), but also can be the result of isostatic rebound
following erosion (Crawford 1978; Sasowsky and White 1994; Simpson and Florea
2009). As rock mass is removed or “unloaded” from valleys by streams, inward and
upward stresses affect the remaining rock mass. Unloading stress, the result of isostatic
rebound, causes bedding planes in the valley bottom to break apart and fractures to open
up along the valley walls parallel to the master stream (Sasowsky and White 1994;
Simpson and Florea 2009). Stress release fractures are young features resulting from
recent events, i.e. erosion and crustal rebound. In karst landscapes, stress release fractures
create pathways of increased hydraulic conductivity that may evolve into caves. In this
situation, solutional and mechanical processes are acting as integrated components of the
denudational system (Sasowsky and White 1994; Simpson and Florea 2009).

Another structural consideration concerning cave development is the dip of
bedding planes (Crawford 1978; Crawford 1992; Palmer 2007a). Bedding plane partings,
which originate from a change in the type or amount of sediment during deposition, often
serve as inception horizons for karst feature development (Ford and Williams 2007).
Tectonism and isostacy can cause differential uplift of strata, such that horizontally
oriented beds and bedding plane partings become inclined, affecting the passage of water
over and through strata (Palmer 2007a). Crawford (1965; 1992) recognized trends in

karstification in relation to the dip of bedding planes on the Cumberland Plateau, in
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particular the formation of blind karst valleys where beds are inclined inward, towards
the plateau top. Others (Sasowsky and White 1994; Palmer 2007a; Simpson and Florea
2009) have noted that passages forming in the vadose zone are often oriented down-dip,
while phreatic passages have no systematic relation to the dip direction and may extend
along strike. This distinction may be useful in determining the hydrologic origins of cave
passages in dipping strata.

2.1.4 Evolution of the Karst Landscape over Time

Caves may survive for millions of years in the landscape (Anthony and Granger
2004; 2006; Sasowsky et al. 1995); however, the same processes that engender their
formation eventually aid in their demise. Rates of dissolution and erosion control the
exposure and denudation of soluble rocks from the landscape (Simms 2004; White 2006).
In cases where soluble rocks are protected by relatively impermeable, insoluble rocks,
topographic highs can be maintained despite the relatively rapid removal of carbonates
(Crawford 1992; Smart and Campbell 2003; Worthington 2009). In the Cumberland
Plateau karst region, multi-level caves and their sediments are evidence of the lowering
of regional base level over time (Crawford 1978; Anthony and Granger 2004). As
streams continue to erode the sandstone caprock, limestone is subsequently exposed and
removed (Davis and Brook 1993; Knoll et al. 2015).

Anthony and Granger (2004; 2006) used cosmogenic nuclide dating to determine
the age of sediment deposits from caves in the Bangor and Monteagle limestones, finding
a relationship between age and landscape position (higher elevation caves preserve
younger sediments as a result of base level lowering over time). Other dating methods

include but are not limited to stable isotope dating in cave speleothems (Harmon et al.
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1978) and calculations of denudation rate by observing mass lost in buried rock tablets
(Davis and Brook 1993). Davis and Brook (1993) estimated the denudation rate on the
Cumberland Plateau to be 56 mm/1000 years.
2.2 Speleogenesis and Patterns of Cave Geomorphology

Speleogenesis is a term describing the formation of caves and caverns
(Klimchouk et al. 2000; Palmer 2007a). Caves are defined by arbitrary size designations
that vary depending on specifications set forth by individuals or groups (Curl 1986;
Klimchouk et al. 2004; Piccini 2011). The size of a void that constitutes a “proper cave”
is necessarily anthropocentric, and voids too small for human exploration are usually
disregarded in studies of speleogenesis (Curl 1986; Palmer 2007a; Piccini 2011). This is
not to say that tiny or inaccessible voids and fissures are unimportant to cave
development, only that their morphology is cryptic and must be studied indirectly. In
addition to this, cave exploration effort is generally biased towards large cave systems
with the potential for new discovery, meaning many small caves go unsurveyed.

Solutional caves can form in vadose, phreatic, or epiphreatic conditions, with
existing discontinuities in rock (e.g. fractures, bedding plane partings) being the primary
zones of cave inception (Ford and Ewers 1978; Palmer 1991; LaFleur 1999). White
(2007) defines three phases of cave formation: initiation, where fractures are widened by
laminar flow, enlargement, where conduits grow through dissolution and clastic transport
under turbulent flow, and decay, where passages are hydrologically abandoned and may
fill with sediment or flowstone. These phases provide a general framework for the
geomorphic history of caves; however, progression through the developmental stages is

not always linear (Ford 1999, Palmer 2007b).
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Dissolution occurs whenever undersaturated water is in contact with rock
(Siemers and Dreybrodt 1998; Simms 2004) and increases significantly in turbulent flow
conditions (Palmer 1991; Kaufmann and Braun; White 2007b). However, if the saturation
of calcite reaches a certain threshold, karst processes can act in retrograde, adding
material through the precipitation of calcite rather than removing rock through
dissolution (White 1969; Palmer 2007a; Palmer 2007b). Competing rate processes of
isostacy and erosion further complicate the progression of karst and cave development as
material is removed from the system (Simms 2004; White 2009). Overprinting describes
complex morphologies that arise when caves undergo periods of stagnation or deposition
followed by renewal of incision/dissolution (Jacoby et al. 2013).

Palmer (1991; 2007a) proposed a widely accepted classification scheme for cave
morphologies as they relate to the mode and source of recharge and the structural
properties of the surrounding rock (Figure 2). Discrete stream flow into an aquifer from
sinking streams or sinkholes tends to create branching or dendritic passages resembling
surface drainages, while diffuse flow through joints gives rise to network mazes with
many intersecting passages (White 1969; Palmer 2007a; Palmer 2011). Tube shaped
passages indicate phreatic conditions, while canyon shaped passages are more commonly
associated with vadose conditions (Palmer 2001; Worthington 2004). Speleogenetic
processes in epigenetic karst are ultimately a function of the mode, amount, and

chemistry of surface recharge.
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Figure 2. Characteristic patterns of cave morphology, classified based on type of recharge and
structural properties of parent rock (from Palmer 2007a).

Branchwork passages are the underground analog of surface streams and rivers,
and consist of passages that join each other as tributaries (Palmer 2001, Simpson and
Florea 2009). They are recharged by sinkholes and other point sources. In horizontally
bedded or gently dipping rocks, branchwork caves may exhibit meanders akin to those
found in surface streams (Palmer 2001). Branchwork caves can form in bedding plane

partings or fractures, and account for roughly sixty percent of known caves (Palmer
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2007a). On the Cumberland Plateau, caves most often consist of branching stream
passages (Simpson and Florea 2009).

Sinking streams and vertical shafts are features associated with direct allogenic
recharge (Brucker et al. 1972; Klimchouk et al. 2000; Ford and Williams 2007). Shafts
and domes are vadose features commonly formed where vertical fissures or joints
intersect to form areas of high hydraulic conductivity (Brucker et al. 1972; Klimchouk et
al. 2000). The location of vertical shafts within a “capped” karst landscape can be
correlated with the edge of the caprock; as erosional retreat of the caprock progresses,
new areas of soluble rock are exposed and shaft formation retreats much like the
knickpoint in a stream (Brucker et al. 1972; Klimchouk et al. 2000). Shafts in the
Appalachian low plateaus are geologically young features that often intersect underlying
cave systems that may pre-date shafts (Brucker et al. 1972).

Maze caves can be formed in a number of different ways, but in general are
comprised of intersecting passages with multiple closed loops (Palmer 2001; Palmer
2007a). Flooding may contribute to maze formation where high discharge is injected into
many alternate routes (Palmer 2009; Palmer 2011). If the major features constraining
flow are bedding planes, anastomotic mazes form, while if intersecting fractures or joints
are the controlling features, the result is a network maze. In a thin limestone layer
bounded by relatively impermeable/insoluble rocks, the effect of floodwater injection
may be intensified (White 1969). Continuous diffuse flow through fractures can also
result in network maze caves if recharge is uniform to all major conduits (Sasowsky and
White 1994; Palmer 2007a). This situation is exemplified where thin, fractured caprock

layers overlie soluble units. The small amount of water permeating into the system is
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highly solutionally aggressive, and fractures are gradually widened. Conduits are then
subject to further modification by flooding of major streams or rivers, which expedites
the enlargement of passages (White 1969; Palmer 2007a; Palmer 2009).

Aside from passages themselves, smaller-scale solutional features like rills and
scallops, as well as depositional features like sediments and speleothems, are indicative
of the conditions at the time of their formation. Scallops, which can be carved during
phreatic situations and are sometimes preserved in dry, hydrologically abandoned caves,
signify the velocity and direction of water movement (Lauritzen et al. 1985). Flowstone,
also known as travertine, is re-precipitated calcite that can take a wide range of forms,
from “frozen” waterfalls and rimstone dams to stalactites, stalagmites, columns, and so
on. (Palmer 2007a). These features may prove important in the interpretation of a cave’s
history as they are indicative of different physical and geochemical regimes.

Sediments in caves may originate from the surficial landscape or from within the
cave itself. Levenson and Emmanuel (2017) found that in addition to dissolution, the
detachment of individual grains by electrostatic repulsion contributes significantly to the
weathering of carbonate rocks, and may contribute minor sedimentary deposits to cave
passages. Breakdown refers to deposits derived from gravitational movement of rock
within the cave (i.e. rock falls), and is related to the thickness and competence of ceiling
bedding (Palmer 2007a). The presence of colluvium and sediment in cave passages
influences the manner in which passages are enlarged by dissolution (Dogwiler and
Wicks 2004; Ford 2006). Sediment carried in by streams in fluviokarst systems can
“shield” the cave floor, decreasing its reactivity with water, while dissolution proceeds

laterally and upwards over exposed rock. This phenomenon is known as paragenesis
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(Farrant and Smart 2011). In this sense, cave streams have two beds or channels: the floor
and the ceiling, both subject to different corrosive-erosive processes (Klimchouk et al
2000).

One problem with using cave morphology to construe geomorphologic history is
that caves rarely conform to one type, and often contain evidence of multiple phases of
development (Klimchouk et al. 2000; Ford 2006). Overprinting is a term used to describe
cave passages in which complex genetic histories cause passage morphology to reflect a
number of different possible modes of development, which can be difficult to verify
(Jacoby et al. 2013). Another concern is that processes of cave development in many
instances are construed from fossil passages rather than active phreatic conduits;
Lauritzen (1985) likens this to studying a corpse rather than the physiology of a living
organism. Regardless of these limitations, studies of cave morphology can significantly
increase our understanding of the ways water, sediments, organic materials, and biota
might move through underground voids and play a role in overall landscape and
ecosystem development.

2.3 Karst Modeling

Karst models, whether conceptual or physical, attempt to aid in the understanding
of many different aspects of karst geologic systems and processes. Physical models of
karst systems may include things like cave maps superimposed on satellite imagery
(Moravec and Moore 1974) or dye tracing experiments (David and Brook 1993), as well
as digital quantification and statistical characterization of the physical aspects of caves
(Kambesis et al. 2015). Conceptual models rely heavily on existing physical models,

taking a step further into the realm of interpretation usually on a landscape scale. These
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include the karst conceptual models proposed by Worthington (2009), White (2009),
Crawford (1965), Palmer (1991), and others. This section describes various methods of
modeling caves and karst features that have proven useful in the overall discernment of
karst landscape evolution.

2.3.1 Survey and Cartography

A cave map is valuable not only to those wishing to navigate caves, but also to
scientists and environmental managers of karst landscapes (Dasher 1999). However, there
are limitations to cave survey, not least of which is the difficulty of representing a
complex, three-dimensional void with a two dimensional map. Line plots give the
distance and direction between survey points (stations), while pictorial illustrations in
plan view, profile view, and cross-sectional views of the cave give information about the
nature of cave passages and features therein (Dasher 1999). There are also human
limitations to cave survey, including time, bodily dimensions, energy, and so on.

Cave survey and cartography generally involves three phases or steps: first,
collecting the in-cave data (exploration and survey), then, reducing the field data into a
usable digital or graphical format, and lastly, drafting the final map or diagram (Dasher
1999). The traditional method of in-cave data collection uses a measuring tape, compass,
and inclinometer. Increasing pressure to make surveys more detailed and accurate has led
to the use of technologies such as the total station, Leica DistoX2 laser distance meter,
and digital still camera photogrammetry (Redovnikovi¢ et al. 2016). The DistoX2 is a
popular tool that makes it possible to survey parts of the cave unreachable by other
methods; the fact that it is handheld, portable, lightweight, and suitable for carrying into

tight, wet, and muddy places has led to its use in cave surveys around the globe.
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2.3.2 Use of Fluorescent Dye in Karst Aquifers

Karst aquifer studies often include a water-tracing component, in order to
delineate hydrologic boundaries and determine flow routes and velocities (Crawford
1978; Davis and Brook 1993; Taylor and Nelson 2008). Many caves are humanly
traversable only to a point, beyond which direct observations of conduits cannot be made.
One indirect approach commonly used in karst hydrology is the injection of fluorescent
dye as a tracer (Veni 1999; Taylor and Greene 2008). Dye is injected into the aquifer at a
discrete recharge point such as the throat of a sinkhole or sinking stream. Possible
discharge points are then monitored for the resurgence of the tracer chemical. Properly
conducted dye traces yield valuable information about point-to-point hydrologic
connectivity between recharge areas and discharge points (e.g. springs, wells) as well as
travel time between points. Repeating tracer tests of the same system in different flow
regimes can shed light on changes in aquifer behavior during high and low stage. In karst
aquifers this is particularly useful since flow routes are susceptible to change depending
on the hydraulic capacity of karst conduits (Mull et al. 1988).

Qualitative dye tracer studies can be done relatively inexpensively using passive
detectors (made with activated charcoal) to capture resurging dye (Davis and Brook
1993; Taylor and Greene 2008). With a qualitative sampling design, a rough estimate of
flow velocity through the aquifer can be made, and it is possible to reveal the general
nature of flow systems (i.e. convergent to one spring versus divergent to many springs)
(Mull et al. 1988). With any tracer test, is important to first test for background levels of

fluorescence (which in natural waters may be derived from organic acids or human
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inputs) and to avoid contamination of samples, since dyes are detected in minute amounts
during analysis (Taylor and Greene 2008).

Quantitative dye tracer studies use the same basic methods as qualitative dye
tracing, but with increased frequency of sampling that generally requires more time and
expense. By continuously measuring discharge and concentration of dye at a resurgence
point in the aquifer, one can approximate the mean residence time, mean flow velocity,
storage, and other hydrologic parameters (Taylor and Greene 2008).

Analysis of dye tracer tests is subject to certain limitations, a major one being that
results are only representative of the conditions at the time of the test (Taylor and Greene
2008). Typically, aquifers are tested in moderate flow regimes, and separate tests run
during flood stage may provide additional information as needed. As with any scientific
endeavor, the best dye trace results are those that can be repeated. This is especially true
in karst terranes where aquifer behavior is subject to change as a result of stage (Taylor
and Greene 2008).

2.3.3 Geomorphometry of Caves

Morphometry, the measurement and analysis of form or shape, is used in
geomorphology as a quantitative approach to landform analysis (LaFleur 1999;
Klimchouk 2003; Klimchouk et al. 2004). When assemblages of landforms, such as
caves, are considered from a morphometric standpoint, patterns may emerge that
highlight likenesses or differences in specific groups (Piccini 2011; Kambesis 2014).
Morphologic patterns can indicate how cave systems developed and what the hydrologic

conditions were at the time (Gallay et al. 2016).
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In many studies, cave survey data are reduced to obtain morphometric parameters
related to their Euclidean geometry, i.e. length, depth, area, volume, and ratios drawn
from these, as well as non-linear dimensional characteristics derived from fractal analysis
(Piccini et al. 2011; Kambesis 2014). Selected morphometric parameters are described
below, and methods for calculating specific indices are discussed in Chapter 4 (Table 3).

Cave field is the two-dimensional area taken up by cave passages (Klimchouk
2003; Piccini 2011). The simplest method of calculating the area of the cave field is to
measure the area of the smallest rectangle enclosing the plan view map. Similarly, the
cave block is the volume enclosing the entirety of cave passages, and can be calculated
by multiplying the cave field by the vertical extent of the cave (Klimchouk 2003; Piccini
2011). These parameters are useful in defining other parameters that are indicative of the
extent of karst development (Piccini 2011). For example, areal coverage, which describes
the percentage of space occupied by cave passages, can be calculated by dividing the
cave passage area by the area of the cave field. Cave porosity, also expressed as a
percentage, can be derived from the cave volume and the cave block volume.

Specific volume describes the average dimension of cave passages, based on
volume and total cave length. Passage network density gives an indication of the
distribution of passages in relation to one another; simple tube-like caves have a low
passage network density, while complex maze-like caves have high passage network
density. Horizontality index (H;i) and verticality index (V;) theoretically range from O to 1,
with high values representing strong horizontal or vertical control, respectively. Vertical

shafts have a Vi approaching 1 with a low H;, while caves confined to horizontal bedding
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planes with limited vertical development have a low V; with H; approaching 1 (Piccini
2011).

The two-dimensional orientation of cave passages can be described using rose
diagrams, circular histograms displaying the frequency of directional data (Piccini 2011).
Trends in passage directionality might indicate the effects of structural discontinuities on
the hydrologic system and cave development. The frequency distribution of survey shot
directions may point to the importance of vertical discontinuities, and when compared
with the mean direction of major tectonic structures, may resolve the question of their
influence (Piccini 2011).

Typically, morphometric analysis of caves is most successful in small to medium
sized caves with limited vertical complexity (Piccini 2011; Kambesis 2014). If a
representative population of caves is available, the data can be subjected to statistical
analyses to determine the relationships of indices. Comparison of indices derived from
cave survey data can help distinguish different “populations” or “families” of caves with
similar morphologies, which may result from similar modes of development (Frumpkin
and Fischhendler 2005; Piccini 2011; Kambesis 2014). The utility of cave morphometric
analysis can be extended to other fields as well; Christman and Culver (2001) note that
the quantification of available habitat, an important ecological parameter, requires
estimations of cave length, area, volume, and fractal dimension.

The benefit of using morphometry in geomorphic studies is that it is less
subjective than interpretations based solely on observation. However, a good
understanding of the geologic and hydrologic context is necessary and therefore field

observations can and should contribute greatly to the understanding of morphometric
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phenomena, which are inherently descriptive (Klimchouk et al. 2004). Morphometry does
not determine specific processes, but it can help identify patterns and define categories of
karst features (Kambesis 2014). By correlation with other parameters like hydraulic
behavior and landscape position, there is potential in morphometric studies to extrapolate
the characteristics of a known network to areas that have not yet been explored (Pardo-
Iguzquiza et al. 2011).

2.3.4 Geographic Information Systems (GIS)

GIS provides a framework for scientific analysis of the natural world, and is a tool
for storing, processing, retrieving, and representing data, using tables, graphs, data
transformation tools, statistical and spatial analysis tools, data filters, and viewing
platforms for 2D and 3D data (Albert 2017). The basic assumption of spatial analysis in
GIS is that visualizations of spatial data (maps) have the ability to show patterns, and
patterns can be related to processes or phenomena of interest. The ability to integrate
many types of data from a variety of sources gives GIS users an advantage when it comes
to visualizing and contextualizing spatial data, and has been used successfully in cave and
karst studies to identify patterns in the landscape (Jacoby et al 2013). Geographic
Information Systems like the example presented herein are crucial for the management
and protection of public lands, especially where karst processes enhance the vulnerability
of water as a natural resource (Veni 1999).

2.4 The Pennington Formation (Cumberland Plateau)

The Cumberland Plateau’s stratigraphic sequence is comprised of sedimentary

rocks deposited first in shallow marine environments during regional transgression in the

Mississippian, and then in fluvial-deltaic environments during a major regression in the
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